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Practice‐ Induced Cortical Changes in Focal Hand Dystonia as a Model of Brain Plasticity

a la tía Chayo y al tío Beto

“…Era la prima persona che dava ascolto a quello che dicevo”…”Buon signore, colui che
non porge solo orecchio ai cortigiani, ma cerca di capire come pensano i suoi sudditi.”
(Baudolino e Niceta)
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Prologue
The plasticity of the mature human brain, includes the processes involved in
neural repair, and learning and memory (Hallett, 2000). At the same time, brain
organisation is mediated in an important way by the inputs it receives (Pascual‐
Leone and Hamilton, 2001). Brain plasticity results, among other things from the
characteristics of different inputs (Nudo, 2003c). In humans, the degree of functional
cortical plasticity has been shown to be associated with different amounts of practice
(Elbert et al., 1995), and dysfunctional plasticity as been assumed to be the cause of
various motor disorders. A disorder of this type is focal hand dystonia (Sanger and
Merzenich, 2000). This disorder affects people who tend to repeat hand movements
for long periods an obvious example being the hand and finger movements carried
out by professional musicians (Elbert et al., 1998).

The focus of this thesis is upon the organisational changes in sensorimotor
neuronal networks assumed to be at the core of a motor disorder like focal hand
dystonia in musicians. This motor disorder is apparently acquired through extensive
attended and unattended practice of hand and finger movements most probably
altering the functional organisation of sensorimotor networks. The intention is to
relate behavioural changes to brain plasticity, specifically to cortical plasticity in
sensory areas of some affected patients. Based on some related research in the field of
brain plasticity, it is assumed that changes over somatosensory areas are not the only
portion of the brain involved in the aetiology, maintenance and/or development of
the illness. In contrast, the results presented in this thesis, will demonstrate that focal
hand dystonia is instead a complex problem probably involving areas other than the
sensory cortex, and even sub‐cortical regions. Given that all levels of the
sensorymotor systems are tightly interrelated, alterations in one element of the
distributed system components can also be expected to generate short, as well as
long distance changes in other components of the sensorimotor neuronal network.
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That is of course the most common view underlying new systemic approaches to
brain functioning (Das et al., 2001).

Chapter 1 is devoted to a general introduction to brain plasticity and some of its
underlying principles. A brief characterisation of focal hand dystonia will also be
attempted in order to clarify those issues raised in the following chapters. Chapter 1
does not pretend to be exhaustive, but to provide enough information to clarify the
basic rationale of this thesis.

Focal dystonia is not simply a motor problem. It also involves deficits in the
sensory system of those being affected. As we will see in Chapter 2, the motor
disorder also includes sensory abnormalities extending far beyond the affected task
(e.g., playing the guitar or the piano). Diverse anomalies in sensory processing have
been reported (for a comprehensive review see for example (Berardelli et al., 1998). It
will be shown that those abnormalities affect the differentiation capacity for some
tactile stimuli on the fingertips. This theme will be the focus of Chapter 2 in which
the tactile discriminative capacities of the fingers tips in a group of musicians
suffering from focal hand dystonia was determined by means of two‐point threshold
measurements. Furthermore, changes in cortical organisation appear to be strongly
related to the development and persistence of focal hand dystonia. This issue will be
discussed in Chapter 3. Animal models, using non‐human primates, have shown that
repeated and prolonged use of the contralateral hand for the completion of motor
tasks results in changes in the somatotopy in SI area 3b, which could be associated
with focal hand dystonia (Byl et al., 1996a; Byl et al., 1997; Byl et al., 1996b). After
prolonged movement repetition, the monkeys developed motor disturbances and
many distortions of the receptive fields and representational zones of the digits in
area 3b of the somatosensory cortex, particularly a breakdown in and reordering of
their boundaries as well as the emergence of new cortical zones representing
portions of the hand not normally included in the same zone. Although the validity
6
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of this animal model has been questioned (Chen and Hallett, 1998), Chapter 3
presents evidence for peculiarities of the somatosensory representation of the fingers
in

musicians

suffering

from

focal

hand

dystonia.

Using

a

37‐channel

magnetoencephalogram (MEG), the cortical representation of the fingers of a group
of musicians suffering from focal hand dystonia was assessed.

Because behavioural mechanisms apparently underlie both the cortical disorder
and the involuntary loss of movement co‐ordination, it was assumed that
behaviourally manipulated use‐dependent plasticity could potentially be of value in
changing both the cortical organisation and the involuntary anomaly of finger
movements of the affected musicians. Chapter 4 demonstrates how a context‐specific
behavioural intervention can be developed based on cortical plasticity principles,
and used for the alleviation of symptoms in a sensorimotor disorder like that of focal
hand dystonia. The treatment devised has been termed Sensory Motor Retuning
(SMR).

Apart from its clinical relevance, the behavioural intervention reported on Chapter
4 has the advantage that it allows the use of this regrettable illness as a natural model
for the study of use‐dependent cortical plasticity in humans in a non‐invasive
manner. This topic will be the main focus of Chapter 5. Specifically, evidence is
presented for intervention dependent plasticity on cortical sensory representations of
the fingers of those patients treated with SMR. In other words, this study is centrally
concerned with whether or not SMR‐treatment might induce observable alterations
in the organisation of the somatosensory brain cortex along the lines suggested by
basic research on cortical plasticity.

The final chapter, Chapter 6 draws together the main arguments made in this
thesis and relates them to contemporary research on focal hand dystonia and brain
plasticity.
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Chapter 1
Brain Plasticity
Experience‐mediated changes in brain organisation are considered to be a
manifestation of the so‐called plasticity of the brain. Thus plasticity refers to the
capacities of the brain to self organise its pattern of neural interconnectivity and
activity depending on the kind of stimulation experienced. The plasticity of the
mature human brain, can also be understood in terms of the processes involved in
neural repair, and learning and memory (Hallett, 2000). Input‐dependent brain
organisation has been demonstrated in animals and also in humans, and practice
constitutes an important agent for brain organisation to occur (Nudo, 2003c).

Inputs and Brain Organisation

There now exist a range of new hypotheses about the impact of different inputs on
cortex organisation. For example, Pascual‐Leone and Hamilton have speculated on
the metamodality of the human cerebral cortex based on data obtained in blind
people. The authors hypothesise the existence of an essentially non‐biased cortex for
the processing of sensory information. According to this view, the brain cortex
preferentially processes a particular sensory information mainly based on the
frequency of its appearance (Pascual‐Leone and Hamilton, 2001). Thus, the input’s
quality would ultimately determine the kind of processing the cortex performs (e.g.,
tactile or visual) (Merzenich, 2000; Sharma et al., 2000; von Melchner et al., 2000).
This hypothesis has been recently supported (Kahn and Krubitzer, 2002). The authors
examined the cortical organisation of visual areas of adult animals being bilaterally
enucleated early in life prior to the establishment of the retino‐geniculo‐cortical
pathway.

Even if some developmental aspects of cortical fields were input

independent, territories typically involved in vision, which were deprived of their
normal input were fully responsive to acoustic and somatosensory input.
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Sensorimotor Organization and Practice in Animals and Humans

There is also irrefutable evidence that, in humans, practice can change the
organisation of the sensorimotor cortex of the brain (See for example (Elbert et al.,
1995; Karni et al., 1995; Karni et al., 1998; Pascual‐Leone et al., 1995a) the same being
the case for non‐human primates (Nudo, 2003c; Nudo et al., 1996).

In non‐humans, practice‐induced brain reorganisation of the sensorimotor areas
have been reported using numerous experimental designs. Regularly, these designs
used intracortical techniques for the depiction of the neural organisation within the
brain tissue of those assessed animals (for example, (Jenkins et al., 1990; Kleim et al.,
1998; Merzenich and Jenkins, 1993; Recanzone et al., 1992a; Recanzone et al., 1992b;
Recanzone et al., 1992c; Recanzone et al., 1992d; Wang et al., 1995). For example,
Wang and co‐workers trained adult owl monkeys to discriminate tactile stimulus
sequences delivered to their fingers. The simultaneous stimulation of the distal
segments of more than 1 finger resulted in an integrated representation of these
digits in the primary cortex. Conversely, those fingers stimulated asynchronously
showed a segregated cortical representation (Wang et al., 1995). In humans, similar
cortical changes have been demonstrated using neuroimaging techniques that
depicted changes in brain organisation after different training procedures (Classen et
al., 1998; Elbert et al., 1995; Karni et al., 1995; Karni et al., 1998; Pantev et al., 2001b).
For example, Elbert and co‐workers have shown that string players exhibit a use‐
dependent alteration of their sensory cortical representation of the digits of the left
hand compared to the right hand, a hand used with a lower degree of finger
differentiation in violin playing (Elbert et al., 1995).

Taken together, results from human and non‐human research suggest that
changes in motor behaviour most probably foster organisational changes in
sensorimotor neuronal networks, which are in turn set up by repeated behaviour.
Consequently, for motor movements, it has been postulated that learning of a motor
9
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skill is a prerequisite for cortical plasticity to occur (Das et al., 2001), and practice
seems to be a general prerequisite for learning.

Brain Topography

One important achievement of modern neuroscience has been the discovery of the
extraordinary capacity of sensory areas of the cerebral cortex to change their
organisation in response to reduced or enhanced afferent stimuli or inputs (Jones,
2000). Cortical representations in adult animals are dynamic and to some degree
modifiable through experience. Cortical representation’s size has shown a relation to
the amount of practice, and also to central or peripheral alterations (Buonomano and
Merzenich, 1998; Merzenich et al., 1984; Nudo, 2003c). A key feature of
representations in sensory systems is their topographic arrangement. In skin surfaces
for example, cortical adjacent areas respond to the stimulation of the adjacent
peripheral zones they innervate. Therefore, there is an organised or “somatotopic”
representation for the skin surfaces, and accordingly a “tonotopic” map for acoustic
frequencies. In addition, “retinotopic” representations for visual coordinates have
been demonstrated (Buonomano and Merzenich, 1998).

Topographical Malleability and Brain Reorganisation

In an early work, Merzenich and co‐workers were able to uncover two
topographic representations of the body surface in the adult monkey: one in area 3b
and the other in area 1 (Merzenich et al., 1978). After transection of the median nerve
in these animals, a dramatic reorganisation of their somatotopy was observed. The
representation of dorsal skin areas unmask, which is thought to demonstrate
horizontal connections or thalamocortical inputs previously existent but masked by
inhibitory circuits (Merzenich et al., 1983a; Merzenich et al., 1983b). The capacity for
functional reorganisation does not appear to be solely a property of sensory systems
but of all areas of the adult neocortex (Faggin et al., 1997). Furthermore, activity‐
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dependent plasticity has also been observed in sub‐cortical areas probably
contributing to organisational changes over somatosensory cortical regions (Jones,
2000). That is to say, even uncovering plasticity in the cortex does not mean that the
only or even the primary site of plasticity is in the cortex (Buonomano and
Merzenich, 1998).

Map‐ and Synaptic Plasticity Related

A link between map and synaptic plasticity has been established, and recent
discoveries support the hypothesis that synaptic plasticity underlies cortical map
plasticity (Buonomano and Merzenich, 1998; Dinse et al., 2003). Broadly speaking,
learning processes reflect changes in the organisation of neuronal connections at
cortical, as well as sub‐cortical levels. These changes are thought to be in part the
result of synaptic changes which follow the rules postulated by Donald Hebb in 1949
(Hebb, 1949). One of these rules can be summarised as “cells that fire together wire
together”. Thus, a temporal relation exists between input experiences. In other words,
those peripheral inputs occurring close to each other or even synchronously are more
prone to be represented together at the cortical level (Buonomano and Merzenich,
1998). In seminal work Kelso and co‐workers demonstrated such a synaptic
association at the sub‐cortical level. Using a combination of current‐ and voltage‐
clamp techniques applied to hippocampal brain slices they evaluated the role of
postsynaptic electrogenesis for the induction of associative synaptic enhancement. By
pairing presynaptic input arising from CA3 axons with postsynaptic depolarisation
they were able to induce enhancements in the amplitude of the evoked post‐synaptic
potentials or EPSPs. The enhancement was long lasting and is referred to as long‐
term potentiation or LTP (Kelso et al., 1986). In a more recent demonstration of LTP,
Engert and Bonhoeffer used a combination of techniques and were able to detect
morphological changes associated with long‐term potentiation in hippocampal
dendrite spines. An intense stream of impulses to nerve cells is thought to form
structural and even functional connections. Such a process could form the basis of
11
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long‐term information storage in the brain (Andersen, 1999; Engert and Bonhoeffer,
1999), because the hippocampus represents a structure traditionally seen as involved
in memory formation.

Neocortical LTP is a well‐established phenomenon which has been demonstrated
with intracellular recordings (Buonomano and Merzenich, 1998). For example, Keller
and co‐workers used intracellular tetanic stimulation, in in vivo

recordings to

identify neurones in the motor cortex of cats in which LTP was induced. In 64% of
the stimulated cells, EPSP amplitudes were significantly increased following the
tetanic stimulation and remained at the potentiated level for as long as 90 minutes.
LTP was induced exclusively in cells that produced monosynaptic EPSPs in response
to area 1‐2 (SI) or area 5a (SIII) stimulation of the sensory cortex of cats. Neurones in
which LTP was induced included both pyramidal and non‐pyramidal cells and were
located exclusively in layers II or III of the motor cortex. Keller and collaborators
proposed that this plasticity in synaptic transmission constitutes one of the bases of
motor learning and memory (Keller et al., 1990).

The long‐term depression of synaptic efficacy or LTD, also plays an important role
in synaptic plasticity. Depending on the kind of synaptic activity, different forms of
LTD have been differentiated (Buonomano and Merzenich, 1998): 1) Homosynaptic
LTD, in which synaptic activity is necessary and sufficient to produce LTD 2) a
passive form of LTD, also called heterosynaptic plasticity, in which the activation of
a second pathway depresses an inactive pathway and 3) Associative LTD, in which
presynaptic and postsynaptic activity follow a specific temporal pattern, or when one
pathway is activated together with a specific degree of depolarization or
hyperpolarization of the postsynaptic cell (Artola et al., 1990; Buonomano and
Merzenich, 1998).

Thalamocortical synaptic plasticity in the developing somatosensory cortex of rats
12
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has also been demonstrated. This kind of synaptic transmission in the sensory cortex
of the rat is modified by sensory experience during a critical developmental period
early in life but it is also its use of its whiskers that plays a major role in the fine‐
tuning of the thalamocortical projections after birth. Furthermore, the activity–
dependent plasticity of thalamocortical synapses observed in vitro may contribute to
the plastic changes in thalamocortical circuits of living animals (Feldman et al., 1999).

Input’s Changes and Brain Plasticity

Depending on input’s changes different forms of plasticity have been discussed
for cortical and sub‐cortical areas. A brief characterisation of these forms follows.

Plasticity by Deafferentiation in Animals

Evidence suggests that changes in motor representations occur after motor or
mixed nerve lesions in animals. For example, Sanes and co‐workers used intracortical
electrical stimulation to evoke movements and to asses their representation’s size
over the motor cortex in anaesthetised adult rats. The animals reported showed
either a forelimb amputation or a facial motor nerve transection 1 week to 4 months
prior to assessment. Representations increased in size compared to normal adult rats,
in both lesion forms. This expansion, in turn, diminished activation thresholds.
Thus, motor nerve lesions are sufficient to produce changes in motor organisation in
the cortex (Sanes et al., 1990). In a companion experiment, the same authors were
able to demonstrate cortical reorganisation over primary motor areas of adult rats
only a short time after nerve transection (Donoghue et al., 1990). Similar changes in
the somatosensory cortex of rodents after both, the lesion of whisker follicles and
trimming (peripheral damage of the whiskers will be spared) have also been
demonstrated with a critical period for maximal reorganisation to take place
(Feldman et al., 1999). In monkeys, the amputation of a digit leads to the marked
expansion in the afferent representation, these changes being local and affecting
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adjacent digits (Merzenich et al., 1984). Similar findings have been presented for the
visual cortex of adult animals (see for example (Gilbert and Wiesel, 1992; Kaas et al.,
1990)) for the auditory cortex of cats (Kamke et al., 2003; Rajan et al., 1993) and
monkeys (see for example (Schwaber et al., 1993).

Plasticity by Deafferentiation in Humans

Several studies have demonstrated extensive changes in the sensory as well as in
the motor cortical representation following amputation (See for example (Knecht et
al., 1995). Moreover, there is convincing evidence that the adult somatosensory
cortex alters its maps subsequent to injury (Flor, 2003).

For example, using

magnetoencephalography, Elbert and co‐workers demonstrated shifts in the sensory
cortical representation of facial areas toward those areas formerly representing the
fingers and hands of the amputated upper limb. They showed medial
representational shifts in the sensory cortex of 1.5 cm. on average (Elbert et al., 1994).
Later on, Flor and co‐workers used the same techniques to demonstrate a very strong
correlation between the amount of cortical reorganisation and the degree of phantom
limb pain experienced after amputation (Flor et al., 1995). Karl and co‐workers
extended this work to the motor cortex by means of focal TMS and
electroencephalography (EEG). Among others results, the evoked motor potentials
were larger for the biceps brachii and maps of muscles on the amputated side were
larger in comparison with the non‐amputated side (Karl et al., 2001). Similar changes
in auditory areas have also been recorded (see for example (Dietrich et al., 2001).
Changes in the cortical organisation of primary visual areas have been observed after
brain injury involving these visual regions with enhancement of BOLD responses in
perilesional areas after training (Pleger et al., 2003a).

14
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Behaviourally Induced Brain Plasticity

To repeat, deafferentiation itself or the acute suppression of a specific input leads
to the reorganisation of the brain connections. Specifically, cortical plasticity involves
expansions of the representational territories adjacent to those areas that have been
deaffereted from a determined input. Furthermore, such changes take place not only
in one area of the cortex but in all sensory areas, in sub‐cortical sensory areas, and in
addition, in the motor cortex. Yet, these changes in neuronal organisation consist in
the expansion of the representations of those areas not being affected by
deafferentiation. In addition, the expanded representations are local, that is to say
they take place in adjacent or neighbouring representational zones (Buonomano and
Merzenich, 1998). Nonetheless, a variety of studies have shown that such expansions
of cortical territories can also take place after practice, that is to say, when cortical
areas are not being deprived of a specific input but are “nourished” by means of
stimuli presented with a high frequency.

Behaviourally Induced Motor Plasticity

The malleability of connection patterns between cortical neurones and muscles is
well known (Mussa‐Ivaldi, 2000). Fetz (Fetz and Baker, 1973) as well as Chapin
(Chapin et al., 1999) have demonstrated that cortical neurones in monkeys and rats
can be trained to control simple motor devices. Neural populations, which normally
activate a specific muscle, learned to activate an external motor. Moreover, after
successful learning these neurone populations did not produce normal limb
movement. Nudo and co‐workers have demonstrated clear enlargements of the
motor representation of movements in the motor cortex of monkeys in response to
motor learning. Using intracortical techniques, the authors studied changes in
functional organisation of primary motor cortex (M1) in response to motor skill
learning in the normal, intact non‐human primate’s brain. They derived
representational maps of M1 before and after behavioural training that involved two

15

Practice‐ Induced Cortical Changes in Focal Hand Dystonia as a Model of Brain Plasticity – Brain Plasticity

different tasks requiring different finger or arm movements. One of these tasks
required skilled use of the digits. After training, their evoked‐movement digit
representations

expanded,

whereas

their

evoked‐movement

wrist/forearm

representations contracted. This process was both progressive and reversible. The
second exercise involved pronation and supination of the forearm. After training,
expansions and contractions of the zones engaged in the movement’s task reverted:
the representation of the forearm expanded, whereas the zones representing the
digits contracted. One important finding was that co‐contracting muscles during the
tasks come to be represented together in the cortex, underscoring the importance of
temporal correlations in setting up cortical representations (Nudo et al., 1996).

Motor plasticity has been repeatedly demonstrated, in humans. For example,
Karni and co‐workers demonstrated specific changes in cortical activity over motor
areas after training involved finger opposition sequences. In addition, the observed
changes were training specific (Karni et al., 1995; Karni et al., 1998).

By using

functional Magnet Resonance Imaging they showed that the sequence and not its
component elements are differentially represented after training. For example,
training the finger sequence 1‐2‐3 has no effect on brain responses for a sequence
containing a different order of the same elements (e.g., 3‐1‐2).

Thus, they

underscored the specificity of the observed changes. Classen and co‐workers have
presented another example of human motor plasticity (Classen et al., 1998). Using
Transcranial Magnet Stimulation, or TMS, the authors recorded the direction and
amplitude of thumb movements in response to magnetic stimulation over motor
areas devoted to some muscles of the thumb. They first selected one movement
direction as baseline and then trained the subjects to briefly do the opposite
movement (i.e. at 180 degrees). After training they transcranially stimulated those
contralateral areas of motor cortex previously stimulated during base line recordings.
In response to these new stimulation runs, trained thumb movements but not
baseline movements were provoked.
16
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Behaviourally Induced Sensory Plasticity

In seminal work, Jenkins et al. 1990, tested the hand representation of monkeys
after different periods of controlled hand use. The authors determined maps of hand
representation within and across the borders of cortical area 3b before, immediately
after, and several weeks after training. The task used produced cutaneous
stimulation of a limited area of skin on the distal phalanxes of one or more fingers.
Among many other organisational changes, training expanded the representations of
the stimulated skin surfaces, decreased their receptive fields and generated the co‐
representation of finger areas stimulated synchronously (see also (Wang et al., 1995).
Recanzone et al., presented similar results using a discrimination task. The authors
demonstrated a reorganisation of the cutaneous and deep representation of the hand
in cortical area 3a.

Here, a larger representation of cutaneous zones was

accompanied by the disappearance of part of the normal deep representation of the
cortical area studied (Recanzone et al., 1992a; Recanzone et al., 1992b; Recanzone et
al., 1992c; Xerri et al., 1999). Later on, Recanzone and co‐workers demonstrated
parallel changes for the primary auditory cortex of monkeys trained in a frequency
discrimination task. An increase in the representation of a well‐defined frequency
range was correlated with the animal’s performance in the discrimination task.
Animals with better performance levels also showed enlarged auditory cortical
representations (Recanzone et al., 1993). Training dependent plasticity in V1 after
training, for example in an orientation identification task, has also been reported in
the visual system of monkeys (Schoups et al., 2001). Only those tuning curves in
individual neurones corresponding to the trained orientation showed long term
changes in their slope characteristics, which correlated with learning performance of
the trained animals. Recently ocular dominance plasticity has also been discovered in
the adult mice (Sawtell et al., 2003).

17
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In humans, Schwartz and co‐workers have discovered practice‐dependent changes
in the visual cortex of adults which result from a single session of intensive
monocular training involving a visual discrimination task (Schwartz et al., 2002). In
earlier work, Karni & Sagi demonstrated long‐lasting behavioural improvement that
was restricted to the trained eye and to the training location in the visual field. The
authors suggested that changes in neuronal connections generate changes in
behavioural performance (Karni and Sagi, 1991). Evidence has also been provided
recently for learning induced short‐term neuronal plasticity of the human auditory
cortex (Schulte et al., 2002). Changes in the power of the measured gamma‐band
activity were evident after training: there was a significant power increase and a
medial source change concomitant to a switch in virtual pitch perception. Expansion
of the tonotopic zone in the brain cortex of blind people has been demonstrated by
means of MEG (Elbert et al., 2002). Compared to sighted humans, an almost twofold
expansion of the tonotopical area was detected in the blind group. The authors
attributed these changes to the heavy dependence on acoustic cues for appropriate
environment interaction in blind people.

Similar changes in representational

dimensions were detected after discrimination training using Japanese words as a
discrimination material. After 10 sessions of 1.5 hours training, German participants
showed a significant behavioural performance enhancement reflected in reduced
reaction times as well as reduced latencies of the Mismatch Negativity Fields (MMF).
This was also accompanied by a significant enhancement of the MMF‐amplitude
(Menning et al., 2002). Thus, by means of practice, diverse stimulation material is
capable to produce changes in brain organisation measurable in visual, acoustic and
tactile domains.

Experience‐Dependent Early Cortical Plasticity and Sensory Input

It has also been demonstrated that in young rats, synaptic plasticity over sensory
areas is driven by sensory input. The interruption of sensory experience during a
critical period by means of trimming the whiskers of the rats changes the behaviour
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of filopodias, up to 10µm actin‐reach protrusions. These are highly motile structures,
which initiate contacts with axons ultimately leading to synaptogenesis. Trimming
the whiskers early in life causes diminished motion in the filopodia, and that in turn
culminates in an inaccurate development of whisker’s receptive fields in the rat’s
cortex (Fox, 2000; Lendvai et al., 2000).

Recently, Zhang and co‐workers have

demonstrated that auditory experiences during early postnatal development are
important in shaping the functional development of auditory cortical representations
of specific acoustic environments (Zhang et al., 2001).
Plasticity Later in Life

Changes in brain organisation are not restricted to an early period of development
(Elbert and Heim, 2001; Elbert et al., 1995). In his hallmark study, Mogilner and
collaborators were able to replicate by means of MEG strong changes in the
somatosensory representation of the finger of people affected by a congenitally
malformation of the hands called syndactyly (Mogilner et al., 1993). In this illness,
some adjacent fingers (or all fingers) develop without spaces between fingers
producing a webbed hand.

Artificial syndactyly produced similar somatosensory

reorganisation in Area 3b of adult owl monkeys. Before restorative surgery the finger
representations were mapped revealing a strong overlapped representation (Allard
et al., 1991). The same finger representations showed a significant tendency to revert
to a normal segregated representation after surgery (Mogilner et al., 1993). These
results have been interpreted as an example of Hebbian plasticity in the human
cortex because surgery strongly changed the temporal characteristics of the skin
input over the finger areas (e.g., from coincident to segregated) demonstrating that
those skin zones that have been simultaneously stimulated become represented
together at the central level. The opposite is the case for those areas of skin being
stimulated asynchronously. In a non‐invasive experiment, Wang and co‐workers
obtained similar results by synchronously stimulating the digits of monkeys (Wang
et al., 1995).
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Time Course of Brain Plasticity

Cortical plasticity does not only take place slow but also at fast time rates. In adult
rodents, transient fast plasticity at cortical, thalamic and brainstem level has been
demonstrated using extracellular recording electrodes (see for example (Faggin et al.,
1997). Following lidocaine‐ induced deactivation, immediate and simultaneous
neuronal reorganisation was observed at all measured levels of the sensory system
demonstrating a system‐wide reorganisation (Krupa et al., 1999). In humans, rapid
plasticity has been analysed using, for example, transcranial magnet stimulation for
the assessment of changes in behaviour following transient deafferentation using a
blood pressure cuff. After the induction of temporal anaesthesia to the forearm,
application of TMS evoked enhanced motor responses or MEPs over the areas
proximal to the anaesthetised forearm. MEPs returned to normal levels after
sensation

recovery

(Hallett,

2000).

Furthermore,

Classen

and

colleagues

demonstrated reversible cortical plasticity after their short training of thumb
movements (Classen et al., 1998). In line with this results, Karni and collaborators
used functional magnet resonance imaging to demonstrate fast plasticity after the
practice of finger sequences in a finger opposition task even after only a very short
practice period (Karni et al., 1995; Karni et al., 1998). Using TMS, Müllbacher and co‐
workers demonstrated behavioural gains correlated with increased motor evoked
potential amplitudes (MEPs) of only the involved muscles (Muellbacher et al., 2001).
Taken together, these results support the probability of plasticity changes with
behavioural repercussions within a narrow time window.

Plasticity Under Attentional and Passive Conditions

Attention has been suggested as a key factor that allows cortical plasticity to occur.
For example, Recanzone and co‐workers were unable to find plasticity indices in the
brains of non‐human primates that have been stimulated with tactile stimuli but who
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were performing an auditory discrimination task during skin stimulation (Recanzone
et al., 1992c). Nevertheless, new results suggest that brain plasticity would also occur
after purely passive stimulation. For example, Goode and co‐workers showed that
tactile co‐activation of receptive fields is sufficient to improve tactile discrimination
performance without training, attention or reinforcement. After several hours of
unattended tactile co‐activation a medio‐lateral shift of dipoles along the central
sulcus correlated with a 20% threshold decrement for two‐point discrimination
performance (Godde et al., 2003; Godde et al., 1996; Godde et al., 2000; Pleger et al.,
2001).

Thus, although neuronal plasticity seems to be related to attention and

training it also seems to be a consequence of mere repetition.

Dystonia
Definition

The word dystonia is used to describe both a symptom and an illness. Oppenheim
introduced the term dystonia to refer to the concomitant existence of muscle
hypotonia and hypertonia (Ceballos‐Baumann, 1996). Nowadays, it is broadly
accepted that dystonia represents an organic disorder and not a psychiatric
disturbance (Berardelli et al., 1998; Ceballos‐Baumann, 1996; Chen and Hallett, 1998;
Grafman et al., 1991; Hallett, 1998a; Hallett, 1998b). Like other organic disorders it
can be modulated by different psychological factors. Nevertheless, there are clear
indications that certain dystonias, for example hand cramps, are not associated with
serious psychopathology (Grafman et al., 1991).

Dressler calculated that in Germany 80 out of 100.000 are affected by the same
kind of dystonia, that is to say about 70.000 persons, in the whole country. These
values are of course rough estimates (Dressler, 1995), and have elsewhere been
calculated to be more like 32.000 cases (Ceballos‐Baumann, 1996).
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A variety of therapies have been used to alleviate the symptoms of dystonia. The
most commonly used therapies include physiotherapy, surgery, relaxation
techniques, surgery of the central nervous system, spastic medication, central
nervous system medication (anticholinergics, dopamine antagonists and agonists
among others) (Dressler, 1995). Among the therapies available, Botulinum toxin is
most often characterized as the “therapy of choice” (Ceballos‐Baumann, 1996).

Classification

Different classifications of dystonia have been proposed. One prominent view is to classify
dystonia according to the distribution of its effects throughout the body. On this view, the
term focal dystonia describes those occasions in which a single body part is affected.
Segmental dystonia refers to the case in which neighbouring zones or a segment of the body is
involved. Hemidystonia describes the situation where half of the body is being affected, while
the term generalised dystonia is used when two or more body segments are involved
(Berardelli et al., 1998; Ceballos-Baumann, 1996; Chen and Hallett, 1998; Fahn, 1991). Two
other classification forms, one depending on its onset time (infantile, juvenile, and adult) the
other depending on its aetiology (idiopathic, hereditary) have also been used (Berardelli et al.,
1998; Chen and Hallett, 1998; Nemeth, 2002). Some reports of dystonia as inherited as an
autosomal dominant disorder with a localisation of the gene to the long arm of chromosome
9(9q32-34) have also been made. Additionally, an X-linked recessive form characterised by a
combination of dystonia and parkinsonism has been reported (Fahn, 1991). A review at the
genetics of dystonia, published recently, included idiopathic torsion dystonia (DYT1), focal
dystonias

(DYT7)

and

mixed

dystonias (DYT6 and DYT13)

(Nemeth, 2002).

Focal Dystonia

Focal hand dystonia is a motor disorder involving abnormal hand and finger
positions, cramps, and non‐coordinated movements of the hand and fingers (Bara‐
Jimenez et al., 1998; Byl et al., 1996a; Candia et al., 1999; Candia et al., 2002; Chen and
Hallett, 1998; Elbert et al., 1998; Hallett, 1998b; Sanger et al., 2002) and can be so
disabling that patients have to limit or give up their occupation. It develops in
individuals, such as professional musicians, whose profession involves frequent
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repetitive movements, and who try to achieve perfect, stereotypical, fine movements
(Wilson, 1989). It appears to be related to other conditions associated with prolonged
performance of rapid, alternating and/or forceful movements of the digits occurring
in such occupational activities as typing (See Figure 1.1), data processing and device
assembly (Sheehy and Marsden, 1982). Thus, focal dystonia seems to be caused or at
least related to the excessive performance of repetitive activities (Hallett, 1998a).

The disorder is a form of dystonia also known as “occupational cramp” or “task
specific dystonia” (Rosenbaum and Jankovic, 1988; Sheehy and Marsden, 1982). It is
probably the form of dystonia that is most widely spread (Jankovic and Brin, 1991).

Figure 1.1. An example of typist’s cramp, a form of focal hand dystonia. The thumb and index finger of the
right hand show a marked and non‐intended flexion during typing.

To repeat, focal hand dystonia can affect different occupations, such as typists,
golfers, data entry employees and musicians (Byl et al., 1996a). All these professions
have one thing in common: they all make use of a high amount of repetition during
the learning, practice and performance phases of movement behaviours.

The illness usually begin in adult years (Ceballos‐Baumann, 1996; Nemeth, 2002).
Sometimes, focal dystonias are referred to as primary dystonias and are common in
those patients lacking signs of structural anomalies in the central nervous system.
Three common examples of focal dystonias are the writer’s cramp (affecting
movements during writing. See Figure 1.2), torticollis spasmodicus or cervical dystonia
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(affecting the neck) and blepharospasmus (affecting the eyelids) (Berardelli et al., 1998).
Torticollis is the most common form of dystonia seen in the clinic. It is characterized
by lasting, involuntary and often painful contractions of the neck leading to
abnormal movements and positions of the head (Jankovic and Brin, 1991).

Figure 1.2. A patient suffering from writer’s cramp. Please note the marked elevation of the wrist.
Concomitantly, high amounts of finger forces, specially between the thumb and index fingers are exerted while
attempting to write.

Focal Dystonia and Diagnostics

Widely accepted diagnostic criteria are lacking, but a differentiation is usually
made between digital incoordination syndromes that are idiopathic in nature and
those that have a known or probable organic basis (Bejjani et al., 1996; Jankovic and
Shale, 1989). However, diagnosis is sometimes problematic, (Lederman, 1988) and
therefore the actual prevalence is difficult to estimate unambiguously (Elbert et al.,
1998). Jankovic pointed out that the different dystonias are often overseen or
misdiagnosed (Jankovic and Brin, 1991). Nevertheless, this may all have changed in
the 12 years since Jankovic’s report due to the increasing scientific work and media
interest in dystonia. Currently, the clinical diagnostic is still the most accepted
diagnostic instrument for focal hand dystonia.

Instead of the difficulties of the diagnostics, a differential diagnosis to other lesion‐
induced dystonias (e.g., lesions of the basal ganglia, thalamus and brain stem) is
possible (Altenmüller, 1996; Lee and Marsden, 1994; Lee et al., 1994; Trankle and
Krauss, 1997). Lederman concluded that different symptoms like lower motor
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control, rigidity or cramps, involuntary movements, pain, tiredness, tremors and
weakness make it easy to recognise a dystonic person (Lederman, 1991). In addition,
dystonic movements worsen during performance of voluntary movements (Fahn,
1991). Moreover, Cohen and Hallet reported some physiological anomalies that are
present in patients suffering from focal hand dystonia. For example, an
electromyographic assessment of 19 patients, diagnosed as suffering from focal hand
dystonia reported co‐contractions of agonists and antagonists. Furthermore, co‐
contractions in muscles located near as well as faraway from the primarily affected
muscles groups were also identified and called “muscles overflows” (Berardelli et al.,
1998; Cohen and Hallett, 1988).

Nevertheless, as a rule, routine neurological assessments in patients suffering
from focal hand dystonia are within the norm. Thus, all abnormalities like co‐
contractions only help to harden a clinical diagnosis (Altenmüller, 1996).

Focal Dystonia and Its Causes

The disorder is usually idiopathic; no clear cause in terms of the amount or
biomechanics of practice and no physiological mechanism has yet been determined
(Bejjani et al., 1996; Chen and Hallett, 1998; Cohen and Hallett, 1988; Jankovic and
Shale, 1989)

Focal Dystonia in Musicians

The onset of dystonia during the performance of volitional movements is also
called “action induced dystonia” (Fahn, 1991). Elsewhere these conditions are termed
“musician’s cramp”, “pianist’s cramp” and “violinist’s cramp” and are greatly feared,
amount the set of all tasks‐induced problems (Altenmüller, 1996), because they often
lead to greatly reduced work demands and/or ultimately to the abandonment of the
exercise of the affected profession.
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Focal hand dystonia in musicians is a relatively painless motor disorder that leads
to loss of control over individual finger movements during specific actions related to
playing a given musical instrument (See Figure 1.3). (Berardelli et al., 1998; Elbert et
al., 1998). In other words, focal dystonia in musicians are “involuntary, and generally
painless muscle cramps and uncoordinations, affecting specific muscle groups during the
performance of complex movement manoeuvres while playing a music instrument”
(Altenmüller, 1996). It can affect any of the hand digits, two or more adjacent fingers
are usually involved (Elbert et al., 1998), and its onset cannot be predicted
(Lederman, 1991).

Figure 1.3. Two musicians suffering from focal hand dystonia of the right hand. The left photograph shows a
saxophonist attempting to play his music instrument. Strong finger flexions prevent the normal exercise of his
profession. As well, the pianist on the right side shows a marked flexion of the ring and little finger during music
playing.

The condition can occur in pianists, organists, wind players, guitarists, and other
string players and is thought to be associated with the many hours of daily practice
engaged in by professional musicians beginning at the often early age at which they
initiate their musical education (Bejjani et al., 1996; Jankovic and Shale, 1989;
Lederman, 1988). Jankovic and Shale reported that about 14% of those musicians
looking for medical help because of hand problems suffered from a focal hand
dystonia (Jankovic and Shale, 1989).

In 1996, Altenmüller calculated a prevalence of 1:500 (ca. 8 times higher than the
prevalence of writer’s cramp (Altenmüller, 1996). Moreover, Lim and Altenmüller
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have recently calculated a 7:1 male to female ratio for the illness, and pianists and
guitarists are among the most affected musicians (Lim and Altenmüller, 2003). The
musicians particularly at risk seem to be those who perform with a high muscular
force or who receive vibratory stimulation at their finger tips (Candia et al., 2003).

Treatments and Focal Dystonia

Treatments of this condition have included psychotherapy, (Fry, 1993; Lederman,
1988; Newmark and Hochberg, 1987) biofeedback (LeVine, 1983) physical therapy
(Fahn and Marsden, 1987) prolonged rest (Fry, 1993) and the administration of such
agents as anticholinergic drugs, (Lederman, 1988; Newmark and Hochberg, 1987)
dopamine agonists (Bejjani et al., 1993; Fahn and Marsden, 1987), steroids (Fry, 1993;
Newmark and Hochberg, 1987) and botulinum toxin (Cohen and Hallett, 1988; Cole
et al., 1991; Jankovic and Brin, 1991). Despite isolated reports of success (Altenmüller,
1996; Bejjani et al., 1996; Rosenbaum and Jankovic, 1988), no treatment has been
beneficial on more than a temporary basis. Comprehensive reviews of the status of
treatment and understanding of mechanism have been written by Hallett and Chen
(Chen and Hallett, 1998; Hallett, 1998a).
Focal Dystonia and Cortical Plasticity

Animal models using non‐human primates have shown that repeated and
prolonged use of the contralateral hand for the completion of motor tasks results in
changes in the somatotopy in SI area 3b, which are associated with focal hand
dystonia (Byl and Melnick, 1997; Byl et al., 1997; Byl et al., 1996b). Although the
validity of this animal model has been questioned (Chen and Hallett, 1998), practice‐
mediated plastic capacities can be demonstrated in the human cortex (Elbert et al.,
1995; Pascual‐Leone et al., 1995a; Sterr et al., 1998a; Sterr et al., 1998b). In musicians,
use‐dependent plasticity in the representational cortex of string players (Elbert et al.,
1995) and in the motor cortex of piano learners (Pascual‐Leone et al., 1995a) has been
shown and are generally considered as fundamental to the skilful playing of music
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(Pascual‐Leone and Hamilton, 2001). Additionally, it has been suggested that the
modification can contribute to the development of focal hand dystonia.

This view suggests that synchronous activation of several digits by vigorous and
frequent musical practice leads to a disordered and smeared representation of the
fingers in somatosensory and probably also in motor cortex with the inability to
move the most affected fingers separately (Elbert et al., 1998; Munte et al., 2002).
There is now also sufficient evidence to demonstrate a corresponding defective
perception and abnormal sensory processing in focal hand dystonia (Bara‐Jimenez et
al., 1998; Bara‐Jimenez et al., 2000a; Bara‐Jimenez et al., 2000b; Grunewald et al., 1997;
Sanger et al., 2001).

Abnormalities in sensory processing include, for example,

anomalies in the temporal discrimination of somesthetic stimuli (Bara‐Jimenez et al.,
1998; Bara‐Jimenez et al., 2000a; Bara‐Jimenez et al., 2000b; Grunewald et al., 1997;
Sanger et al., 2001; Tinazzi et al., 2002; Tinazzi et al., 1999), spatial discrimination
(Bara‐Jimenez et al., 2000a; Bara‐Jimenez et al., 2000b; Molloy et al., 2003; Sanger et
al., 2001), kinaesthetic sense and graphaesthesia (Byl et al., 1996a; Byl and Melnick,
1997), and temporal processing of visuotactile stimuli (Fiorio et al., 2003).

In writer’s cramp, a form of focal hand dystonia characterized by sustained
involuntary contractions of muscles groups, causing abnormal postures of the hands
and fingers, and occasionally of the wrist and elbow while attempting to write
(Sheehy and Marsden, 1982) (See Figure 1.2), Sanger and co‐workers applied tactile
stimulation to the finger tips during functional brain imaging and found evidence of
abnormal brain representation of the dystonic fingers. So, focal hand dystonia has
underlying brain abnormalities that include abnormal somatosensory representation
of dystonic fingers and may provide a neural basis for tactile discrimination
abnormalities and be crucial for the aetiology and motor symptomatology of the
disease (Braun et al., 2003).
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1

Chapter 2

Two‐Point Discrimination of the Fingers in Musician’s and Writers’ Cramp
Summary

We assessed the symmetry of the simultaneous two‐point finger discrimination in
10 musicians with focal hand dystonia and 8 writer’s cramp patients, all affected on
their right hand. Eight healthy professional musicians and 8 healthy non‐musicians
served as controls. Both musician groups have comparable distributions of age,
practice time, length of professional exercise and their age at the onset of playing
music. For writer’s cramp patients, groups were matched by age and gender. In
contrast to healthy controls, dystonic musicians showed perceptual asymmetry in the
thresholds of the two hands. In particular, in musician’s cramp there was a striking
difference between the dystonic and corresponding fingers of the healthy hand. The
spatial discrimination of the zone comprising the dystonic and its left and right
neighbouring fingers could not be predicted based on their homologous fingers on
the left hand. Furthermore, the two‐point thresholds’ average of the dystonic area
was significantly higher for the affected musicians when compared to the
homologous zone of controls. Similar analyses in the writer’s cramp‐ and its control
group showed no perceptual asymmetry between fingers, neither on average nor on
a finger‐to‐finger basis.

Interestingly, the discrimination resolution of the non‐

affected hand of the writer’s cramp group was significantly lower compared to the
corresponding hand of the control group. Moreover, differences of finger correlations
between musicians and writer’s cramp groups were also significant.

These results confirm and extend other reports on focal hand dystonia showing
sensory anomalies. Because behavioural experiences modify brain organisation, the
1

This part of the thesis corresponds in part to: Candia V, Pascual‐Leone A, Elbert T. Two-Point
Discrimination in the Fingers is Different in Patients with Musician’s or Writers’ Cramp(2004) (submitted)
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observed group differences may be indicative of differential central representations
resulting from different behavioural experiences. Tactile perceptual changes were
local and associated with the affected zone. While both groups of patients showed
comparable higher discrimination thresholds they differed from each other in their
perceptual symmetry, suggesting specific symptomatic and etiological differences
between various forms of focal hand dystonia.

Introduction

In addition to motor deficits, in focal hand dystonia abnormalities in sensory
processing have been also reported (See Chapter 1). In writer’s cramp, Sanger and co‐
workers reported a clinical correlate to anomalies in the central nervous system
(Sanger et al., 2001). In the same line of results, Sanger and co‐workers applied tactile
stimulation to the finger tips and were able to demonstrate a better prediction of the
cortical functional activity of the index and middle finger of a control group
compared with the activity of the middle and index finger (the finger most likely to
be involved in the symptoms) of patients suffering from writer’s cramp (Sanger et al.,
2002). Using magnetic source imaging, we presented evidence of altered somatotopic
representations in affected musicians (see Chapters 3 and 5), which normalised after
Sensory Motor Retuning, a behavioural intervention (see Chapter 4 and 5).

In

normal individuals symmetrical tactile spatial perception between dominant and
non‐ dominant hands appears to be characteristic in somatic sensory perception with
a light superiority of the right hemisphere for the two‐point threshold (Sathian and
Zangaladze, 1996). In addition, brain representations of the periphery are dynamic
and also being continuously modified by experience (Elbert and Heim, 2001; Hallett,
2000; Merzenich, 2000; Nudo, 2003c; Pascual‐Leone and Hamilton, 2001; Sharma et
al., 2000; von Melchner et al., 2000). Relationships between sensory two‐point
discrimination and cortical organisation have been also demonstrated in humans (see
for example (Pleger et al., 2001), and in seminal work by Recanzone, Merzenich and
others, correlations between amount of cortical representation of areas 3a and 3b,
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receptive field dimensions and sensory discrimination have been reported for
monkeys trained with a tactile discrimination task (Recanzone et al., 1992a;
Recanzone et al., 1992b; Recanzone et al., 1992c; Recanzone et al., 1992d).
Furthermore, diverse authors have discussed the local and input‐specific nature of
those cortical changes observed in response to repeated sensory stimulation (see for
example (Buonomano and Merzenich, 1998; Godde et al., 2003; Godde et al., 1996;
Godde et al., 2000). To a large extent, focal hand dystonia has been proven to be task
specific (e.g. context dependent) as has its underlying brain abnormality (Braun et al.,
2003). Behavioural manoeuvres while playing a musical instrument constitute a
completely different stimulus context compared to those motor behaviours during
writing. Thus, a guitarist suffering from focal hand dystonia may not show any sign
of disturbances while playing the piano or even during writing. On the other hand, a
writer’s cramp patient may not experience any kind of dystonia‐related disturbances
while attempting to play a musical instrument. Bearing in mind the above mentioned
disordered cortical representations over sensory areas in focal hand dystonia
patients, the broadly accepted relationship between inputs, cortical representations
and perception acuity as well as the symmetry of tactile perception in normal
subjects, we tested for possible finger spatial tactile perceptual asymmetries in a
group of dystonic musicians and an analogous writer’s cramp group. To our
knowledge, no clinical signs of asymmetries in perception of the static two‐point
discrimination have been previously reported for such homogeneous focal dystonia
samples. Additionally and based on previous reports (Molloy et al., 2003), we tested
for possible higher two‐point thresholds in the dystonic patients. Overall, we
hypothesised differential two‐point finger discrimination profiles between groups
reflective of different sensorimotor behavioural histories and indicative of probably
different cortical organisations.
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Material and Methods

Before experimental testing, all participants gave written informed consent. The
experimental protocol was approved by the ethics review board of the University of
Konstanz.

Patient characteristics
10 professional musicians (3 females and 7 males) suffering from focal hand
dystonia and 8 patients suffering from writer’s cramp (5 females and 3 males) served
as experimental individuals. All of them displayed motor disturbances on their right
dominant hands. Exclusion criteria were the presence of a neurological condition
other than the focal hand dystonia or medication intake for the illness. For the
dystonic musicians, 8 healthy musicians (2 females and 6 males) served as a control
group. Controls were chosen to be comparable with respect to age, hours of practice
per day, years of professional exercise and age at the onset of playing music (See
Table 2.1). For writer’s cramp 8 healthy subjects, (5 females 3 males) served as a
control group matched to the dystonic group by age and gender. All participants
were right handed as determined using the Oldfield Handedness Questionnaire
(Oldfield, 1971). (See Table 2.2).
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Table 2.1 Musicians Characteristics
Dystonic Musicians
Professsion

Pt
Age(y) Begin of Practice time before Handedness
Instrument
Playing
of dystonia (h)
Gender

Affected Years of
Finger
Profession

MUSIC STUDENT

28

10

3,5

right

Right D3

10

MUSIC TEACHER

Clarinet
Female
Guitar Male

42

17

3

right

Right D2

19

MUSIC TEACHER

Guitar Male

36

14

3

right

Right D3

7

SOLOIST

Guitar Male

30

10

2

right

Right D3

12

MUSIC TEACHER

Guitar Male

36

12

0,5

right

Right D3

1

ORCHESTRAL
MUSICIAN
CANTOR

Oboe
Female
Organ Male

38

12

4

right

Right D3

13

42

9

3

right

Right D3

2

SOLOIST

Piano Male

42

7

3,5

right

Right D3

23

SOLOIST/CHAMBER Piano Male
MUSIC
MUSIC STUDENT
Piano
Female

51

10

4

right

Right D2

30

25

12

4

right

Right D3

4

Mean±SD 37±8

11±2.8

3±1

12±9

Control Musicians
MUSIC STUDENT
ORCHESTRAL
MUSICIAN
ORCHESTRAL
MUSICIAN
SOLOIST

Cello
Female
Clarinet
Male
Flute Male

26

10

3

right

7

40

11

5

right

16

32

9

3

right

3

Guitar Male

27

14

4

right

4

SOLOIST

Guitar Male

44

19

3

right

20

ORCHESTRAL
MUSICIAN
SOLOIST

Oboe Male

37

12

2

right

8

Piano
Female
Viola Male

52

7

3

right

10

31

8

5

right

4

ORCHESTRAL
MUSICIAN

Mean±SD 36±9

11±4

3.5±1

9±6
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Table 2.2. Writers’ Characteristics
Writer’s Cramp
Handedness

Pt Instrument Gender

Age(y)

Affected Hand

right

Female

40

right

right

Male

60

right

right

Female

50

right

right

Female

31

right

right

Female

42

right

right

Female

31

right

right

Male

43

right

right

Male

55

right

Mean ± SD
44±1
Control Group
right

Female

right

Female

25

right

Female

27

right

Male

36

right

Male

29

right

Female

33

right

Male

28

right

Female

35

Mean ±SD

33

31±4

The simultaneous two‐point threshold was determined with a two‐point
aesthesiometer (Model #16011, Lafayette Instruments Co., Indiana) according to the
method of limes. Participants were seated comfortably on a chair and instructed to
close their eyes, leaving the hand at rest, palm facing upward, on his/her left/right
femoral with the experimenter sitting directly across. Before beginning the tests,
subjects were offered a chance to see the aesthesiometer tips but not told the kind of
experiment being done. A crossover value for each single trial was calculated by
averaging the distance (in mm.) of the aesthesiometer tips for the subject’s last
positive and first negative response to the tactile stimulation in the single trial. A
positive response meant the discrimination of two stimulated points on the fingertip.
Fingertips were stimulated on the mid‐volar surface of the distal phalanx, and for
stimulation, only enough force necessary to slightly indent the skin was used. During
stimulation, special care was given to avoid lateral aesthesiomether displacements
over the skin. Each tips’ distance was applied for about half a second. Subjects were
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encouraged to guess whenever they were unsure if they felt either one or two
aesthesiometer tips on their fingers. The distance between the aesthesiometer tips
changed from 6 to 1mm. in steps of 1 mm., alternating ascending and descending
trials. Theoretically, each finger could be stimulated a maximum of 24 times, that is
to say four trials of six different distances between the tips of the aesthesiometer. For
a descending trial, the starting distance of the aesthesiometer was set at 6mm. and
then stopped when the person could not any longer discriminate the two tips.
Conversely, for an ascending trial, the starting distance was set at 1mm. and
increased until the person was able to discriminate a distance between the tips of the
testing tool. The average of all four‐crossover values for a particular finger was then
considered as the two–point threshold for that digit. Immediately after each finger’s
stimulation, subjects said “yes” or “no” depending on their ability to identify two
distinct points at their fingertips. All fingers on each hand were tested. Hands were
counterbalanced, and fingers within one hand randomised across subjects. After the
end of each experimental session, experimental disclosure was carried out. In order
to control for measurements stability, the writer’s cramp control group was
measured at two points in time with the second testing session taking place five days
after the first assessment. In this case, disclosure was carried out after finishing the
second testing day.

Statistical analysis
Statistical data analysis was carried out using correlations, simple regressions
(when appropriate), Analysis of Variance (ANOVA) and t‐tests for dependent
samples. In order to test for asymmetries, and after visual inspection of the data by
means of scatter plots, a first regression analysis including the fingers’ average across
all digits of each hand of the control groups was computed. The averages across the
fingers of the left hand were used as a predictor for those of the right hand, and vice
versa. The corresponding regression analysis for the musician’s experimental group
was not possible because after inspection of the scatter plots no linear trends between
fingers were seen. Consequently, in the control groups, averages across fingers of
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those digits being homologous to the non ‐ dystonic hands of the dystonic group (left
hand) were used as a predictor of their corresponding fingers on the right side. For
the musician’s dystonic group, a further selection of the averages of those fingers
identified as been dystonic (Candia et al., 2002; Candia et al., 2003) as well as the
averages of their corresponding fingers on the other hand did not uncover linear
relationships between both sides, and consequently no regression analyses were
computed. The homologous fingers in the control group were identified and the
appropriate analysis was then carried out: The corresponding digits to the non‐
dystonic fingers of the affected group were used as a predictor for those fingers
equivalent to the digits identified as been dystonic in the affected population of
musicians. In addition, a dystonic area following criteria applied in our previous
work (Candia et al., 2003)was defined: the finger identified as been dystonic and its
left and right neighbouring fingers together with their homologous digits of the left
hand were selected for further analysis. Moreover, a zone comprising these fingers
located next to the right and left digits of the dystonic area was defined as a non‐
dystonic area. To test for threshold differences, an ANOVA comprising the factors
Group (experimental vs.‐ controls) Hand (dystonic hand vs.‐ non‐dystonic hand) and
Fingers (d1‐d2‐d3‐d4‐d5) was calculated. For the comparisons between groups an
ANOVA for dependent samples comprising the between factor Group (dystonic
musicians, writer’s cramp, musicians control and writer’s cramp control) and the
within factors Hand (left vs.‐ right hand) and Finger (d1‐d2‐d3‐d4‐d5) was calculated.
For all statistical analyses, significance level was set to p< 0.05.

Results

Musicians
The ANOVA for dependent samples comprising the between factor Group
(experimental vs.‐ control) and the within factors Hand (left vs.‐ right hand) and
Finger (d1‐d2‐d3‐d4‐d5), did not reach significance for the factor Group (df = (1,16), F
= 3.6, p = 0.07). The regression analysis for the average across all digits of each hand
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of the dystonic group could not be performed because no linear trend was evidenced
(Fig. 2.1a) (r = 0.44).

Conversely, the regression analysis for the control group

showed a completely different and highly significant result: the bivariate plots of the
finger averages of both hands showed a linear relationship. The left hand,
corresponding to the normal hand of the dystonic musicians predicted the
discrimination on the contralateral side (df = (1,7), F = 63.5, p < 0.05; r = 0.96). This
demonstrated the symmetrical two‐point finger’s discrimination in the musicians
control group (Fig. 2.1a). The analysis of the difference between both correlation
coefficients revealed a significant difference (t(14); z[r dystonic] = 0.5; z[r control] =
1.9, p<.05). In the dystonic musicians, the regression analysis for the average
thresholds of the digits identified as being dystonic could not be performed because
no linear trend was seen (Fig. 2.1b) (r = ‐0.32). That confirmed the almost complete
two‐point discriminative perception asymmetry between the selected fingers of both
hands in the dystonic group. In comparison, the corresponding fingers in the control
group revealed again symmetrical perception for this collective (df = (1,7) F = 22.4, p
< 0.05; r = 0.89) (Fig. 2.1b). Again, the analysis of the difference between both
correlation coefficients revealed a significant difference (t(14); z[r dystonic group] = ‐
0.3; z[r control group] = 1.4, p<0.05). The regression analysis for the dystonic area and
its homologous zone in the dystonic group could not be performed because no linear
trend was observed (r = 0.11) (Fig. 2.1c). In contrast, the regression analysis on the
control group revealed a highly significant linear regression between hands (df =
(1,23) F = 29.3, p<0.0001; r = 0.76). The analysis of the difference between both
correlation coefficients revealed a highly significant difference (t(50); z[r dystonic] =
0.11; z[r control] = 0.99, p<0.05). Regression analyses comprising the fingers outside
the dystonic zone (e.g., the finger located next to the left and right neighbouring
fingers of the dystonic digit) were computed for both groups the left fingers
significantly predicting the two‐point discrimination thresholds of their correspondig
fingers in the right hand (dystonic musicians: df = (1,16), F = 10.0, p<0.05; r = 0.63;
controls: df = (1,13), F = 9.3, p<0.05; r = 0.66) (Fig. 2.1d).
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Figure 2a‐d. Symmetrical two‐point finger’s discrimination in the musicians control group. In the dystonic
group, no linear trend was evidenced (2.1a). The regression analysis for the average thresholds of the digits
identified as being dystonic could not be performed because no linear trend was seen. The corresponding fingers
in the control group revealed again symmetrical perception (2.1b). The dystonic area and its homologous zone in
the dystonic group did not show a linear trend. The control group revealed a highly significant linear regression
between hands (2.1c). The fingers outside the dystonic zone showed a linear relashionship in both groups (2.1d).

The one tailed t‐test for the average perceptual resolution within the dystonic area
was significantly lower for the dystonic group as compared with its corresponding
area in the control group (df =16 Mean Diff = ‐0.69, t = ‐1.97 p<0.05). Such a difference
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was not significant for the homologous zones on the left hand of both groups (df =16
Mean Diff = ‐0.36, t = ‐1.22 p = 0.12) (Fig. 2.2).

Figure 2.2. The mean perceptual resolution within the dystonic area was significantly lower for the dystonic
group as compared with its corresponding area in the control group.

Results Writer’s Cramp
The ANOVA for dependent samples comprising the between factor Group
(experimental vs.‐ Control) and the within‐subject factors Hand (dystonic hand vs.‐
non‐dystonic hand) and Fingers (d1‐d2‐d3‐d4‐d5), was significant for the interaction
Hand * Group (df = (1,14), F = 6.8, p < 0.05). We found a lower threshold in the control
and a higher threshold of the writer’s cramp group for the left hand compared to the
right hand. The regression analysis for the averages across all fingers of the dystonic
group was highly significant, indicating that the averages of the non–dystonic hand
were a good predictor of the variations in discrimination capabilities on the dystonic
side (df = (1,7), F = 26.7, p < 0.05; r = 0.90). The homologous regression analysis for the
control group showed a similar result (df = (1,7) F = 21.22, p <0.05; r = 0.88). Thus, in
both groups the left hand predicted the discrimination on the contralateral side. That
indicated a symmetrical static two‐point finger discrimination in both groups (Fig.
2.3a). The regression analysis for the writer’s cramp group was highly significant for
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the finger‐to‐finger relationship of the dystonic, the right side being predicted by
their homologous digits on the left side (df = (1,39), F = 25.0, p < 0.0001; r = 0.63)
corroborating those results for the averages across all fingers. Similarly, the
corresponding finger analysis in the control group revealed again the existence of a
symmetrical static two‐point discrimination threshold in this collective (df = (1,39), F
= 21.4, p <0.0001; r = 0.60) (Fig.2.3b).

Figure 2.3ab. In both groups the left hand predicted the discrimination on the contralateral side. Thus, both
groups showed a symmetrical static two‐point finger discrimination (2.3a). The finger‐to‐finger relationship of
the right side being predicted by their homologous digits on the left side was significant in both groups (2.3b)
corroborating the results depicted in 2.3a.

In the control group, the two‐point threshold correlations from the first to the
second measurement were similar for the averages across all fingers (first
measurement: df = (1,7) F = 21.22, p <0.05; r = 0.88; second measurement: df = (1,7) F =
16.2, p <0.05; r = 0.85) and also for the finger‐to‐finger relationships (first
measurement: df = (1,39) F = 21.4, p <0.0001; r = 0.60; second measurement: df = (1,39)
F = 18.8, p = 0.0001; r = 0.57). The ANOVA comprising the within factors Time (first
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measurement vs.‐ second measurement) and Hand (right hand vs.‐ left hand), was
significant for the factor time (df = (1,7) F = 19.2, p <0.05). The average resolution of
both hands was 11% higher in the second measurement. No other effects were
revealed.

Musicians vs.‐ Writer’s cramp comparisons
The ANOVA for dependent samples comprising the between factor Group
(dystonic musicians, writer’s cramp, musicians control and writer’s cramp control)
and the within factors Hand (left vs.‐ right hand) and Finger (d1‐d2‐d3‐d4‐d5), was
not significant for the between factor Group (df = (1,3) F = 1.3, p = 0.3). Therefore we
pooled the data of musicians and writer’s cramp to the factor Dystonic and the data
of both control groups to the factor Non‐Dystonic. The ANOVA revealed a weak
trend for the factor Dystonic indicating lower resolution capacities for the dystonic
group (df = (1,2), F = 2,9, p = 0.09) (Fig. 2.4).

Figure 2.4. A trend for the dystonic group was evidenced. Overall, the patients showed lower resolution
capacities in comparison to the healthy group regarding their finger’s two‐point threshold.

The one tailed analysis of the difference between correlation coefficients of
musicians and writer’s cramp patients revealed a significant difference for the
average over all fingers of both hands (t(14); z[r dystonic musicians] = 0.5; z[r writer’s
cramp] = 1.5, p<0.05), which was confirmed in the same analysis for the finger‐to‐
finger correlations (t(86); z[r dystonic musicians] = 0.4; z[r writer’s cramp] = 0.7,
p<0.05).
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Discussion

In the present report we analysed the symmetry of the tactile perception for the
two‐point threshold at the fingertips of musicians and writer’s suffering from focal
hand dystonia. Normal subjects, exhibit bilateral symmetry for the spatial acuity at
the human fingertip, (Sathian and Zangaladze, 1996; Vega‐Bermudez and Johnson,
2002). In a critical review of the literature on perceptual asymmetries in the
somatosensory system, Summers and Lederman discussed the tendency for the left
hand to perform better in the two‐point threshold discrimination task (Summers and
Lederman, 1990).

Musician’s Data
Our data comprising control musicians replicated a) the above‐mentioned
symmetrical perception for the spatial acuity over the fingertips and b) the
previously reported light perceptual superiority for the left hand on this kind of
discrimination task observed in normal subjects (the was also the case for the affected
musicians). In contrast, for the affected musicians tested, our data clearly
demonstrate asymmetries (e.g., disordered perception) in the spatial static two‐point
discrimination over the fingertips. These results held for a) averages over all fingers
of both hands b) finger‐to‐finger comparisons between hands c) comparisons
between right dystonic fingers and their homologous fingers on the left side and d)
comparisons between the area defined as being dystonic (on the right side) and its
homologous (on the left side). Moreover, the data comprising fingers out of the
dystonic area revealed perceptual symmetry within the affected population.

In

addition, the average threshold of the dystonic area was higher compared to the
homologous region on the other side and to those zones comprising fingers out of the
dystonic region.

Several considerations appear of interest. To begin with, the observed
asymmetries in the affected population may be reflective of anomalies in the brain’s
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cortical organisation over sensory areas, a finding reported earlier. Using
magnetoencephalography (MEG) we demonstrated an abnormal representation of
the fingers in area 3b of the somatosensory cortex in musicians affected by focal hand
dystonia (Candia et al., 2003; Elbert et al., 1998). Using EEG‐ recordings for electrical
stimuli applied to the thumb and little fingers of dystonic patients, Bara–Jimenez and
collegues obtained similar results indicative of an abnormal homuncular
organisation (Bara‐Jimenez et al., 1998). Second, the present results appear to be local
because perception was symmetrical for fingers out of the dystonic area. The local
changes demonstrated in our sample agree with data on cortical plasticity in humans
and animals pointing toward local changes after diverse experimental interventions
(see for example (Buonomano and Merzenich, 1998; Godde et al., 1996; Godde et al.,
2000; Kleim et al., 1998; Pleger et al., 2001). Furthermore, Vega‐Bermudez and
Johnson (Vega‐Bermudez and Johnson, 2002) tested the tactile acuity of the digits
adjacent to an amputated finger and its homologous on the intact side of 15
amputees be means of raised letters. Tactile acuity of these fingers was symmetrical.
In addition, the present results reaffirm our recently presented data on musicians
with focal hand dystonia. Using MEG‐based magnetic source imaging, we were able
to demonstrate local changes in the brain organisation over cortical areas of the
analysed patients. Specifically, we found higher average Euclidean distances
between finger representations of the affected hand compared to the non‐
symptomatic hand, as well as disarrangement in the organisation of some fingers’
Euclidean distances, which normalised after treatment with Sensory Motor Retuning
(SMR). SMR is a behavioural intervention, developed by Candia and colleagues, that
targets movement and perception of the affected hand under task‐relevant
conditions (Candia et al., 1999; Candia et al., 2002; Candia et al., 2003). The area
comprising the dystonic finger and its right and left neighbouring fingers (e.g.,
dystonic area) became smaller after treatment. Finally, the dipole moments of the
fingers identified as being dystonic (Candia et al., 2002) were higher before treatment
and decreased after the behavioural intervention. Brain organisational changes
43

Practice‐ Induced Cortical Changes in Focal Hand Dystonia as a Model of Brain Plasticity – Tactile Perception in Focal Dystonia

correlated with improvment in behavioural performance of the same fingers on a
displacement dexterity device (Candia et al., 2003). Third, the higher average
threshold of the dystonic area is in agreement with data recently presented by
Molloy et al., (Molloy et al., 2003) on sensory discrimination in focal dystonia. Even if
we were not able to find significant differences for the whole hand when affected
musicians were compared separately with musician controls, there was a lower
discrimination when both groups of patients were collapsed (See Figure 2.4). In
contrast, for the musician’s control group, the average across all fingers , as well as
the average of the corresponding fingers to those digits of the dystonic group
identified as being dystonic showed a high functional relationship. In all cases,
comparisons of the correlation coefficients revealed significant differences between
groups.

Changes in the sensorimotor system of focal hand dystonia patients may not be
limited to task relevant stimulation but would be instead a more generalised
phenomenon, because, for the instruments being played by this sample of patients,
the simultaneous two‐point discrimination does not seem to be a task of relevance.
Thus, our results also support previously discussed conclusions (see for example
(Molloy et al., 2003; Tinazzi et al., 2002). Considering the data recently presented by
Schwenkreis and co‐workers, as well as by Pleger and co‐workers (Pleger et al.,
2003a; Schwenkreis et al., 2001) the idea of changes in the motor cortex fostering
concomitant changes over cortical sensory areas is appealing and probable. For
example, Pleger and co‐workers demonstrated changes in somatosensory cortical
organisation after a motor training. By means of somatosensory evoked potentials
recorded with a 32‐channel EEG‐System, the authors were able to demonstrate
marked dipole shifts in S‐I concomitant to a better motor performance of co‐
contractions of thumb and arm trained in a Hebbian manner. After training, there
was a significant enhancement of the median nerve dipole strength accompanied by
a significant shift of that dipole over the hemisphere contralateral to the trained side.
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Moreover, the authors were able to demonstrate that the substantial behavioural
variability among participants was well reflected in the variability of the
corresponding cortical organisation: Subjects showing large representational changes
showed also greater changes in motor performance (Pleger et al., 2003a; Schwenkreis
et al., 2001). Moreover, the test stimulation in Pleger and co‐workers was carried out
passively. That is very interesting, because patients participating in our previous
reports (Candia et al., 1999; Candia et al., 2002; Candia et al., 2003) were trained in a
motor task (and not any sensory discrimination task) and passively tested with the
MEG using tactile stimulation over the finger pads (a sensory protocol). Therefore,
the changes measured in our previous work (Candia et al., 2003) may also
underscore once again the interconnectedness between motor and sensory areas
(Hallett, 1998b). Even if an assumed (Chen and Hallett, 1998) animal model for focal
hand dystonia (Byl et al., 1997; Byl et al., 1996b) has been postulated, the training
used to induce changes over sensory cortices of the analysed animals involved motor
tasks, and motor behaviours can change the organisation of sensory systems (Hallett,
1998a). Thus, there is strong evidence supporting the hypotheses that the observed
differences in two‐point discrimination also represent differences in cortical
organisation and that such reorganisation over sensory areas may be induced by
means of motor behaviour. Therefore, we hypothesise that the observed asymmetries
in the musician’s group may be originated for the most part in motor areas of the
brain.

In amputees, Elbert and co‐workers demonstrated a decrease in the representation
of the amputated extremity together with an increased representation of the
contralateral, intact side. This change could be due to an increased importance of
sensory stimulation consequent to the increased dependence on the intact hand
(Elbert et al., 1997). In analogy, as a consequence of their illness, musicians suffering
from focal hand dystonia have to stop playing, considerably reduce the amount of
practice or/and to introduce unusual fingerings and hand positions in their playing.
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Interestingly, the musicians assessed here reported also asymmetrical engagement in
manual manoeuvres after the onset of their focal hand dystonia. As they stated it, in
order to overcome their symptoms, they also resorted to changed fingerings, hand
and/or finger positions. These abnormal fingerings and hand positions would lead to
abnormal use of the fingers fostering abnormal representations over motor areas
resulting also in representational abnormalities over sensory territories. That in turn
would lead to those observed changes in sensory perception. It is possible that other
sensory anomalies observed in focal hand dystonia represent such a secondary
phenomenon arising from the abnormal use of the fingers and/or from functional
anomalies in other brain structures than sensory cortices leading to abnormal hand’s
use. One of these structures may be for example the basal ganglia, a structure also
involved in motor control and in the regulation of cortical inhibition in the cortex
(Hallett, 1998a; Hallett, 1998b).

Transfer between hands doesn’t seems to account for our results. If that were the
case, symmetry and not asymmetry would be more likely to be observed in the
dystonic patients. Even though hemispheric transfer cannot be completely ruled out,
highly selective perceptual changes for similar sensory tasks have been previously
demonstrated. For example, Godde and co‐workers showed no transfer between
fingers after a well‐controlled temporal discrimination task (Godde et al., 2000).
Pleger and co‐workers and also recently Dinse and colleagues demonstrated highly
localised results at behavioural and cortical levels (Dinse et al., 2003; Pleger et al.,
2001). In the control group, a learning phenomenon does not appear to be
responsible for the observed symmetrical tactile perception, especially considering
the low amount of stimulation we used. For example, it has been shown that 0.5hrs
of tactile stimulation of the index finger has no effect on two‐point thresholds (Godde
et al., 2000). Variations in the force of stimulation, an inevitable consequence of
stimulation applied by hand, cannot be completely ruled out. Nevertheless, in a
previous study, which differed from the classical two‐point test, Johnson and Phillips
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demonstrated that small force variations do not alter the two‐point discrimination
(Johnson and Phillips, 1981).
Writer’s cramp
The present study revealed symmetry for the simultaneous finger two‐point
threshold in patients suffering from writer’s cramp. The results of its corresponding
control group were similar. The data reported here clearly demonstrate that writer’s
cramp differs from the dystonic musicians, at least regarding this spatial sensory
discriminations task. The discrimination values of the dystonic and corresponding
hands were also equivalent in both groups, showing only a trend toward a better
perception in the control subjects. Similar results were obtained for the musicians
affected and their control group. Strikingly, the resolution of the left hand in the
experimental group comprising writer’s cramp patients was lower, whilst for the
control group the opposite was the case. Interestingly, in normal individuals the two‐
point threshold has been categorised among the different tasks showing a tendency
toward perception superiority of the left side, that is to say most probably of the right
hemisphere (Summers and Lederman, 1990). The latter may explain the significant
interaction uncovered here: The missing trend for perceptual resolution for the left
hand in the patients constitutes a link to a further peculiarity of writer’s cramp on
sensory processing. Because cortical representations affect both temporal and spatial
discrimination (Sanger et al., 2001) we speculate on a different cortical
representation/organisation for writer’s cramp as compared to that of musicians
and/or other groups suffering from focal hand dystonia. Given that experience
modifies the central representation of the periphery, it appears logical to assume that
differential movement experiences together with their inherent specific patterns of
sensory input will imply diverse brain sensory representations. This is also in the line
of results of Braun and co‐workers who reported co‐existent differential tactile‐
evoked brain responses depending on the kind of stimulation being used (Braun et
al., 2000; Braun et al., 2003).
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Some authors have questioned the reliability of the two‐point threshold (Sathian
and Zangaladze, 1996; Vega‐Bermudez and Johnson, 2002). To control for that, the
writer’s cramp control group was assessed twice. Results demonstrated no variation
in perceptual symmetry between measurements, and the lower threshold values of
the second measurement (11% lower discrimination thresholds) are fairly in the
range of those changes reported by Godde et al., for the baseline measurements of a
recent report (Godde et al., 2003)

General discussion

Our data for musicians suffering from focal hand dystonia showed that changes in
the symmetry of the static two‐point threshold appeared to be part of a more general
profile of sensory anomalies, those not necessarily dependent on the relevance of the
task for the measured population or on the locus of symptoms (Grunewald et al.,
1997; Molloy et al., 2003; Tinazzi et al., 2002). We mostly failed to find such anomalies
in the group of writer’s cramp patients. Nevertheless, while in musicians a clearly
altered perception of the present task was revealed, it is worthwhile to speculate that
the static finger two‐point discrimination threshold is not strongly associated with
the writer’s cramp affliction.

Our results for the affected musicians and writer’s cramp patients are in line with
those results presented by other groups showing anomalous tactile perception in
focal dystonia patients. (Grunewald et al., 1997; Molloy et al., 2003; Tinazzi et al.,
2002). While one could speculate on asymmetrical static spatial two‐point
discrimination also representing a further sensory abnormality of all focal hand
dystonias, the data of the writer’s cramp group demonstrate that similar anomalies
do not necessarily have to be a feature of all focal hand dystonia populations. The
relevance of this sensory anomaly for the development of dystonic symptoms or
their maintenance, remains speculative. In a pilot study, changes in the two‐point
threshold of the fingers revealing better discrimination capabilities after “aggressive
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sensory training” was applied to people with focal hand dystonia were recently
reported (Byl and McKenzie, 2000). Nevertheless, the great variety of procedures
applied, as well as the group heterogeneity, do not allow for exact conclusions. In the
same line of training procedures, Zeuner and collegues (Zeuner et al., 2002) reported
better spatial acuity in the finger tips of focal dystonia patients after a Braille reading
training. Since the amounts of cortical representation and perception acuity are
associated (Pleger et al., 2001), our results may be interpreted as reflective of brain
reorganisation. Our data deserve special interest because the musician’s data further
confirm and also extend previous reports on sensory anomalies in patients with focal
hand dystonia. They also suggest that other focal dystonia groups may show a
similar change in sensory perception. Bearing in mind that focal hand dystonia has
been largely characterised as being task specific, it appears probable that depending
on the type of task, a different sensory profile will always emerge. The latter was
confirmed with the results of the writer’s cramp group, which were largely
comparable to the results of its control group except for the loss of superiority in
sensory discrimination for the left hand.

While musicians probably engage in more symmetrical manual tasks compared to
the normal population (with the exception of string and some brass players), task
asymmetry by itself does not appear to affect the symmetry of the two‐point
threshold discrimination in normal subjects. This may seem somewhat surprising in
the light of the results presented by Elbert et al, who demonstrated differential
cortical somatosensory representation for the hands of string players depending on
the task they perform (Elbert et al., 1995). Obviously, such changes do not affect
strongly tactile discrimination capability Previously we demonstrated an abnormal
cortical finger representation in musicians affected by focal hand dystonia (Candia et
al., 2003; Elbert et al., 1998). Thus, the behavioural data presented here raise the
question of whether such anomalies reported for musicians will be also a feature of
all patients suffering from focal hand dystonia, especially considering the data of
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those suffering from writer’s cramp. The present results are important, because they
suggest the existence of sub‐populations of focal dystonia patients, all of them
having a particular sensorimotor functional organisation depending on the kind of
work they usually perform. For this reason, special care should be devoted to the
recruitment of patients in future research, as a rule, a very difficult endeavour in
studies including focal dystonia patients. Focal hand dystonia is a complex rather
than a simple sensory‐motor problem, with multiple traces at different levels of the
sensory‐motor axis.

Lesions of the basal ganglia, the thalamus or the posterior

parietal cortex can impair temporal tactile discrimination capabilities. On the other
hand, cortical representations affect both temporal and spatial discrimination (Sanger
et al., 2001). In consequence, further screenings in specific focal dystonia sub‐
populations using sensory test batteries will contribute to characterise better the
sensory capabilities of those affected patients. Finally, it is important to bear in mind
that this simple tactile discrimination task only characterises a single and not all
aspects of the finger sensory perception of any studied population.
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Chapter 3
2

Digital Representations in Somatosensory Cortex in Focal Hand Dystonia

Summary

Focal hand dystonia involves a loss of motor control of one or more digits; it is
associated with the repetitive, synchronous movements of the digits made by
musicians over periods of many years. Magnetic source imaging revealed that there
is a smaller distance (fusion) between the representations of the digits in
somatosensory cortex for the affected hand of dystonic musicians than for the hands
of non‐musician control subjects. The data suggest that use‐dependent susceptibility
to digital representation fusion in cortex may be involved in the etiology of focal
dystonia.

Introduction

In seminal work, Byl et al. developed a presumed animal model of focal hand
dystonia in owl monkeys involving the frequent repetition of grasp over an extended
period (Byl et al., 1997; Byl et al., 1996b). Under these circumstances, the monkeys
developed motor disturbances and many distortions of the receptive fields and
representational zones of the digits in area 3b of the somatosensory cortex,
particularly a breakdown in and reordering of their boundaries as well as the
emergence of new cortical zones representing portions of the hand not normally
included in the same zone. Wang and coworkers (Wang et al., 1995) had shown in
work from the same laboratory that extensive simultaneous stimulation of just the
distal or proximal phalanges of D2–4 in new world monkeys led to the development
of anomalous new multi‐digit receptive fields responsive to just the intensively

2

This part of the thesis largely corresponds to: Elbert T, Candia V, Altenmüller E, Rau H, Sterr A,
Rockstroh B, et al. Alteration of digital representations in somatosensory cortex in focal hand dystonia.
Neuroreport 1998; 9: 3571‐5.
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stimulated parts of the hand. Moreover, surgically joining two digits in monkeys
resulted in a fused cortical receptive field for those two digits, (Allard et al., 1991;
Clark et al., 1988) while surgical separation of digits in syndactylous humans led to a
separation of the cortical representational zones of the digits (Mogilner et al., 1993).
Similarly, Sterr et al. (Sterr et al., 1998a; Sterr et al., 1998b) found that the cortical
representation of the digits became topographically disordered in blind individuals
who read Braille with three fingers simultaneously for many hours on a daily basis.
Thus, extensive simultaneous stimulation of the digits and other types of prolonged,
unusual types of sensory input can produce a use‐dependent reorganization of
digital receptive fields. The purpose of the present study was to use magnetic source
imaging to test the possibility that musicians with focal hand dystonia have greater
fusion (i.e. shorter interdigital distances) between the representational zones of the
fingers of the dystonic hand than is the case for the digital cortical representations of
non‐dystonic musicians or non‐musician control subjects.

Materials and Methods

Eight right‐handed professional musicians (5 males) suffering from focal hand
dystonia, eight unaffected musicians and nine non‐musician controls gave written
consent to participation in the study. Each dystonic patient was referred from the
clinical practice of E.A. and given a thorough neurological examination before project
intake. An exclusion criterion was that there be no neurological condition other than
the focal hand dystonia. The non‐dystonic musician controls were matched to the
dystonic subjects on instruments played and age. Some demographic and clinical
characteristics of the dystonic subjects are presented in Table 3.1.
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Table 3.1. Characteristics of musicians with focal dystonia
Subject

Instrument

G1
G3
OB
OR
CL
FL
KL
G2 (excluded)

Guitar
Guitar
Oboe
Organ
Clarinet
Flute
Piano
Guitar

Affected digits
Left D3,D4,D5
right D3,D4,D5
right D3,D4,D5
Left D3,D4,D5
right D3,D4
left D2,D3,D4
right D2,D3,D4,D5
right D1,D2

Age
(years)
30
36
38
47
28
42
25
42

Chronicity (years)
5
3
3
3
1
4
4
13

The study procedure was approved by the university’s ethics review board.
Somatosensory stimulation consisted of light superficial pressure applied by a
pneumatic stimulator using a standard non‐painful stimulation intensity (Elbert et
al., 1994). Tactile stimulation was delivered to the midvolar aspect of the distal
phalanx of all digits of both hands in dystonic and non‐dystonic musicians and to left
and right D1, D2, and D5 in normal control subjects. At each site, 1000 stimuli were
given at an average rate of 0.5 Hz. The interval between stimulus onsets varied
randomly between 450 and 550 ms. Each hand was tested separately with order of
hand tested counterbalanced across subjects. Stimulation site within each hand was
varied according to a pseudorandom order. The sensor array of magnetic detectors
(Bti Magnes 37‐channel biomagnetometer) was positioned over the hemisphere
contralateral to the stimulated fingers centered over C3 or C4. Data were filtered
with a bandpass of 0.1–200 Hz and sampled at a rate of 520.5 Hz. A response was
omitted from the average if its range exceeded 2 pT in any of the MEG channels. For
the source analysis, responses were filtered from 1 to 20 Hz. A first major peak was
identified in each of the evoked waveforms within the time window of 30–75 ms.
(Elbert et al., 1994; Elbert et al., 1995; Flor et al., 1995). For this peak, a single
equivalent current dipole (ECD) model (using the best fitting local sphere) was fitted
to the measured field distribution and the medians of the dipole moment and the
dipole location were computed from a selection of contiguous time points within a 20
ms time segment (11 sampling points) around the maximal root mean square (RMS)
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across the 37 channels. Points were selected if they met the following criteria: (1)
RMS indicating a signal‐to‐noise ratio >3, (2) goodness of fit of the ECD‐model to the
measured field > 0.95, and (3) a minimal confidence volume of the ECD location < 300
mm3. (In dystonic subject G2, the record for one of the dystonic fingers did not
conform to these criteria and this individual’s data were therefore excluded from
further analysis.) It has been shown that the first major peak of the somatosensory
evoked magnetic field has its source in the primary somatosensory representation
(SI), with most of the activity originating in Brodman’s area 3b contralateral to the
stimulation side (Baumgartner et al., 1991). As a measure of the medial‐lateral extent
of the territory covered by the cortical digit representations, the following digit
representation fusion index (DRFI) was computed: DRFI = Square Root [ (D5–D2)2
+(D2– D1)2+ (D5– D1)2]. Squaring the interdigital distances has the effect of increasing
the influence of large distances between the cortical representation of the fingers.
Thus, the smaller the DRFI, the greater the digital fusion. The DRFI values were
transformed to z‐scores using the values observed in the normal control subjects as
the reference. This was done by taking the difference between the DFRI score for
each musician and the average of the DRFI scores for all nine control subjects and
dividing by the standard deviation of the scores for controls. These z‐scores were
submitted to an ANOVA comprising the within subjects factor HAND and the factor
GROUP. The data were also analyzed using a previously published measure of the
topographic order/disorder of the digital representations in primary somatosensory
cortex (Sterr et al., 1998a). For this measure, all topographic arrangements in which
the cortical representation of the digits are in the correct order in the inferior–
superior dimension (D1 ‐ D2 ‐ D5) are assigned a value of zero. If there is
topographic disorder in any pair of cortical digital representations (D1–D2, D2–D5,
or D1–D5), each of the distances in the deviant direction are summed and placed in
the nominator of a fraction whose denominator is the distance between
representations of the two fingers most distant from one another. Using the size of
the cortical representation of the hand as a denominator serves to correct for the fact
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that there may be an expansion of the hand representation in the musicians
compared with the controls (Elbert et al., 1995); without this correction the amount of
cortical disorder would be overestimated for the two musician groups. The measure
can be calculated as follows: Cortical disorder ={[deviance (D1–D2)] + [deviance (D1–
D5)]+ [deviance (D2–D5)]}/distance between farthest apart finger representations

Results

The DRFI or fusion scores (Fig. 3.1) show that the distance between the cortical
representation of the digits was significantly smaller, averaged across the two hands,
in the dystonic musicians than in the two hands of the non‐musician controls (z = –
0.80, t(6) = 3.7, p < 0.01).

Figure. 3.1. Dystonia representation fusion index (DFRI) scores converted to z‐scores (mean and standard
errors) for the dystonic hand, the non‐dystonic hand and the mean of both hands in musicians with focal
dystonia and for both hands in non‐dystonic musicians and non‐musician control subjects. Values were
transformed to z‐scores using the DRFI‐values observed in the non‐musician control subjects as the reference
(i.e. normal controls have a mean of zero, a standard deviation of 1, and a standard error of 0.33). * p< 0.05
compared with non‐musician control subjects.
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Moreover, there was significantly more fusion in the digital representation of the
digits of the dystonic hand than in both hands of the nonmusician controls (z = –8.7,
t(6) = –3.5, p < 0.02); the same difference was not significant for the nondystonic hand
(z = –0.73, t(6) = –1.7, p = 0.14). The DRFI score (both hands) for the non‐dystonic
musicians was nearly the same as that of the nonmusician controls (z = 0.08). Figure
3.2 (right) illustrates the fusion of the digital cortical representations opposite the
affected hand in a dystonic musician; the spacing of the digital representations
opposite the non‐dystonic hand is normal. Figure 3.2 (left) shows digital fusion in the
hemisphere opposite the dystonic hand in another musician; in this case, however,
there was an equal amount of fusion in the hemisphere opposite the non‐dystonic
hand. This phenomenon was observed in four of the seven dystonic musicians.

non-dystonic
hand

mean location
controls D5

D1

12
11.5

D5

11

D5

10.5

D2-D4

D1
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D5
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D2
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Figure. 3.2. coronal MRl section through the somatosensory cortices of 2 musicians (OR and OB) with focal
hand dystonia onto which are projected the dipole locations of digits 1–5 (D1–D5) resulting from contralateral
stimulation. The large open symbols in the right hemisphere of subject OR indicate the mean location of dipoles
for D1 and D5 in normal control subjects.

The cortical disorder score was not significantly greater for the dystonic musicians
than for the nondystonic musicians (both hands), for the affected hand
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representation in dystonic musicians compared with both hand representations in
the non‐dystonic musicians, or for the affected hand representation compared with
the non‐dystonic hand representation in dystonic musicians. Thus, focal hand
dystonia appears to be associated with a fusion of the cortical representations of the
digits and not a disarrangement
Discussion

There is a reduced distance between the representational zones of the digits in
primary somatosensory cortex for the affected hand of dystonic musicians compared
with the representations of the digits in non‐musician control subjects. This
constitutes a change that is in the direction of fusion of the digital receptive fields.
Such a change also occurred in the cortex opposite the non‐dystonic hand in four of
seven of the dystonic musicians studied. The effect in this hemisphere was not
statistically significant on a group basis because three subjects did not exhibit the
phenomenon. However, the observation is consistent with the fact that some string
players who change the hand used for fingering the strings after developing focal
dystonia, also develop dystonia in the hand to which they switch (data from the
clinical practice of E.A.). Changes in corticomotor representation, assessed by
transcranial magnetic stimulation, have also been reported (Byrnes et al., 1998),
consisting of distortions of the shape of the motor hand area, of their topographic
order, extension of its lateral borders and the emergence of almost discrete secondary
motor areas. However, it is currently unclear to what extent these distortions of the
motor map and the alterations in the sensory map observed here are related. The
cross‐sectional data obtained in this study does not permit causal attribution. It is
possible that the cortical fusion was involved with causation in the development of
the dystonia, however, it is also possible that the reverse was true and that the
dystonia, resulting from some other cause or set of causes, produced the cortical
fusion. Another possibility is that some third factor(s), such as a functional
disturbance of the basal ganglia (Berardelli et al., 1998) caused both the dystonia and
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the tendency toward cortical digital fusion. If a tendency toward cortical digital
fusion is a factor in the genesis of focal hand dystonia, one might hypothesize that an
intervention that served to break apart the fusion would constitute an effective
therapy for the condition. This might be accomplished by a sensory learning process
in which dystonia patients were given extensive experience in making complex
tactile discriminations with individual fingers, as suggested by Byl et al. (Byl et al.,
1996b). Alternatively, since focal hand dystonia is a disturbance of motor production,
one might fashion a therapy in which patients were given extensive practice in
making discrete individuated finger movements. A treatment based on this principle
in combination with methods employed in constraint‐induced (CI) movement
therapy, an effective new intervention for rehabilitation of movement after stroke
(Taub, 1980; Taub et al., 1993), has been developed in this laboratory (See Chapter 4).

Conclusion

Most professional musicians engage in extensive practice of their instrument,
especially during the formative period when they are students. Why does one
musician develop focal dystonia when another does not who presumably carries out
as much repetitive, forceful and highly articulated movement of several fingers
synchronously? If the first possibility noted above were correct, and cortical digital
fusion in response to repetitive finger movement is a causal factor in the etiology of
the motor disturbance, it would be possible that individuals who are susceptible to
the development of focal dystonia are those who have a prior tendency toward
cortical digital fusion. The degree of susceptibility would be correlated with the
degree to which an individual was liable to exhibit the digital fusion‐type of use‐
dependent cortical plasticity.
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Chapter 4
3

A Treatment for Focal Hand Dystonia of Pianists and Guitarists Based on

Neuroscience Knowledge

Summary

To evaluate the long‐term effectiveness of sensory motor retuning (SMR), a new
treatment for focal hand dystonia in musicians, a prospective case series with an
(adventitious) comparison group with 3‐ to 25‐month follow‐up in piano and guitar
and 0‐ to 4‐month follow‐up in flute and oboe players was used. Setting of this study
was the general community in Germany. Participants were eleven professional
musicians. Intervention method consisted of the immobilization by splints of 1 or
more digits other than the focal dystonic finger. This finger carried out repetitive
exercises in coordination with 1 or more of the other digits for 11⁄2 to 21⁄2 hours a day
for 8 consecutive days under therapist supervision. The subjects then were instructed
to continue practice for 1 hour daily for 1 year. As measure methods we used
Spectral analysis of the output of a dexterity‐displacement device that continuously
recorded digital displacement during finger movements and a dystonia evaluation
scale on which patients rated how well they had just performed dystonic movement
sequences and repertoire passages. The 3 wind players (adventitious placebo
controls) did not improve substantially. However, each pianist and guitarist showed
marked and significant improvement in spontaneous repertoire performance without
the splint. The first subject is now 25 months posttreatment. These results suggest
that SMR is of value for the treatment of focal hand dystonia in pianists and
guitarists.

3

This part of the thesis largely corresponds to: Candia V, Schäfer T, Taub E, Rau H, Altenmüller E,
Rockstroh B, et al. Sensory motor retuning: a behavioural treatment for focal hand dystonia of pianists and
guitarists. Arch Phys Med Rehabil 2002; 83:1342‐8.
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Introduction

Work by Byl and

colleges (Byl et al., 1997; Byl et al., 1996b) in new‐world

monkeys showed that digital motor incoordination resulting from digital overuse is
associated with an induced disorder in the representation of the digits in area 3b of
the somatosensory cortex. Elbert and co‐workers, using a noninvasive neuroimaging
technique (magnetic source imaging), found that string instrument players exhibit a
use‐dependent alteration in the cortical representational zones of the digits of the left
hand that engage in the dexterity‐demanding task of fingering the strings (Elbert et
al., 1995). It is of particular interest that use‐dependent central nervous system
plasticity also occurred in musicians with focal dystonia; overlap or smearing of the
homuncular organization of digits occurred in the somatosensory cortex, as
demonstrated in Chapter 3 (see also (Bara‐Jimenez et al., 1998). Because behavioral
mechanisms apparently underlie both the cortical disorder and the involuntary
incoordination of movement, it was hypothesized that a behavioral intervention
focusing on movement could help reduce or eliminate these conditions. The
treatment reported here features a behavioral therapy approach that leaves free the
digit exhibiting the main dystonic symptoms. The therapy was called sensory motor
retuning (SMR). In it, 1 or several of the other digits are immobilized and extensive
practice is given in performing individual movements of the focal dystonic finger in
coordination with movements of the other fingers. The exercises are performed on
each individual’s musical instrument. In this chapter, the successful treatment of 6
pianists and 2 guitarists with this intervention will be reported. A preliminary short
report (Candia et al., 1999) of the data of the first 3 pianists and the 2 guitarists has
appeared elsewhere. The same intervention was administered to 2 flutists and an
oboist with lack of positive results.
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Methods

The 11 subjects were right‐handed musicians (6 pianists: patients 1, 2, 5, 6, 7, 11; 2
guitarists: patients 3, 4; 2 flutists: patients 8, 9; 1 oboist: patient 10); all were
professional musicians, except patient 8. Patients 1, 5, and 10 were women. All 11
subjects had chronic conditions of 2 to 34 years in duration (see table 4.1). Each had
received multiple courses of therapy for their condition including acupuncture,
massage, eurythmics, neurolinguistic programming, kinetic therapy, physical
therapy,

chiropractic,

and

administration

of

anticholinergics,

xylocaine,

corticosteroids, and botulinum toxin. All of the guitarists and pianists were soloists,
except for patient 2, who was a chamber music pianist. They had to limit or give up
their public playing. Two of the wind players were professional orchestral musicians;
one of the flutists was semiprofessional. Subject characteristics are in table 4.1. Before
project enrollment, each subject was given a neurologic examination by a neurologist
(EA) experienced in musician’s focal hand dystonia. Symptoms required were
painless loss of fine motor coordination of finger movements, which occurred
exclusively in the task‐specific context of playing the musical instrument; motor
disorder restricted to involuntary flexion of single digits and (compensatory)
extension of adjacent digits when executing the movements; absence of other
neurologic signs; no sensory deficit in any sensory test, including the sense of touch,
pain, temperature, joint position, graphesthesia and vibration; and normal or above
average 2‐point discrimination at the tips of the fingers, the palm, and the back of the
hand. Nerve compression syndromes were excluded by median and ulnar nerve
neurography. Two other exclusion criteria were (1) the presence of a neurologic
condition other than the focal hand dystonia and (2) maintenance on a medication for
their dystonia. Informed consent was obtained from patients after they were fully
informed, according to the declaration of Helsinki, about the nature of the study and
their treatment. The treatment protocol was approved by the university’s ethics
review board.
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Treatment
In SMR therapy, a splint (Fig. 4.1) immobilizes 1 or more finger(s) while leaving
the remaining digits free.

Figure 4.1. Splint device for the fixation of the fingers used in Sensory Motor Retuning. The device
immobilizes one or more fingers while leaving the remaining fingers unsplinted. Splinting the fingers in this
way, it is possible to carry out finger excercises on the music instrument.

In this series of patients, we found that the investigators and patients usually
could identify 1 finger as the focal dystonic digit and 1 or 2 other digits that were
involved in performing movements that compensated for the dysfunction of the focal
dystonic digit (table 4.1). (In other cases of dystonia, all 4 of the other fingers can be
involved in the compensatory pattern.)
Table 4.1. Subject Characteristics
Pt Instrument Gender

Age(y)

Years
Playing

Affected Fingers*

Month of
Last Follow‐
up
25
9

1 Piano Female
2 Piano Male

40
47

35
41

Years
With
Dystonia
3
4

3 Guitar Male
4 Guitar Male

37
30

25
20

4
3

Right D3, D4, D5
Right D3, D4

19
17

5 Piano Female
6 Piano Male

52
70

34
65

8
34

Right D2, D3, D4
Right D4, D5

12
3

7 Piano Male
8 Flute Male

51
42

30
27

3
5

Right D2, D3
Left D2, D3, D4

5
4

9 Flute Male
10 Oboe Female

38
38

28
26

2
5

Left D4
Right D2, D3, D4, D5

0
2

11 Piano Male
Abbreviation: Pt, patient.

39

34

6

Left D3, D4, D5

3

Left D2, D3, D4
Left D3, D4, D5

* Focal dystonic finger is bolded.
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The focal dystonic finger was identified by immobilizing in turn the other fingers
involved in the abnormal movement pattern and requiring that the subject carries
out sequences of alternating movements of the focal dystonic finger and the
remaining digits. In each case in this series, immobilization of 1 specific finger
permitted independent movement of the digit the patient had previously identified
as being dystonic; it was termed the main compensatory finger. This was not true after
immobilization of any other digit; immobilization of another compensatory finger
did enable freer, independent movements of the dystonic finger but not nearly to the
same extent as immobilization of the main compensatory finger. Treatment involved
immobilizing different finger(s) by means of the splint. During fixation, the patient
held a finger in his/her characteristic rest position for his/her instrument. When the
finger making the maximum compensatory movements was immobilized in this
position, the focal dystonic finger could in each case participate in alternating
individual finger movements with all possible permutations of the other fingers of
the dystonic hand used in the treatment exercises, as was the case in the earlier
diagnostic procedure. In these exercises, the subject was required to make sequential
movements of 2 or 3 digits in extension, including the focal dystonic digit, for a
period of 10 minutes in an ascending and then in a descending order in continuous
repetition; for example, D2, D3, D4, D3, D2, and so on, with D4 being the focal
dystonic finger and D5 the immobilized main compensatory finger. After a 2‐minute
rest, subjects completed a different sequence of movements of 2 or 3 fingers
including the focal dystonic finger. Five such blocks of exercises were performed in
an hour. In the beginning, performance was paced by a metronome and was begun
at a medium tempo (usually 60bpm); the tempo was then increased and gradually
decreased. (In 7 of the 11 dystonic musicians, slow controlled movements were more
difficult than fast movements.) The speed sequencing was maintained in an attempt
to force the subject to generate faster and faster and then slower and slower
alternating movements in successive sequences. The training process was quite
fatiguing for each subject. After completing the first 5 blocks of exercises, the splint
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was removed and subjects were given a 10‐minute rest, after which they received 4
more 10‐minute blocks of exercises with 2‐minute rest intervals between blocks.
Various permutations of possible finger movements were performed in different
exercise blocks. The subjects were then given a rest of about 40 minutes. After the
rest, subjects were encouraged to play their instruments without the splint. Initially,
they played 15 to 30 seconds from a self‐selected musical piece. If they could not do
this, they were encouraged to try a second time. After 2 successful repetitions, they
were asked to attempt a different segment and were then asked to play portions of
musical pieces of longer and longer duration until they had played for 15 minutes
(excluding rest intervals). Some subjects were disconcerted by this process, being
surprised by their new facility and also fearing a return of dystonic movements;
however, they were encouraged to continue. The complexity and duration of the
practice segments within the unsplinted performance period was based on the
therapist’s judgment of therapeutic progress. We introduced the requirement for
periods of unsplinted performance for 2 reasons: first, because it represents the
realworld context, and second, because it was very rewarding for the musicians to
experience an unexpected ability to play frequently practiced musical pieces with a
reduced number of abnormal movements or postures of the fingers. Consequently, it
encouraged continuation of and compliance with the details of the therapy. After a 5‐
minute rest, and if the subject was not too fatigued, the splint was replaced and a
second series of alternating digital maneuvers, each for a duration of 5 minutes, was
performed. This regimen continued for 8 consecutive days (14 days for patient 6, 6
days for patient 11 because of an injury while preparing food). The therapeutic
exercises for the flute players were much the same as for the pianists and guitarists.
The wind players blew into their instruments and produced tones only at infrequent
intervals during the exercises. We decided that it was unnecessary for these
individuals to repeatedly sustain the very taxing, prolonged, breath exhalations that
would enable the same type of digital exercises peformed by pianists and guitarists
for their dystonic hands; improved hand function, not breathing ability, was the
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intended objective. On the last treatment day, the subjects were given the splint
constructed for them and asked to practice the exercises performed during therapy
while wearing the splint for 1 hour daily for 1 year after therapy. They were also
instructed to engage in unsplinted repertoire practice for 10% of the time that was
their usual custom before the onset of dystonia. It was recommended that this period
be increased a further 10% in each succeeding month if they had no deterioration of
the motor control that had been attained. Follow‐up was performed for 25 months in
the patient treated first and 3 months in the most recently treated patient (table 4.1).
The intention is to gradually fade out the therapeutic exercises in the second
posttreatment year according to a schedule worked out individually with each
patient. Patients’ compliance with the home exercises was assessed by regular phone
interviews.
Measurement
Patient status was quantified with 2 measurement instruments: a dexterity and
displacement device (Fig. 4.2) and a dystonia evaluation scale (DES).

Figure 4.2. Dexterity Displacement Device used for the quantification of finger dexterity before and after
Sensory Motor Retuning. The keys can be depressed by using three different fingers and the resulting movement
slopes are recorded in a personal computer for off‐line analysis. See text for further explanations.

The

dexterity

and

displacement

device

continuously

recorded

digital

displacement during metronome paced movements of 2 fingers performed for 50

65

Practice‐ Induced Cortical Changes in Focal Hand Dystonia as a Model of Brain Plasticity – Treatment for Focal Hand Dystonia

seconds; spectral analysis (Hesselmann, 1991) of the record provided information
concerning the smoothness of the movements before, during, and at the end of the 8
days of treatment. Measurements were done at the beginning of the treatment
session on days 1, 4, and 8. To quantify the subject’s performance, we divided the
spectral power in the frequency of the metronome (0.9–1.2Hz) by the power in the
side bands (0.1–0.9Hz plus 1.2–1.9Hz). The side bands defined in this manner
contained the record of movements that were irregular and did not conform to the
instruction to follow the metronome beat (values are missing for patients 1 and 11
because of procedural problems). A DES was used to rate how well patients
performed (without the splint) movement sequences and passages from their
repertoire that had tended to generate dystonic movements in the past; this, in effect,
provided information on the clinical status of the patients. The average of the ratings
for the selected movement sequences and repertoire passages represented the DES
score for a single day. The ratings on the scale are as follows: 0, dystonia as bad as at
its worst; 1, slightly improved; 2, moderately improved; 3, almost normal; and 4,
normal (Candia et al., 1999). The number of movement sequences and repertoire
passages that were rated varied between patients (median, 20). The first rating
occurred before treatment and was then repeated after the first 1‐hour block of
exercises on the first treatment day. This protocol enabled the patient to recognize
how much improvement in the relief of dystonic movements had been achieved
during that brief period. In subsequent sessions, the DES was administered at the
beginning of each treatment day after a warm‐up of approximately 3 minutes and by
Telefone in follow‐up. Follow‐ups were obtained after 1 month, 3 to 4 months, about
6 months, and the time of this writing (month of last follow‐up, see table 4.1).
Results

The DES scores are given in figure 4.3 for the following time points: pretreatment,
posttreatment, and last follow‐up. Each of the 6 pianists (closed inverted triangles)
and 2 guitarists (closed upright triangles) improved very substantially from
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pretreatment to posttreatment while the 2 flutists (open circles) did not. The other
wind player (oboist, open square) showed a modest improvement from pre‐ to
posttreatment but 1 month into follow‐up had regressed and remained close to
pretreatment levels at the 2‐month follow‐up point.

Figure 4.3. Mean DES ratings of all 11 patients for the pre‐ and posttreatment and last follow‐up periods.
Rating scale: 0, dystonia as bad as at its worst; 1 slightly improved; 2, moderately improved; 3, almost normal;
and 4, normal.

A 1‐way analysis of variance (ANOVA) that included all 11 musicians revealed
that, even when the 3 wind players are included, the scores at pretreatment,
posttreatment, and last follow‐up differed significantly from each another
(F2,20=16.5, P<.0001). Post hoc Scheffe´ tests indicated that pretreatment scores
differed significantly from posttreatment (P<.0001) and last follow‐up (P<.0001)
scores. At the time of this writing, follow‐up had proceeded for different lengths of
time for different subjects, depending on when their treatment had taken place (table
1, column 8). One guitarist (patient 3) and a pianist (patient 1) showed marked
improvement at the end of treatment and then continued to improve into the normal
range at 25 and 19 months, respectively, after treatment. Patient 11 (piano) scored
very close to normal at the end of treatment. These 3 patients and patients 5 and 7
(piano) performed the posttreatment homepractice exercises at frequent intervals.
Patient 2 (piano) performed home practice approximately half the time for the first 5
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months posttreatment. At 4 months posttreatment, this individual, although only
partially compliant, had retained the substantial therapeutic gains he had obtained
during treatment. After 5 months, he stopped home practice entirely, and by 9
months he had relapsed to pretreatment levels. Patient 6 (piano) was compliant with
the posttreatment home practice requirement for 3 months but then the demands of
professional activities reduced his compliance substantially for the next 3 months. As
figure 2 indicates, there has been as yet no regression in this patient’s performance.
Patient 4 (guitar) and patient 5 have stabilized in follow‐up with a large
improvement compared with very low pretreatment levels. Patient 7 exhibited a
good response to treatment, and has improved somewhat in the 5 months during
which he has been followed to date. In the opinion of these patients, treatment
produced significant and long‐term improvement of digital coordination, and these
results were clearly superior to the effects attained by previous therapy with
anticholinergic drugs or with local injections of botulinum toxin type A. The data for
the wind players contrasted to those of the pianists and guitarists. Pretreatment, their
DES scores did not differ significantly from the other types of instrumentalists.
However, a 2‐way ANOVA with group (wind players vs pianists and guitarists) and
time as factors indicated that a significant difference occurred between the 2 groups
over time (pre to posttreatment to last follow‐up; interaction group * time, F2,18=10.5,
P=.001). The results on the DES and the clinical evaluation were confirmed by the
laboratory findings obtained from the dexterity and displacement device (fig 3).
During paced movements, the smoothness of the movements of the nondystonic
hand did not significantly change from pre‐ to posttreatment, as revealed by spectral
power analysis. These analyses served as control measurements for the dystonic
hand. The finger movements of the pianists’ and guitarists’ dystonic hand were
clearly smoother after treatment (t(2.9), P<.05). In contrast, no improvement occurred
from pre‐ to posttreatment for the wind players; the difference in treatment effect
between the 2 groups was significant for the dystonic hand (F1,7=10.0, P<.05 for the
interaction of group * time). Figure 4.4 is a scatterplot showing the relationship
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between change in DES score from pre‐ to posttreatment and change in the relative
fast Fourier transform power on the dexterity and displacement device scores from
pre‐ to posttreatment for 9 subjects. The correlation is r equal to .70 (P<.05) showing
that the measures exhibit considerable concordance in showing an improvement or
lack of improvement in the dexterity of musical performance after treatment.

Figure 4.4. Scatterplot of pre‐to posttreatment chage for the DES and for the fast Fourier transform (FFT)
power values for spectral analysis of dexterity and displacement device performance (which gives the smoothness
of movement) for the focal dystonic fingers.

The 2‐fingered dexterity and displacement device exercise did not always elicit the
maximum amount of dystonic movement. For patient 6 (piano), a 3‐fingered pattern
yielded a particularly dramatic demonstration of treatment effect. This individual
had a pronounced dystonic condition of 34 years in duration. The required
alternating movements in his 3‐fingered test exercises always involved the focal
dystonic finger (D4), the maximal compensatory finger (D5), and the least‐involved
digit of the dystonic hand (D2) in 3 different orders and the homologous fingers of
the nondystonic hand in the same 3 orders. Each sequence continued for 75 seconds
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with a 3‐minute rest between sequences. Figure 4.5 shows the dexterity and
displacement device record for the last 10 seconds of the first sequence (D2, D4, D5)
for the nondystonic and dystonic hands on the fourth day of treatment (panels 3, 4)
and the day after the end of treatment (panels 1, 2).

Figure 4.5. The extent and duration of the movements of the focal dystonic (D4, dark line) and maximal
compensatory finger (D5, light line) of the dystonic hand and the corresponding fingers of the nondystonic hand
in patient 6 recorded during and after treatment. Each record is for the last 10 seconds of the first exercise,
which was the same at the 2 time points and for both hands. Note the improvement in the dystonic hand (panels
1, 3).

The tracings represent the excursion and duration of the key depression for the
focal dystonic finger (D4, dark lines) and the maximal compensatory finger (D5, light
lines) and for the same fingers on the nondystonic hand. On day 4 of treatment,
when this subject had already improved considerably, the movements of the digits of
the dystonic hand were still markedly abnormal. The very substantial improvement
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that had taken place after 8 days of treatment may be seen by comparing panel 1
with panel 3. The figure by itself, however, does not show the most noteworthy
change that occurred. On day 4 of treatment, by the time 45 to 50 seconds had
elapsed during each of the 3 exercises with the dystonic hand, hyperflexion of D4
and D5 had developed to such an extent that this subject had to complete the
exercises by playing with his knuckles. It is remarkable and a tribute to his skill that
he could maintain the metronome‐specified tempo as well as he did. Posttreatment,
his movements were not normal (as indicated by comparison to the data from the
nondystonic hand—panels 2, 4), but they were greatly improved. Playing on the
knuckles did not occur at all. From time to time, a tendency emerged for D4 or D5 or
both to hyperflex, but in each case the subject was able to bring the 2 digits into a
more appropriate extended position and complete each exercise without further
abnormal movement. It should be noted that patients 3 and 6 reported that
performing home practice with the splint for 1 hour every day over an extended
duration was fatiguing. They found that practicing the therapeutic exercise every
other day appeared to give them a better result for repertoire performance. Four
pianists and guitarists have passed the 1‐year follow‐up (patients 1, 5, 3, 4). Each of
these patients stopped carrying out the therapeutic exercise at 21, 12, and (contrary to
instructions) 4, and 2 months, respectively. None of them has experienced a
decrement from the maximum treatment gains that they exhibited. Figure 4.6a shows
a characteristic dystonic pattern before treatment with right D4 and D5 in flexion
spasm as the pianist attempts to depress the keys with the fingers of the dystonic
hand. In figure 4.6b, the same pianist playing the same piece after treatment is able to
depress the piano keys with D4 and D5 in a more correct extended posture.
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Figure 4.6. The hands of a pianist playing the same passage (A) before and (B) after treatment. The lines
outline the flexor spasm of right D3, D4, and D5 before treatment and the correct positioning after treatment.
Discussion

The basic principles of SMR therapy are as follows. 1. The focal dystonic finger
was not splinted. 2. The main compensatory finger was splinted first in the sequence
of daily exercise blocks, at an angle similar to the patient’s normal resting angle of
that finger on the instrument. (In other patients, there may be more than 1 main
compensatory finger.) 3. Subsequently, exercises were performed with the other
fingers on the dystonic hand splinted. 4. The speed at which the dystonic finger was
required to move in concert with the other fingers of the hand was increased and
then decreased with progressively more exacting requirements (e.g., to extend the
fingers as much as possible when playing). 5. It was valuable to have daily repertoire
practice. This practice helped to sustain patient motivation and to accomplish
transfer of the exercise‐induced improvement in motor control to the target behavior.
6. Repertoire practice of the dystonic hand was intensive but not to the point when
excessive fatigue was induced. 7. Home practice of the treatment exercises after
conclusion of therapist‐administered treatment is important to maintain therapeutic
gains and continued improvement. In 5 cases, the performers’ musical careers were
not interrupted by the dystonia because they resorted to well‐known tricks (e.g., see
(Lederman, 1988)) that allowed them to perform some (but not other) concert pieces
publicly, though accomplished with great difficulty. The tricks are substitute
maneuvers such as using different and atypical fingerings to avoid use of the focal
dystonic digit, and adopting special postures to allay incoordination‐inducing
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maneuvers. Although their concert performance had never been completely halted,
SMR initiated a dramatic improvement in instrument‐related manual dexterity for
these 5 musicians. All judged their performance after treatment to be superior and
much easier than before therapy. The tricks were either no longer necessary or the
need for them was greatly reduced. For 4 of the 8 pianists and guitarists (patients 1,
3, 7, 11) who continued performance, there was a return close to the level of
performance carried out by the dystonic hand before the onset of pathology. Because
follow‐up proceeded from 3 to 25 months and is 12 months or more in 4 cases, the
treatment effect appears to be long‐term. The 3 wind players can be viewed as
treatment failures, given the original study objectives. However, because they were
treatment failures, they can be viewed as a comparison group (although entirely
unplanned and unintentional on our part) for the following reasons: (1) the wind
players were musicians with focal hand dystonia, just as were the pianists and
guitarists; (2) they were as strongly motivated to improve as the pianists and
guitarists, (3) we firmly believed that they would improve; and (4) they received the
same basic treatment procedure as the pianists and guitarists, who did improve.
Thus, all the nonspecific factors associated with treatment of the wind players were
the same as for the pianists and guitarists. Consequently, if the good treatment
effects with pianists and guitarists were a placebo effect, then the wind players
should have improved as well. That they did not indicates that the positive outcome
obtained with the experimental subjects would appear to be because of an interaction
between the treatment and the type of instrument played rather than to a placebo
effect. The question arises as to why SMR treatment was successful for pianists and
guitarists and not for wind players. The first possibility is that the need for finger‐
mouth coordination in playing wind instruments creates an effect on brain
mechanisms that is not adequately addressed by the present therapy, which focuses
only on movements of the digits and not the mouth. For example, it is possible that,
in focal dystonic wind players, not only do the cortical representational zones of the
fingers overlap and fuse, as occurs in pianists and guitarists (Bara‐Jimenez et al.,
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1998; Elbert et al., 1998) but also the cortical representational zones of the digits and
mouth move closer together and meld. This possibility could be experimentally
evaluated with neuroimaging techniques. In addition, it would be of interest to
require wind players to make movements of the fingers while simultaneously
blowing into their instruments; the latter element was not part of the therapeutic
regimen reported here. The exercises would be designed to facilitate an increased
differentiation between digit and mouth cortical representations. A second
explanation for the lack of results with the wind players might be that the therapy is
not effective for musical performance that involves exerting a fairly constant and
firm force during performance with D1 to hold the instrument and maintain its
correct orientation. The combination of the required static load involved in holding
the instrument and skilled movement in the same hand might hinder successful
learning of digital performance in patients with focal dystonia. (Although guitarists
hold the neck of their instruments with the thumb of their left hand, both guitarists
treated in this experiment exhibited focal dystonic patterns in their right hand, which
is used to pluck the instrument’s strings.) If this explanation is correct, a therapy
designed to reduce the pressure exerted by D1 during performance might be
effective. A third possibility is that the posture of the digits and the nature of the
fingering involved in playing wind instruments is not amenable to a reduction of
focal dystonic patterns in the same way as is the posture of the digits and the nature
of the fingering during performance on the piano or guitar. The present results from
11 subjects must be considered preliminary. However, they should be interpreted in
the light of 2 considerations. First, each patient had a chronic condition that had
persisted for years, in 1 case 34 years. Second, the condition had become intractable
for each of the patients and was not responsive to a variety of commonly used
medical treatments; they therefore, in effect, constitute placebo treatment in these
patients. Thus, each individual case assumes increased therapeutic interest.
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Conclusion

This work exemplifies how changing the way body parts are used can elucidate
and possibly remediate pathologic conditions resulting from overuse. This is
especially the case in light of recent neuroimaging results (Bara‐Jimenez et al., 1998;
Elbert et al., 1998) indicating that focal hand dystonia in musicians involves an
alteration in brain organization; this may also be the case in some other overuse
syndromes.
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Chapter 5
4

Behavioral Treatment of Focal Hand Dystonia in Musicians Alters Somatosensory

Cortical Organization

Summary

New perspectives in neuro‐rehabilitation suggest that behavioral treatments of
movement

disorders

may

modify

somatosensory neural networks.

the

functional

organization

of

central

Based on the assumption that use‐dependent

reorganization in these networks contributes to the fundamental abnormalities seen
in focal dystonia, we treated ten affected musicians and measured the concomitant
somatosensory changes using whole head MEG. We found that effective treatment,
using the method of Sensory Motor Retuning (SMR), leads to alterations in the
functional organization of somatosensory cortex.

Specifically, prior to treatment

somatosensory relationships of the individual fingers differ between the affected and
unaffected hand whereas following treatment finger representations contralateral to
the dystonic side become more similar to the less affected side.

Further,

somatosensory finger representations are more ordered according to homuncular
principles following treatment. Additionally, the observed physiologic changes
correlated with behavioral data. These results confirm that plastic changes in parallel
with emergent neurological dysfunction may be reversed by context specific
intensive training‐based remediation.

Introduction

Recent discoveries concerning the central nervous system’s response to injury as

4

This part of the thesis largely corresponds to: Candia V, Wienbruch C, Elbert T, Rockstroh B, Ray W.
Effective behavioural treatment of focal hand dystonia in musicians alters somatosensory cortical organization.
Proc Natl Acad Sci USA 2003; 100:7942‐6.
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well as new insights into how patients recover lost behavioral capabilities through
training have created a new perspective in neurohabilitation (Taub et al., 2002).
Based on phenomena such as cortical reorganization after a lesion and central
nervous system repair, new therapies have been developed which demonstrate
substantial enhancement of extremity use and linguistic function through behavioral
treatments. We extend this work to musicians with focal hand dystonia and are able
to

report

evidence

for

use‐dependent

CNS

plasticity.

Previously,

using

neuromagnetic source imaging, we reported a smearing of the homuncular
organization of the representation of the digits in primary somatosensory cortex with
this population (Elbert et al., 1998). Although this observation does not require causal
primacy of the central mechanism, we assumed that behaviorally manipulated used‐
dependent plasticity could potentially be of value in changing both cortical
organization and the involuntary discoordination of finger movements. On the basis
of this consideration, we developed Sensory Motor Retuning (SMR), a successful
therapy for focal hand dystonia (Candia et al., 1999; Candia et al., 2002). A disorder
of the homuncular organization of the representation of the digits in primary
somatosensory cortex in patients with focal hand dystonia was also presented
previously by others (Bara‐Jimenez et al., 1998). This has been recently confirmed
using functional magnetic resonance imaging to compare the brain dynamics of the
sensory cortex in response to single versus combined tactile stimulation of the index
and middle finger (Sanger et al., 2002). The present study was designed to investigate
if the SMR‐treatment would also induce observable alterations in the organization of
the somatosensory cortex previously shown to be deviant in musicians with focal
hand dystonia (Elbert et al., 1998).

Given these abnormalities as well as the difficulties in currently available
symptomatic treatments, new sensory and motor training programs have been
developed and tested (Byl and McKenzie, 2000; Candia et al., 1999; Candia et al.,
2002). For example, Byl and McKenzie (2000) combined sensory discriminative
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training with fitness exercises to improve sensory processing and motor control of
the dystonia‐affected hand and reported gains in motor control, sensory
discrimination and physical performance (Byl and McKenzie, 2000). In our own lab
treating patients with musician’s cramp, we have used splints to immobilize digits
other than the dystonic fingers, while the dystonic finger carried out systematic
training with the respective musical instrument (Candia et al., 1999; Candia et al.,
2002).

In the present study we mapped brain organization to show that after

successful treatment of focal hand dystonia in musicians the abnormal organization
in the hemisphere contralateral to the dystonic hand was significantly altered
towards a normal representation. In the ipsilateral hemisphere, which can be
considered as a control, we found no evidence for training‐mediated changes.
Methods

The study was approved by the Ethics Committee of the University of
Konstanz. Before the experiment began, written consent was obtained from all
participants.
Patient characteristics. Ten professional musicians (mean age 41.7±6.8 years,
range 30‐52, 8 males and 2 females) suffering from no other neurological
conditions than unilateral focal hand dystonia as confirmed by a neurologist
served as subjects. Core symptoms required included: 1.) Painless loss of finger
motor coordination exclusively when playing the musical instrument; and 2.)
restriction of the motor disorder to the involuntary flexion of single digits, and
(compensatory) extension of adjacent fingers while performing music. One
exclusion criterion was the presence of neurological signs other than the dystonia
itself. Specifically, no sensory deficits in other sensory sub‐modalities, including
the senses of touch, pain, temperature, joint position, graphesthesia and vibration
were allowed. Furthermore, two‐point discrimination had to be normal or even
above average at the tips of the fingers, the palm and the back of the hand. Nerve
compression syndromes were excluded by median and ulnar nerve neurography.
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An additional exclusion criterion was the use of maintenance medications for
dystonia in the three months prior to the beginning of the study. All patients were
right handed as determined by the Oldfield Handedness Questionnaire (Oldfield,
1971). For eight consecutive days subjects underwent sensory motor retuning
(SMR), a behavioral therapy for focal hand dystonia recently developed in our
laboratory. In SMR therapy, a hand splint tailored to the hand anatomy of each
patient immobilizes 1 or more finger(s) while leaving the remaining digits free.
The intervention involves immobilizing (a) different finger(s) by means of the
splint. The splint holds the patient’s finger(s) in their characteristic rest position on
the instrument, simulating those positions experienced during normal playing. In
this way, the focal dystonic finger can participate in alternating individual finger
movements with all possible permutations of the other fingers of the dystonic
hand. During splinting, the subjects are required to make sequential movements of
2 or 3 digits in extension, including the affected digit, for periods of 10 minutes in
an ascending and then in a descending order in continuous repetition (e.g. D3, D4,
D5, D4, and so on, with D3 being the focal dystonic finger and D2 the immobilized
digit) for 8 consecutive days under therapist supervision reaching a total duration
of 11/2 to 21/2 hours a day depending on patient’s fitness (Candia et al., 2002).

The first day before therapy began and the last day after treatment, the patient’s
sensory evoked magnetic fields (SEMFs) from all fingers of both hands were recorded
by means of a 148‐channel whole‐head Magnetometer (MAGNESTM 2500, 4D
Neuroimaging, San Diego, CA, USA). Measurements were done in a magnetic
shielded room (Vakuumschmelze GmbH, Hanau, Germany) and video controlled.
Non‐painful somatosensory stimulation (512 stimuli) was applied to all fingers of
both hands as described elsewhere (Elbert et al., 1998). Test conditions were held
constant from pre‐ to post‐treatment. Epoch data (epoch duration 300ms) were
collected with a sampling rate of 678.17Hz and online bandpass‐filtered from 1 to
200Hz. Responses exceeding a range of 5 pT in any of the MEG‐channels were
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omitted from the averaging. For source analysis, responses were filtered from 4 to
30Hz. A first major peak in the time window of 30 to 80 ms (average pre = 68.7 ms, SD
= 19.1 ms; average post = 68.6 ms, SD = 16.7 ms) was identified as the evoked sensory
field arising from SI. Average latencies pre‐ and post treatment were 66.2±16.4 ms SD
and 67.9±16.0 ms SD for the dystonic‐ and 68.9±27.2 ms SD and 67.9±17.6 ms SD for
their homologous, non‐dystonic fingers. A single equivalent current dipole (ECD),
using the best fitting local sphere, was fitted to the distribution of the measured fields.
Data fulfilling the following criteria were selected: i) RMS values in the contralateral
channel group >14 fT; ii) a goodness of fit of the ECD‐model to the measured field >
0.95 (average pre = 0.98, SD = 0.02; average post = 0.98, SD = 0.01); iii) a correlation of
the recorded measurements with those obtained by plugging the dipole estimate into
the forward equation > 0.95 (average pre = 0.99, SD = 0.01; average post = 0.99, SD =
0.01) and a confidence volume of the ECD‐location < 1000mm3 (average pre = 384.5,
SD = 709.7; average post = 149.0, SD = 224.4). If for a single finger no data fulfilling all
the criteria mentioned above was found, the next higher confidence volume ‐as well
as the best values for the remaining parameters‐ were then localized. Only those
dipole solutions having at least a goodness of fit and a correlation ≥ 0.90 were
included in the analyses (Muhlnickel et al., 1998). One finger of one patient did not
meet these criteria and therefore had to be excluded from the analyses. MEG‐data
were statistically analyzed by a repeated measures Analyses of Variance (ANOVA)
with the factors Treatment (pre‐post), Hand (dystonic v/s non‐dystonic) and Distance
(Euclidean distances: D1/D2, D1/D3, D1/D4, D1/D5, D2/D3, D2/D4, D2/D5, D3/D4,
D3/D5, D4/D5). In order to test for the ordered/disordered topographic arrangement
of the fingers in the somatosensory cortex another repeated measurements ANOVA
comprising the factors Treatment (pre‐post), Hand (dystonic v/s non‐dystonic) and
Distance (Euclidean distances D1‐D2; D2‐D5 and D1‐D5) was also calculated. The
Euclidian distance arrangement D1‐D2 <D2‐D5 <D1‐D5 was defined as representing a
normal arrangement (Sterr et al., 1998b). This distance profile can be considered as an
indicator of a normal arrangement of the cortical finger representations in the sensory
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cortex because it is congruent with the peripheral finger distance profile, and
consequently, with the well accepted concept of homuncular cortical representations
for the sensory cortex. Subjective ratings of patient’s symptom appraisal were also
obtained pre‐ and post treatment with the Dystonia Evaluation Scale and evaluated
with a one factorial repeated measurements ANOVA with the factor Time (pre‐ v/s
post‐treatment). The ratings on the scale are as follows: 0, dystonia as bad as at its
worst; 1, slightly improved; 2, moderately improved; 3, almost normal; and 4, normal.
In an attempt to objectively depict the DES‐ratings, we developed a Dexterity
Displacement Device (Figure 5.1).

Figure 5.1. Dexterity Displacement Device. Shown are pre and post treatment segments of the movement
slopes of RD3 and LD3 of 1 patient during the performance of a trill‐like task at a fast and free selected velocity.
Pre‐treatment, the recorded movements of the dystonic finger (RD3) were uneven and uncontrolled (panel 2)
compared to the movements of its homologous LD3 (panel 1), which served as a control finger. These differences
are no longer present post treatment (panels 3 and 4 respectively). For simplicity, only D4 and D5 were depicted
in the photographs.

This device continuously recorded finger movements during metronome‐paced
displacements of 2 fingers including the dystonic digit. Movements were carried out
for 50 seconds and off‐line spectral analysis of the recorded data provided
information on the smoothness of the movements before and after treatment. We
evaluated the data obtained during the first and last therapy day preceding the
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beginning of the daily SMR‐session. For quantification, we divided the spectral power
in the frequency of the metronome (0.9–1.2Hz) by the power in the side bands (0.1–
0.9Hz plus 1.2–1.9Hz). Thus, the side bands contained the record of movements that
were irregular (values are missing for 1 patient because of procedural problems. See
Chapter 4). We then correlated the difference between post‐pre treatment on both
measures by means of a simple linear regression using the DES as a dependent
variable. Further, the difference post‐pre for the data collected with the Displacement
Dexterity Device and the difference post‐pre of the MEG‐recorded dipole moment (Q‐
values) for the dystonic fingers were then correlated using the behavioral data as a
predictor for the selected Q‐values. The Q‐values are indicators of the total neuronal
activation as they, in essence, represent a measure of depolarization in the apical
dendritic tree. For 8 of the patients part of the subjective ratings as well as part of the
data collected with the Displacement Dexterity Device, but not the brain measures
have been included in Chapter 4. The area of the finger triangle was calculated from
the cross product of vectors a x b, where a = [finger 1(non dystonic) – finger
2(dystonic)] and b = [finger 3(non dystonic) – finger 2(dystonic)]. The area is
calculated as 0.5 ⎢⎢a x b ⎢⎢, were ⎢⎢a x b ⎢⎢ is the norm of the vector product.

Results

We treated 10 professional musicians having focal hand dystonia. The behavioral
procedure has been detailed by Candia et al. (Candia et al., 1999; Candia et al.,
2002)(See also Chapter 4). MEG recordings were collected and symptom ratings were
obtained with the Dystonia Evaluation Scale prior to and following treatment.
Additionally, behavioral data using a finger displacement measuring device were
also recorded (Candia et al., 1999; Candia et al., 2002) (See also Chapter 4). (Figure
5.1). During the MEG recordings, we applied non‐painful stimuli individually to
each finger on both hands which allowed us to examine the evoked sensory fields.
We then constructed a three dimensional representation of the fingers in
somatosensory cortex and calculated the Euclidean distances between the various
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digits. A repeated measures ANOVA examining Treatment (pre‐post), Hand (dystonic
v/s non‐dystonic) and Euclidean Distance (between all digit pairs) showed a significant
effect for treatment (F (1,8) = 5.1, p = 0.05) and a significant Treatment by Hand
interaction (F (1,8) = 7.9, p< 0.05) whereby the indices of functional organization in
both hemispheres were deviant before but similar after the treatment (Figure 5.2).

Figure 5.2. Mean Euclidean Distances of the dystonic (treated) and non‐dystonic hands pre‐ and post
treatment. The indices of functional organization in the hemispheres were deviant before but similar after the
treatment.

The Euclidean distances for the non‐dystonic, non‐treated hand were nearly the
same across both measurements (DF = 9, t = 0.27 p = 0.79), while the average of the
Euclidean Distances contralateral to the dystonic hand decreased significantly (DF =
9, t = 3.3 p< 0.05). A second ANOVA (Treatment, Hand and Euclidean Distance)
involving only the non‐dystonic fingers (D1, D2, & D5) of both the dystonic and non‐
dystonic hands showed a significant main effect for Distance (F (2,16) = 4.4, p< 0.05)
and for the Treatment by Hand by Distance interaction (F (2,16) = 4.5, p<0,05). Further
post‐hoc exploration with the Fisher’s PLSD‐ test located this difference between D1‐
D2 and D1‐D5 (D1‐D2<D1‐D5) (Significance Level 5 %, Mean Diff = ‐.397, Crit. Diff. =
0.286, p< 0.05). Following treatment, the ordered homuncular cortical representation
of digits was found in both hands (D1‐D2 <D2‐D5 <D1‐D5) as can be seen in Figure
5.3.
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Figure 5.3. Euclidean Distance Arrangement for the distances D1‐D2, D2‐D5 and D1‐D5 for the dystonic
and non‐dystonic hands. Post treatment, the normal arrangement was fitted in both hands (normal arrangement
D1‐D2<D2‐D5<D1‐D5).

Examining the three geometric relationship between the dystonic finger and the
left and right neighboring fingers revealed a significantly smaller area for the non‐
treated hand before treatment (Mean Diff. = .273, t (8) = 2.7 p< 0.05), as well as a
reduction for the dystonic hand after treatment (Mean Diff. = .189 t (9) = 2.1 p< 0.05).
The patients’ DES‐ratings also reflected significant improvement following therapy
(F (1,9) = 22.2, p < 0.05). This was also confirmed by the behavioral data from the
Displacement Dexterity Device. The correlation of the differences post‐pre on both
measures for the dystonic fingers and DES‐ratings was r = 0.75 (p < 0.05). Performing
a correlation on those patients who showed shorter mean Euclidean distances for the
dystonic hand after treatment (8 out of 9), we found that differences post‐pre of the
behavioral data correlated with the dipole moment Q of the dystonic fingers (r = ‐.75,
p < 0.05). Including all patients gave similar results (r = ‐.6, p < 0.05). Homologous
calculations including the analogous fingers of the non‐dystonic, non‐treated hand,
did not reveal any significant relationships.

Discussion

Our results demonstrate that following SMR therapy individuals with focal hand
dystonia report both subjective improvement and a cortical reorganization. Data
from multiple levels including self‐report, behavioral quantification of the degree of
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dystonia, and cortical representation of sensory processes, portray a correlated
picture of change associated with SMR therapy. In specific, pre‐post treatment
changes on the Dystonia Evaluation Scale correlated with changes in behavioral data
collected with a finger displacement dexterity device. After treatment these changes
in turn correlated negatively with changes in dipole moment of those affected
fingers. Following treatment we observed a significant decrease of the 3D‐Euclidian
distances between the cortical representations of all the fingers of the affected hand
which also resulted in a more orderly representation of the arrangement of those
distances including the fingers D1, D2 & D5. As expected there was little change of
the distance dimensions in the cortical hemisphere representing the non‐dystonic
hand. These results are consistent with a variety of studies that suggest that cortical
organization may be modified through extensive use. For example, cortical
organization of the somatosensory area in both Braille readers (Pascual‐Leone et al.,
1995b; Sterr et al., 1998a; Sterr et al., 1998b) and long term violin players (Elbert et al.,
1995) has been shown to differ from matched controls. It should be noted that this
previous work examined individuals whose cortical organization reflected years of
practice in a particular skill. What is intriguing in our present report is that the
cortical reorganization observed resulted from extensive and successful practice in a
relatively brief period of time. In this way, it parallels results demonstrating cortical
reorganization following Constraint‐Induced Movement therapy after stroke (Taub
et al., 2002). Nevertheless, based on the present data, a transitory modification of the
cortical organization related with the treatment but unrelated to the clinical impact
cannot be completely ruled out. For example, such transient changes in cortical
motor organization have been previously demonstrated by Classen and co‐workers
for thumb movements practiced for a brief period of time (Classen et al., 1998).
Additionally, Karni and co‐workers have discussed motor learning of skilled
movements as a multi‐stage process including rapid organizational changes at its
beginning, with consolidation of specific gains after long term practice (Karni et al.,
1998). Because our measurements were carried out within a short time period, we
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might have measured in part those initial stages of a much longer ongoing process, a
fact preventing a final conclusion. Interestingly, and in agreement with the data
presented by Karni et al. for finger opposition task sequences (Karni et al., 1995),
changes measured for the trained dystonic hand were not reflected in the Euclidean
distances of the non‐treated hand. Even though SMR may induce plastic changes
leading to a more normal sensory representation and reverse the dystonic symptoms,
it is still possible that such a mechanism is not a reversal of alterations in functional
organization, but represents yet another change in cortical organization leading to
the behavioral gain. What we do not know at this time is whether our results are
reflective of the establishment of a new motor program, a change in the brain
dynamics which inhibits the expression of dystonia or the reactivation of existent but
not accessible functional motor programs.

A limitation of the present data is the lack of a control group in the treatment
design. There are several reasons precluding the recruitment of a perfect control
group for these types of patients. For example, an ethical question arises in terms of
training affected patients with a non‐effective procedure. It would also be
problematic to follow an ineffective therapy with our more effective SMR therapy in
terms of patient motivation. Further, carrying out a traditional double‐blind placebo
procedure with the present treatment, where intensive therapist‐patient interaction is
fundamental and necessary, would not be possible since there is no meaningful way
of blinding the therapist to the nature of the therapy. Thus, it would always seem
likely that the nature of an intended placebo procedure would communicate itself to
patients, either explicitly or implicitly. An additional and very important constraint
using a matched control group comprising non‐affected musicians would present the
highly probable and almost non‐avoidable lack of motivation for the enrolment in
such a training protocol. This, added to the fact that changes in cortical organization
have been repeatedly reported after repetition of motor movement sequences, also
imposes ethical concerns considering the potential danger of unpredictable
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outcomes. Clearly future research needs to address these issues and to consider
experimental procedures to clarify the active ingredients in the therapy. A number of
studies reported deviant indices of somatosensory and motor organization associated
with dystonia in humans. Although a dysfunction in the basal ganglia is commonly
assumed to be at the origin of focal hand dystonias (Hallett, 1998a; Hallett, 1998b) it
is obvious that the whole somatomotor network is affected.

Hallett (1998) for

instance argued that the basal ganglia could be responsible for a weakened cortical
inhibition in patients with dystonia (Hallett, 1998a). Thus, a lack of inhibition in
somatosensory and motor cortical areas may foster a fusion and disorder of
representational cortical zones. Further, current technology allows us to obtain
indices of this deviant functional organization by mapping the somatosensory
cortical representation.

Bara‐Jimenez et al (1998) examined cortical representation

between D1 and D5 in six individuals who reported a variety of dystonia related
tasks including writing, instrument playing and even during rest. These authors
found an abnormality of the normal homuncular organization of the finger
representations in the primary somatosensory cortex of the group overall (Bara‐
Jimenez et al., 1998). In Chapter 3 we examined the digits of professional musicians
with focal hand dystonia and found a similar abnormal representation in the sensory
cortex of the affected hand which is consistent with the view that sensory
dysfunction may lead to problems with fine motor control (Zeuner et al., 2002).
Moreover, Sanger and co‐workers recently demonstrated non‐linear cortical
functional activity in the primary sensory brain areas of patients with writer’s cramp
in response to tactile stimulation to the index and middle finger. For the non‐
dystonic group, adding the stimulus related brain activity for each single finger
resulted in a better prediction of the brain activity generated by means of
simultaneous stimulation of the same digits (Sanger et al., 2002). Our present report
extends this earlier work and demonstrates both an abnormal mapping and a return
to more normal somatosensory representation in parallel with improved motor
functioning following treatment. Our work clearly supports the value of studies
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aimed at reordering pathological representation in the somatosensory cortex. Given
the success of our treatment approach, at least two broad types of questions remain.
First, the practical question remains as to the best forms of treatment. For example,
future work can help to clarify differences found in dystonia treatments such as ours
which directly target the relationship between the digits and treatments that teach
alternative skills such as learning Braille as a method of modification of the disorder
(Zeuner et al., 2002). Second, it is critical to understand both the manner in which
improved motor functioning is coupled with somatosensory representation and the
long term stability of these changes. Given the difficulty of causal inference at this
point, it is crucial that studies be attempted with individuals at risk for dystonia to
determine at what point the cortical reorganization takes place and its relation to
reported and observed pathology.
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Chapter 6
General Discussion

The organisation of the human brain is closely dependent on the characteristics of
the input it receives.

Practice‐mediated sensory and motor changes in brain

organisation take place in both animals and humans.

The topographical

representation of the periphery is an important feature within the sensory systems of
the brain in both human and non‐human primates. These topographical
representations are transformed as part of a dynamic process and so are inherently
changeable. The changes that occur take place in both cortical and sub‐cortical brain
areas. Moreover, sensory and motor systems are interdependent at sub‐cortical and
cortical levels.

It has been demonstrated that synaptic plasticity is probably necessary for cortical
plasticity to occur. Indeed, long‐term potentiation (LTP) of synaptic efficacy as well
as long‐term depression (LTD) of synaptic efficacy appear to be key mechanisms in
synaptic plasticity. Some evidence exits for LTP and LTD at cortical and sub‐cortical
levels.

In

addition,

thalamo‐cortical

synaptic

plasticity

underscores

the

interdependency of cortical and sub‐cortical areas in the development of the
somatosensory cortex of some mammals.

As already explained in the introductory section in Chapter 1, the characteristics of
the relevant inputs are very important for the process whereby cortical plasticity
occurs. For example, deafferentiation produces similar extended changes in brain
organisation not only in humans and non‐human primates but in rodents as well.
More precisely, the expansion of the representations of non‐deafferented areas to
neighbouring cortical regions, which previously represented the yet deafferented
zones, is a key feature of deafferentiation‐ mediated plasticity. Nevertheless, these
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changes in cortical territories can also be seen in the absence of deafferentiation as
long as practice takes place.

The evidence for behavioural induced plasticity suggests that such plasticity can
occur early or later in life. Because of its relevance for the present thesis, special
attention has been given to experience‐dependent plasticity later in life.

The

occurrence of cortical plasticity depends in part on the time course of the stimulation,
the amount of stimulation, the procedures involving skilful learning, the attentional,
and passive conditions. The results obtained by using new neuroimaging techniques
and psychophysical methods were able to confirm a relationship between
sensorimotor organisation and focal hand dystonia.

Furthermore, the results of

Chapters 2 to 5 also opened up new questions about some aspects of focal hand
dystonia.

This general discussion will attempt to interpret all of the major results obtained,
and the possible linkages between them, within the frame of the knowledge on
cortical plasticity and its underlying mechanisms discussed in Chapter 1. An
integrative and alternative model for the development of focal hand dystonia will be
proposed. In addition, some hypotheses about the possible actions mechanisms
underlying Sensory Motor Retuning will be discussed.

Psychophysical Evidence for Brain Changes

Because of the strong impact of different inputs on the organisation of the brain
(Pascual‐Leone and Hamilton, 2001), the psychophysical results presented in Chapter
2 most probably reflect changes in the cortical organisation of sensorimotor areas of
the assessed patients. This assumption is in agreement with data presented by, for
example, Pleger and co‐workers who predicted changes in sensory discrimination
based on N20‐dipole shifts over somatosensory areas after passive stimulation of the
index finger (Pleger et al., 2001). Also, significant correlations between the amount of
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representation and the dimensions of the receptive field have been estimated using
animal data (Recanzone et al., 1992b; Recanzone et al., 1992c; Recanzone et al., 1993).
Interestingly, the results presented in Chapter 2 revealed lower correlations for those
areas defined as being dystonic and their homologous regions on the non‐affected
side in the musician’s group. Furthermore, the resolution capacities for tactile stimuli
applied to the defined dystonic area (e.g., the dystonic finger and its left and right
neighbouring fingers) in the same group were reduced. Conversely, fingers being
out of the dystonic region in the dystonic hand showed better correlations with their
homologous fingers on the left, non‐affected side. Thus, the specificity of the latter
results agree with the data presented in Chapter 5. There, the dystonic area of those
patients assessed was larger than the homologous region in the non‐affected hand
before treatment. Taken together, these results confirm previous data on cortical
plasticity in humans and in animals pointing towards localised changes in brain
organization and tactile perception after different behavioural manipulations
(Buonomano and Merzenich, 1998; Dinse et al., 2003; Godde et al., 1996; Godde et al.,
2000; Kleim et al., 1998; Pleger et al., 2001; Recanzone et al., 1992a; Recanzone et al.,
1992b; Recanzone et al., 1992c; Recanzone et al., 1993).

The group differences between affected musicians and those patients with writer’s
cramp are most probably the consequence of different behavioural histories. That
view is in keeping with the prominent view of focal hand dystonia as being a task
specific disorder (Bejjani et al., 1996; Berardelli et al., 1998; Braun et al., 2003; Chen
and Hallett, 1998), and with the input‐related specificity of the practice–induced
organisational changes found in the brains of animals and humans (Nudo, 2003c). In
addition, the results of Chapter 2 (e.g., perceptual asymmetry for the finger’s two‐
point threshold) are consistent with the disarrangement in the sensory cortical
representations demonstrated in Chapters 3 and 5. Of course, based on the limited
psychophysical data provided in Chapter 2, final conclusions about the causes of the
observed changes are not possible.

But one explanation for the observed
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asymmetries in the group of musicians would be that they originate in the motor
cortex resulting in concomitant changes in sensory areas. Bearing in mind the data
recently presented by Schwenkreis and others (Kawashima et al., 1993; Pleger et al.,
2003b; Schwenkreis et al., 2001) such an explanation appears not only highly
probable but also very suggestive. For example, Pleger and co‐workers recently
demonstrated changes in the organisation of somatosensory cortical areas after
motor training. By means of somatosensory evoked potentials, they were able to
demonstrate marked dipole shifts in S‐I together with better motor performance of
co‐contractions of the thumb and arm of those trained in a Hebbian manner. After
training, there was a significant enhancement of the median nerve dipole strength
accompanied by a significant shift of the median nerve dipole over the hemisphere
contralateral to the trained side. Moreover, the authors demonstrated substantial
behavioural variability among participants, which correlated with the variability of
the corresponding cortical organisation (Pleger et al., 2003b).

Thus, there is strong evidence supporting the hypotheses that the observed
differences in two‐point discrimination may also represent differences in cortical
organisation and that such reorganisation over sensory areas can be induced by
means of motor training. This also fits with the data of the patients given in Chapters
4 and 5, who were trained with a motor training. In Chapter 5 by means of passive
tactile stimulation over the finger pads, MEG revealed changes in sensory
organisation after Sensory Motor Retuning.

Based on the instrumental behaviour reported by the musicians assessed, further
tentative explanations for the observed sensory anomalies can be given. For example,
it may be that changes in two‐point discrimination in musicians arise as a
consequence of fingering changes during or even after the appearance of focal hand
dystonia. Thus, these abnormal fingerings and hand positions would lead to an
abnormal use of the fingers while playing music, fostering abnormal representations
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of motor areas resulting also in representational abnormalities of sensory territories.
This would in turn lead to changes in tactile perception and other sensory anomalies.
To repeat, the organization of the brain is dynamically maintained by experience
(Nudo, 2003b; Nudo, 2003c). Changes in sensory representations can be expected
after each motor training among others because of the interconnections between
motor and sensory areas (Wiesendanger, 1995).

The observed changes cannot be easily interpreted as causative of focal hand
dystonia especially in the light of musical practice: two‐point discrimination in the
form tested here most likely has little bearing on the actual playing of a musical
instrument. A possible exception might be the playing of double‐stringed
instruments, such as the lute, which demands some degree of tactile discrimination
from the player Such instrumentalists were not present in the sample.

For the assessed writer’s cramp group, no asymmetries in their two–point
discrimination were seen. Thus, the fact that musicians suffering from focal hand
dystonia showed asymmetries in two‐point perception while writer’s cramp patients
did not, imposes a new and challenging result, which should be further assessed in
future research. In addition, it fits with data presented by Molloy and co‐workers
suggesting the existence of subgroups in focal hand dystonia (Molloy et al., 2003).

The anomalies observed using a determined sensory task should not to be
necessarily related to the origin of focal hand dystonia and appear to be part of a
more general sensory anomaly in these patients (Molloy et al., 2003; Tinazzi et al.,
2002). That can be the result of tightly interconnected sensory and motor areas
(Porter, 1997). Moreover, the changes observed in a determined part of the brain do
not necessarily mean that the primary locus of these changes is in the assessed region
(Buonomano and Merzenich, 1998).
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Cortical Representations of the Fingers in Primary Sensory Areas in Focal Hand Dystonia

At the cortical level, the brain’s magnetic responses to non‐painful, passive
sensory stimulation of the fingertips were measured in a group of affected musicians.
As noted in Chapter 3, it was possible, using 37‐channel magnetoencephalography,
to demonstrate that a smaller distance exists between the representations of some
digits in the somatosensory cortex for the affected hand of dystonic musicians than
for the hands of non‐musician control subjects. In addition, whole head MEG was
used to depict some of those cortical changes underlying the relief of symptoms
noted after treatment (see Chapter 4), based on the assumption that use‐dependent
reorganisation

in

sensorimotor

networks

contributes

to

the

fundamental

abnormalities seen in focal dystonia (See Chapter 5). It was found that effective
treatment with Sensory Motor Retuning (SMR), as discussed in Chapter 4, leads to
alterations in the functional organisation of somatosensory cortex. After treatment,
somatosensory relationships of the individual fingers of the affected hand became
similar to those of the non‐affected side. The Euclidean distances between all fingers
of the affected hand were larger before the behavioural intervention. In addition,
somatosensory finger representations were more ordered for some distances
following treatment: short finger distances in the periphery where accordingly
represented in the somatosensory cortex of the treated musicians. The observed
physiologic changes (e.g., number of apical dendrites activated) correlated with
behavioural data obtained with the displacement dexterity device (see Chapter 4).
Thus, the results of Chapters 3 and 5 appear to be contradictory and for this reason
probable sources of contradiction will be discussed here.

As mentioned in the general introduction (see Focal Hand Dystonia), using MEG,
EEG and fMRI, diverse studies demonstrated changes in the functional organisation
of the somatosensory cortex in patients with focal hand dystonia (Bara‐Jimenez et al.,
1998; Berardelli et al., 1998; Braun et al., 2003; Candia et al., 2003; Elbert et al., 1998;
Hallett, 1998a; Lim et al., 2001; Pantev et al., 2001a; Pascual‐Leone, 2001; Pujol et al.,
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2000; Sanger et al., 2002). Nevertheless, by using non‐invasive imaging, it is not
possible to uncover the organisation of the representational cortex in detail.
Moreover, invasive methods that make it possible to measure the receptive fields size
of cortical neurones directly are not possible in humans.

However, the alteration of the organisation in the somatosensory cortex taking
place after SMR, can be confirmed by different indices. These include changes in
equivalent dipole (as an index of the total amount of neural activation) and geometric
estimates to characterise the arrangement in the neural activity centres that respond
to digit stimulation. One measure examines group differences specifically for the
medial‐lateral direction (as in the study presented in Chapter 3) or the polar angle,
indicating changes along area 3b surface. Other measures (like the one used in the
study of Chapter 5) describe the changes within a subject in a three‐dimensional
space. Although using the former measure it is possible to distinguish different
groups, it appears to show little sensitivity concerning the representations of the two
hemispheres. In Chapter 5, we therefore focused upon the representation of the non‐
dystonic hand as a within‐subject “control” for the dystonic hand. In this way, a
more sensitive measure for the differences between the hemisphere in which the
dystonic hand is represented and the hemisphere of the non‐dystonic hand could be
obtained.

The major outcome of the study of Chapter 5 was: (1) a change in exactly this
three‐dimensional Euclidean distance between the locations of the various digit
representations; (2) a reduction in the dipole moment only of the affected fingers as a
consequence of therapeutic intervention; (3) a normalisation of Euclidean distances
including fingers D1‐D2 and D5, in both hands after SMR‐treatment (Euclidean
distances were computed between the representations of all digits for each hand).
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Braun et al. (Braun et al., 2003) reported changes of the angles between the
representational zones of certain digits in the medial lateral plane between patients
suffering from writer’s cramp and normal controls. Thus, their finding is in line with
results of Chapter 3, in which fusion of the medial‐lateral distances for
representations of digits D1‐D2‐D5 was also reported. In this study the data
concerning the affected fingers were not separately analysed.

In the study presented on Chapter 5, there were no comparisons between patients
with dystonia and controls without, rather comparisons were between patients
before and after therapeutic intervention.

In addition, systematic alterations

produced by the intervention were evaluated by comparing Euclidean distances in
three‐dimensional space between the representations of all 5 digits in the hemisphere
contra‐lateral to the dystonic finger and the one contra‐lateral to the non‐dystonic
hand. Moreover, a geometric estimate was calculated of the representation of a
cortical zone containing the finger defined as dystonic and its neighbouring fingers.
The regularisation of the Euclidean distances including D1‐D2 and D5 in both hands
confirmed the disorganised representations over both hemispheres already reported
on chapter Chapter 3.

Even though the results of Chapter 3 and Chapter 5 cannot easily be compared
because of the differences in the methods used to generate them, several points seem
worthy of note. The existence of a behavioural intervention showing a correlation
between behavioural and physiological changes after its use, makes the data of
Chapter 5 especially interesting.

Challenging the View of Representational Fusion as the Cause of Focal Hand Dystonia

Fusion as a possible causal agent of the observed representational changes was
discussed in Chapter 3. The data presented in Chapter 5 challenges the likelihood of
this claim. A reduction in the area of the cortex covered by the dystonic and their
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two neighbouring fingers with a concomitant reduction in dipole moment cannot
easily be explained in terms of a smearing of the representations, as exemplified in
Figure 6.1.

Figure 6.1. (a) Outward or inward expansions (transparent shadows) of the left and right neighbouring
fingers (green), or outward expansions of the dystonic finger (light blue) would result in a lateral displacement
and an enhancement (big blue arrows) of the dipole moment (Q), represented by the dark blue arrows. (b) Larger
representational area due to a comparable large functional representation of each of the three fingers centered at
different spatial positions. A non‐lateral, specific expansion in the representation of the finger defined as being
dystonic (c) A magnification of the dipole moment, and a displacement of its centre of gravity away from the
neighbour fingers is observed (d). A reduction of the area covered by these 3 fingers indicating a local reduction
of the amount of nerve cell activity of the dystonic finger. Cases c and d were observed in data of Chapter 5.

As can be seen in figure 6.1a, a smearing of the representations of 3 different digits
(caused by onward or outward expansions in the cortical representation of any of the
digits) would mean the addition of bio‐electrical generators most probably leading to
enhancements in dipole moment.
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For fusion to occur, local and lateral representational displacements should be
expected (Buonomano and Merzenich, 1998; Kleim et al., 1998). In other words,
asymmetrical expansions of the neighbouring fingers towards the cortical
representation of the dystonic digit would invariably lead to reduced distances
between the centres of gravity of the cell populations representing these three
fingers. This would be expected to correlate with higher dipole moments in that
region. Accordingly, lateral expansions of the representation of the dystonic finger
toward its neighbouring digits would also lead to similar changes (Fig. 6.1a).
Moreover, a larger representational area due to a comparably dimensioned
functional representation of each of the three fingers each centered on different
spatial locations before the behavioural intervention cannot be assumed. Such a
situation would be accompanied by similar Q‐values in all three fingers, which was
not the case in the data presented in Chapter 5 (Fig. 6.1b). A non‐lateral, specific
expansion in the representation of the finger defined as being dystonic would imply
both: a magnification of the dipole moment, meaning more neural generators being
active, and a displacement of the centre of gravity away from the neighbour fingers
(Fig. 6.1c). Accordingly, a reduction of the area covered by these 3 fingers should be
expected if a local reduction of the amount of nerve cell activity of the dystonic finger
is achieved. This in turn would be accompanied by a reduction of the dipole moment
(Fig. 6.1d).

The observations made above, of course, do not support the idea that a simple
fusion or smearing of representations or changes in the sensory areas alone are the
cause of focal hand dystonia.

Furthermore, and contrary to prominent views,

segregation of finger representations does not appear to be crucial for the alleviation
of symptoms in focal hand dystonia. The observed correlations between a reduction
of area and lower Q‐values for the affected fingers appear to point toward a
reduction of cortical territory more than a segregation of cortical representations as a
medium for the reduction of the over‐excitation of cortical areas, and consequently,
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for the alleviation of focal dystonia symptoms. Moreover,

the following facts

continue to challenge a fusion hypothesis as well as changes in sensory areas alone as
the cause of focal hand dystonia: First, the evidence provided by Bara‐Jimenez (Bara‐
Jimenez et al., 1998) as well as the data of Chapter 3 and Chapter 5 showed that there
are changes in the somatosensory representation of the fingers on the affected and
the unaffected hemisphere of the brain. Nevertheless, the symptoms observed were
unilateral. Secondly, if the fusion of sensory representations were the cause of focal
hand dystonia, segregation of sensory areas should be seen after an effective
treatment (irrespective of the kind of treatment being applied).

However, the

opposite appears in fact to be the case, as shown in Chapter 5 when the computations
include all five fingers and specially those affected fingers. Thirdly, even if a case
study demonstrating some motor disturbances resembling focal hand dystonia after
ischemic lesions of the sensory cortex was presented (Liepert et al., 2003), it is also
the case that a previous case report demonstrated that a patient with a severe deficit
in the contralateral sensory cortex following a cerebral stroke showed good
handwriting performance, i.e. sensory deficits over S1 alone are not a sufficient
condition for the occurrence of a hand disorder like writer’s cramp (Schenk and Mai,
2001).

Some General Considerations on Instrumental Mechanics Speaking Against Synchronicity of
Sensory Input in Similar Afferents as the Cause of Focal Hand Dystonia

Because input characteristics are a very important factor in the induction of
cortical plasticity, some considerations on instrumental mechanics should be made.
This is of special importance, because instrumental mechanics impose specific
behavioural restrictions on the musician’s instrumental behaviour (which depend of
course on the musical instrument being played). Therefore, if temporal coincidences
of inputs over similar afferents of different fingers are involved in the development
of focal hand dystonia, they should be analysed within the frame of the musical
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instrument being played. That is to say, within the behavioural context in which the
sensory stimulation normally takes place.

Looking at instrumental mechanics, the importance of simultaneous stimulation
over similar skin areas of different fingers for the appearance of focal hand dystonia
appears

to be overestimated, especially in the case of musicians. This is most

probably the result of a misunderstanding about the way different music instruments
are played. As was demonstrated with some animal and human data, a high amount
of input synchrony has to occur in order to produce a fusion/smearing or/and a
degradation of the representations of those skin portions being stimulated.
Furthermore, the stimulation has to be highly stereotypical (Buonomano and
Merzenich, 1998; Byl and Melnick, 1997; Byl et al., 1997; Byl et al., 1996b; Clark et al.,
1988; Mogilner et al., 1993; Wang et al., 1995).

Invariable synchronous stimulation of the same afferents within different fingers
of one hand rarely occurs for long time periods in music performance. Furthermore,
input characteristics are rarely stereotypical in the instrumental practice. Conversely,
constant changes between for example chords (high temporal synchrony), arpeggios
or scales (low input synchrony), dynamics (amount of finger forces used in the case
of some instruments as for example the piano), movement accelerations (articulation
and tempo) do not appear to make stereotypical practice possible at all (with the
exception of practising one single passage over and over). Even within a short
passage, there would be alternating movement patterns and therefore alternations of
synchronous and asynchronous stimulation of afferents of different fingers of at least
one hand.

In pianists for example (this being one of the groups most affected by focal hand
dystonia), muscles synergies over different fingers can be strictly observed (if one
considers one hand) only during chord play (or interval play, which can be
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considered to be another form of playing chords, from the point of view of
instrumental mechanics). Most commonly, the contraction of flexors of the finger
being used to depress a key must be accompanied by a concomitant inhibition of the
flexors (or a contraction of the extensors) in those fingers not being involved in the
production of the sound. According to Wagner, the movements carried out by for
example a pianist: “…are different from any other manual task in daily life or
profession, qualitatively and quantitatively: isolation of the fingers as far as possible
instead of the normal ʺco‐operationʺ; unequal fingers have to perform equivalent
tasks in respect to complexity, speed, and force; simultaneous movements in contrary
directions with any combination of fingers and joints instead of the regularly used
simultaneous movements in the same direction; equivalence of flexion and extension
with conscious control of either action; each activity of posture and movement is
committed to the timing preset by the music; extremely high frequencies of
movement in many cases…” (Wagner, 1987). The achievements in the independent
use of the fingers may be the result of a learning experience (Slobounov et al., 2002a;
Slobounov et al., 2002b; Slobounov et al., 2002c; Slobounov et al., 2002d). Considering
that for a single joint movement to occur also the inhibition of all other joints not
intended to be involved in the movement is mandatory (Schieber, 2001), the higher
amounts of finger independencies achieved by musicians implies that they must be
the result of a long learning experience. This being the case, musicians practice
movement differentiation on a regular basis. This logically should result in temporal
coincidences over antagonist muscles of different fingers with a high amount of non‐
synergies between fingers, and a low amount of temporal coincidences of similar
sensory inputs over similar skin portions, joints, tendons and muscles of different
fingers.

Let us now consider the case of wind players. In order to produce a sound, wind
players often have to simultaneously depress and release different keys. Given this,
they invariably experience more temporal coincidences of similar inputs over
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different fingers (e.g., higher degree of input coincidences over almost invariable
skin portions of the finger pads, over different fingers, over similar joint receptors of
different fingers, more synchronous muscle synergies between different fingers,
among others), than for example pianists. The production of

melodies requires

perfect synchronicity of depressions and releases performed by different fingers. The
same basic rules are valid for most of the wind instruments. Thus, one would expect
the highest prevalence rates of focal hand dystonia in wind players as compared with
other instrumentalists if the disorder were the result of sensory inputs applied
synchronously.

Even though, among wind players an overrepresentation for

woodwind instrumentalists affected by focal hand dystonia has been reported,
among all musicians, pianists and guitarists are the most affected groups
(Altenmüller, 1998; Elbert et al., 1998; Lim and Altenmüller, 2003). Moreover, the fact
that similar dystonic symptoms are observed in instrumentalists with a history of
regular input synchrony and also in those whose practice experience does not mainly
includes this kind of input, suggest that a re‐evaluation of the role of input
synchrony in the development and maintenance of focal hand dystonia might be
appropriate. Of course, the idea of input synchrony does not mandatory implies two
cell assemblies activated in exact synchrony. Instead, the activation of one neuronal
network while another, previously activated network still fires may lead to diverse
forms of LTP and LTD changing in turn the cortical representations. That being the
case, reduction of the inter stroke interval during SMR‐exercises in pianists (e.g.,
speeding up finger movements) would enhance the probability of overlaps in the
activity profiles of the neuronal networks activated sequentially. That in turn should
lead to a worsening of the dystonic symptoms. Nevertheless, such a case did not
occur, as clearly seen in the data presented in chapters 4 and 5.
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Alternative Explanations for the Cause of Focal Hand Dystonia

Even though degradation of finger representations has been put forward by other
authors and in Chapter 3 as well, as being involved in focal hand dystonia (Byl et al.,
1996a; Byl and Melnick, 1997; Byl et al., 1997; Byl et al., 1996b; Byl et al., 2003; Sanger
and Merzenich, 2000), the data on Chapter 3 does not included an intervention as an
independent variable. The latter was the case in Chapter 5. Based on these data, it
does now seem possible to consider alternative explanations for the observed over‐
expansions of sensory areas in the brain cortex of the affected patients.
Lack of Inhibition and Focal Hand Dystonia

Irrespective of its causes, hyperactivity of motor and sensory zones appears to be a
general finding in patients with focal hand dystonia (Berardelli et al., 1998; Hallett,
1998a; Hallett, 1998b; Pujol et al., 2000). The lack of inhibition of sensory and motor
areas observed in focal hand dystonia has been explained as the result of deficits in
the basal ganglia (Berardelli et al., 1998; Chen and Hallett, 1998; Hallett, 1998a;
Hallett, 1998b). This explanation fits well with the idea that changes in sub‐cortical
regions can, might or even must result in parallel changes in cortical areas
(Buonomano and Merzenich, 1998; Faggin et al., 1997; Jones, 2000). The hypothesis
that disturbances in the basal ganglia cause focal hand dystonia is attractive because
the basal ganglia have been traditionally related with motor movements and their
disorders. It has also been argued that focal dystonia can occur after lesions of the
thalamus (Trankle and Krauss, 1997), an structure, which is tightly related to the
basal ganglia and to the brain cortex (Wiesendanger, 1995).

Even if at present the evidence for such a basal ganglia deficit in focal hand
dystonia is weak (Altenmüller, 1996; Altenmüller, 1998; Hallett, 1998a; Nemeth,
2002), fine alterations in the activity of the basal ganglia, which are not yet visible
with existing methods could ultimately result in an hyper excitability over
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sensorimotor areas such as that observed in focal hand dystonia, because of the fine,
graded activity of the basal ganglia (Wiesendanger, 1995). Indeed, extended changes
at the cortical level are not necessarily accompanied by extended changes at the sub‐
cortical level. For example, there is evidence to suggest that small alterations in map
topography at brainstem and thalamic levels can result in expanded changes in
cortical areas because of the divergence of the ascending connections (Jones, 2000).
(for a detailed comment on this “basal‐ganglia‐hypothesis” (Hallett, 1998a; Hallett,
1998b). Still other related explanations are possible. For example, repeated
behavioural input combined with a lack of inhibition might also result in
exaggerated representations driving cortical plasticity ‘too far’, ultimately producing
the observed sensorimotor symptoms (Hallett, 1998a). Hyper excitability of the
sensory cortex might also explain the overspread of activity or “muscle overflow” to
other muscles than those directly been affected in focal hand dystonia, nevertheless
sensory anomalies as the cause of focal hand dystonia appear improbable (Berardelli
et al., 1998).

Even though the enhanced Q‐values of the dystonic fingers reported in Chapter 5
can be interpreted in the light of a lack of inhibition in specific cortical regions, we
will see later on that alternative explanations for the observed dysfunctional changes
are possible without the need for the assumption of a defective function of the basal
ganglia. Even in an intact central nervous system, behavioural experiences can result
into dysfunctional modifications of the brain representations (Nudo, 2003c) with
repercussions at any level of the central nervous system.
Practice Induced Over‐Representations and Focal Hand Dystonia

In apes, expansions of sensory cortical territories associated and non‐associated
with behavioural dysfunction have been demonstrated after massive and stereotyped
sensorimotor work‐conditions (Byl and Melnick, 1997; Byl et al., 1997; Byl et al.,
1996b; Wang et al., 1995). To repeat, a common finding in focal hand dystonia
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research is that of over‐activity in sensory and motor areas of the cortex (Berardelli et
al., 1998; Chen and Hallett, 1998; Hallett, 1998a; Pujol et al., 2000). Interestingly, over‐
activity during performance of arpeggios and scales was recently demonstrated for
guitarists suffering from focal hand dystonia (Pujol et al., 2000). Such over activity
may represent the activity of disproportionately large movement and sensory
representations. This is in line with the data presented in Chapter 5, which revealed
increased representations of the affected hand as well as enhanced Q‐values for the
affected fingers of the hand of those musicians measured before SMR intervention.
This indicates a reduction in the total amount of activated cells innervating those
affected fingers, because Q‐values can be considered as a direct measure of the total
active biomagnetic generators. Moreover, after therapy, a concomitant reduction of
the geometric estimate for the representational area of the dystonic and their
neighbouring fingers was observed. These changes were local and highly related to
the fingers identified as being most affected. Even though this would imply that the
source configuration is a single cortical patch that does not alter its spatial
orientation, the restricted changes are consistent with the local character of the post‐
training changes in sensory and motor representations presented by many authors in
animals as well as in humans (Classen et al., 1998; Karni et al., 1995; Karni et al., 1998;
Kleim et al., 1998; Nudo et al., 1996; Pascual‐Leone et al., 1995a; Pascual‐Leone et al.,
1995b; Pleger et al., 2003b; Schwenkreis et al., 2001), and with the local changes
presented in Chapter 2, which focused on a dystonic area.

A tentative explanation of the local expansions of finger representations in
primary sensory cortex observed in Chapter 5 is that some fingers of the hand are
especially involved in some abnormal work routines performed by the affected
musicians. This would ultimately lead to focal and dysfunctional increases in the
representation of these fingers in motor zones.

Concomitant changes in the

representation of the neighbouring fingers would then be expected, because the
continuous competition for cortical territories (Buonomano and Merzenich, 1998;
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Merzenich et al., 1984; Nudo, 2003b; Nudo, 2003c; Nudo et al., 1996; Schieber, 2001).
This

would also account for both: disarrangements in cortical reorganisation

reported in Chapters 3 and 5, and the disorganised tactile perception exposed in
Chapter 2. The fact that similar symptoms are observed in musicians who play
different musical instruments also allow to assume that some specific work
characteristics common to most of the music instruments make some fingers more
prone to become dystonic (See Figure 6.2).

Figure 6.2. Similar symptoms in musicians playing different music instruments. The photographs show the
affected middle finger (D3) in a pianist (left), a guitarist (middle) and a clarinettist (right). These photographs
suggest special work demands for some fingers irrespective of the music instrument being played as a possible
source for focal hand dystonia.

Because comparable amounts of work with similar biomechanical (and neuronal)
demands are also carried out by millions of other musicians without developing
focal hand dystonia, a susceptibility for the illness in those affected patients cannot
be

ruled out as a necessary (although clearly not sufficient) condition for the

development of the problem (Altenmüller, 2003; Hallett, 1998a; Hallett, 1998b;
Molloy et al., 2003).

To sum up, expansions of cortical territories in sensory and motor areas in general,
and in focal hand dystonia can be originated in different forms: a) practice of time
correlated sensory experiences (leading to a fusion and expansion of representations
primarily in the sensory areas, secondarily affecting the motor organisation and
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motor control (Byl et al., 1996a; Byl and McKenzie, 2000; Byl and Melnick, 1997; Byl
et al., 1997; Byl et al., 1996b; Sanger and Merzenich, 2000); b) they can be the result of
diminished inhibition as the result of functional or structural anomalies of the basal
ganglia, (Chen and Hallett, 1998; Hallett, 1998a; Hallett, 1998b); c) they can result
from the practice of motor movements with primarily focal repercussions on motor
cortex representations (Classen et al., 1998; Karni et al., 1995; Karni et al., 1998; Kleim
et al., 1998; Nudo et al., 1996; Pascual‐Leone et al., 1995a; Pascual‐Leone et al., 1995b)
and concomitant changes over somatosensory (Pleger et al., 2003b; Schwenkreis et
al., 2001) and probably sub‐cortical areas (including the basal ganglia and thalamus);
d) combinations of a, b and c.

Clearly, still more scenarios originating representation expansions and/or focal
hand dystonia are possible, and some of them could occur passively. For example, as
the consequence of lower amounts of input to the affected fingers due to the illness
(in analogy to the case of deafferentation by itself), expansions of cortical territories
might occur (Elbert et al., 1994; Flor, 2003; Flor et al., 1995; Kaas et al., 1990;
Merzenich et al., 1984; Sanes et al., 1990). The observed changes would not be
expected to be as large as in those cases of deafferentiation after peripheral injury
(Jones, 2000; Merzenich et al., 1984; Nudo and Milliken, 1996), and they would be
secondary to the illness onset.
Memory Formation in Focal Hand Dystonia

Attention and training as well as passive stimulation can induce cortical plasticity
(See Chapter 1). These forms of plasticity are not necessarily mutually exclusive, and
in focal hand dystonia, they may be involved in memory formation of dysfunctional
motor movements at different stages of the illness. Broadly speaking, focal hand
dystonia could be considered, at least in part, to be an expression of a well‐formed,
long‐term, but dysfunctional memory storage of motor movements (Altenmüller,
2003).

This is supported by the fact that movement anomalies are highly
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stereotypical in each patient and that once symptoms become stable they fully
reappear during attempts to play the musical instrument, even after prolonged
periods of rest. Many characteristics of the musician’s behaviour, as well as some
features of the illness, may support a learning hypothesis and the learning aspect in
focal hand dystonia has been previously discussed even though mainly centred on
synchronicity of similar sensory inputs over similar skin portions of different fingers
(Byl and McKenzie, 2000; Byl et al., 2000; Byl and Melnick, 1997; Byl et al., 1997; Byl
et al., 1996b; Sanger and Merzenich, 2000).

A high amount of sensorimotor stimulation produced by long practice times,
would probably result in changes at many levels of the neuraxis with long‐term
storage. Focal hand dystonia should of course not be considered to be immune from
such a process. Similar hypotheses have been put forward in relation to memory
formation in phantom limb pain. In her model for the development of phantom‐limb
pain, Flor postulates that longstanding or acute pain prior to or during limb
amputation may lead to the establishment of a long‐term somatosensory memory of
pain. After establishment of non‐perceptible physiological changes over sensory
areas in the cortex, activation of the amputation area by neighbouring inputs would
thus produce the observed pain sensation (Flor, 2003).

Setting up Dysfunctional Representations Through Non‐Attended Input’s Repetition

New reports have presented evidence that attention and training are not
mandatory requisites for cortical plasticity to occur.

In humans, performance

enhancement in sensory discriminative tasks have been passively induced
demonstrating the possibility of plasticity without the necessity of attention or
behavioural relevance (Dinse et al., 2003; Godde et al., 2003; Godde et al., 1996;
Godde et al., 2000; Pleger et al., 2001; Pleger et al., 2003b). Because in focal hand
dystonia pain is usually completely absent in the first steps of illness evolution (see
Chapter 1), no clear markers for finger anomalies alert the musician about a latent
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finger problem. As musical practice continues, probably high amounts of repetition
of unattended dysfunctional motor movements are carried out over and over until an
awareness threshold is achieved. At this point, the over‐expanded cortical territories
in motor and sensory areas representing aberrant movements carried out by the most
affected finger might be expressed in noticeable and hard‐to‐delete finger deficits.

Thus, cortical plasticity induced passively, unattended and based merely on input
statistics may modulate the first steps of cortical changes in focal hand dystonia. This
might also explain the usually slow evolution of the illness, given the high amount of
time needed for slight increases in cortical representation in motor areas, when
unattended movement behaviours are carried out. As demonstrated by Friel and co‐
workers, if animals wear a restrictive jacket on the non‐affected side after a brain
infarct, only slight increases in the brain representation of the affected hand can be
observed in the absence of a specific and attended training after 12 month of arm
restriction (Friel et al., 2000).

Consolidating Aberrant Motor Memories Through Attended Practice

Several reports on cortical plasticity in sensory discrimination tasks points toward
the necessity for behavioural relevance of the extensive practice being carried out for
marked cortical changes to occur (see Chapter 1). Moreover, larger changes in brain
representation in the motor areas of monkeys have been demonstrated when specific
training procedures are used (Nudo et al., 1996).

Patients suffering from focal hand dystonia, intensify the amounts of practice after
they become aware of the problems worsening their condition (Altenmüller, 1996;
Fry et al., 1998; Lederman, 1991). It is therefore reasonable to assume that their
attentional state changes: patients are highly motivated to solve the finger‐movement
problem dedicating special attention to those movements of the affected finger. That
may have a strong impact on memory formation and consolidation with concomitant
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larger functional reorganization of their brains leading to an ultimately hard‐to‐
delete memory trace.

Possible Contribution of Sub‐cortical Regions in Memory Formation in Focal Hand Dystonia

Because of the interconnectivity between cortical and sub‐cortical areas the
contribution of the latter in the formation of a “dystonic memory” cannot be
obviated. In this process, other brain areas than cortical regions may also undergo
synaptic changes, because cortical plasticity has been shown to occur concomitantly
with sub‐cortical plasticity (Faggin et al., 1997). For example, changes in dendritic
spines in the hippocampal formation could also be involved in setting up a basis for
the endurance of dystonic movements. Engert & Bonhoeffer’s work demonstrated
very specific dendritic spine formation associated with hippocampal long‐term
synaptic plasticity. The formation of new synapses appeared within an hour of
stimulus initiation (Engert and Bonhoeffer, 1999). Most interestingly, behavioural
changes within a similar time range were also observed for the treated sample (see
Chapter 4). Similar behavioural changes within the range of one hour have been also
reported for example by Classen et al. and Karni et al. after the practice of thumb
movements (Classen et al., 1998), or opposition finger sequences (Karni et al., 1995;
Karni et al., 1998). The latter also agrees with the widely accepted notion that brain
plasticity can occur at fast, intermediate and long time periods (Jain et al., 1998).
Thus, a reversal of focal hand dystonia would also necessarily imply synaptic
changes in sub‐cortical areas.

Moreover, changes over cortical areas have been

shown to drive neural plasticity in sub‐cortical areas like for example the thalamus
(Krupa et al., 1999). Thus, further research is needed to clarify the role of sub‐cortical
areas such as the hippocampus in focal hand dystonia. In summary, passive and
repetitive stimulation may account for the first steps of cortical and sub‐cortical
reorganisation without perceptible behavioural shortcomings. Attended practice
would account for the consolidation of defective motor memories at later stages of
the illness, as well as for the marked expansions over motor and sensory areas.
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Towards an Integrative Model for the Development and Maintenance of Focal Hand Dystonia

Bearing in mind the introductory section of this thesis, the results presented in
Chapters 2 to 5, as well as the topics discussed under this section, it appears now
appropriate and possible to propose a theoretical model for the appearance,
development and maintenance of focal hand dystonia based on cortical plasticity.
This model assumes the causes of the disorder to be in transient and peripheral
processes, occurring most probably at the level of the movement effectors with
marked effects on cortical plasticity. In addition the model takes into account a
learning history of aberrant motor movements caused by the above mentioned
peripheral factors, which is consolidated by means of unattended practice at the
beginning and deliberate practice at later stages of the illness. It further assumes that
the changes in cortical representation as the result of practice can modulate the
activity of sub‐cortical structures like the basal ganglia, and in so doing the activity of
the thalamus modulating in turn the activity‐level of motor areas, and thus of
movements. One important feature of the model is that it assumes an intact nervous
system reacting dynamically to the practice‐induced cortical changes. This model
attempts to integrate, in a coherent manner, prominent views about the
pathophysiology of focal hand dystonia on the one hand, and on the other, key
discoveries of modern neuroscience.
The Basal Ganglia and its Function: a Brief Characterization

In order to better understand this model, a general explanation of the connectivity
patterns of the basal ganglia is necessary. Even if the functionality of this structure is
currently not completely understand (Hallett, 1998b), a general characterisation is
possible. The basal ganglia receive excitatory input from all cortical regions (sensory,
motor, limbic) by means of Glutamate, an excitatory neurotransmitter . The striatum
is the main receiver of these projections. The different cortical regions send excitatory
projections to specific portions of the striatum, for example, to the motor striatum,
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which is part of one of the best assessed loops involving also the cortex and the
thalamus (Wiesendanger, 1995). The main output of the basal ganglia is an inhibitory
one, and is mediated by gamma‐aminobutyric acid (GABA). The output projects to
the thalamus via two ganglions: the Globus pallidus Pars interna or GPi and the
Substantia nigra pars reticulata or SNr (Illert, 1995). These two ganglions play an
inhibitory role on the motor thalamus. Two connection paths to the GPi are usually
differentiated: the direct path (motor cortex – putamen – GPi ‐ motor thalamus ‐
motor cortex), and the indirect path (motor cortex – putamen ‐ Globus pallidus Pars
externa (GPe) ‐ Nucleus subthalamicus (NSt)‐ GPi‐ motor thalamus ‐ motor cortex).
The motor thalamus has an excitatory influence on the cortex and is back‐connected
with the motor cortex and the prefrontal cortex, which are in turn interconnected (for
a detailed characterisation of the basal ganglia

see for example (Illert, 1995;

Wiesendanger, 1995). Theoretically, if there is a higher amount of excitatory input
from the motor cortex to the motor striatum, a disinhibition of the thalamus and the
portions of motor cortex it innervates takes place (See Figure 6.3).
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Figure. 6.3. A simplified depiction of the motor basal ganglia and its connections (adapted from (Illert, 1995;
Wiesendanger, 1995)). The motor cortex (grey), is generally divided into three functionally different areas:
Suplementary motor area (SMA), Pre‐motor area (PM)5 and Primary motor area (M1). These areas are
interconnected (blue arrows). M1 has excitatory (red arrows) glutamatergic (Glu) efferences to the striatum of
the basal ganglia. In the figure, these projections end on the putamen, a part of the striatum. An indirect
(Putamen‐Globus pallidus Pars externa (Gpe) – Nucleus Subthalamicus – Globus pallidus Pars interna –
Motor Thalamus – Motor Cortex) and a direct path to the motor thalamus (Putamen ‐ GPi – Motor Thalamus –
Motor Cortex) are differentiated. Red arrows indicate excitatory output while dark lines represent inhibitory
connections. GABA = gamma‐aminobutyrate acid. E= Enkephalin; SP= Substance P. PPN= pedunculopontine
nucleus (via the PPN the basal ganglia connect to the brain stem and spinal cord). + and – show excitation and
inhibition respectively.
Two Prominent Models of Focal Hand Dystonia

One of the prominent views about the pathophysiology of focal hand dystonia
assumes that repetitive sensory stimulation of the hand, specifically synchronous
sensory input over large hand areas causes changes in the receptive fields
culminating in the movement disorder because of the important drive of the sensory
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system on the motor system. This model bases on data gained mainly with a
presumed animal model of focal hand dystonia as well as other animal and human
data (Byl et al., 1996a; Byl and McKenzie, 2000; Byl and Melnick, 1997; Byl et al., 1997;
Byl et al., 1996b; Clark et al., 1988; Merzenich and Jenkins, 1993; Merzenich et al.,
1983a; Merzenich et al., 1983b; Merzenich et al., 1984; Mogilner et al., 1993; Sanger
and Merzenich, 2000; Wang et al., 1995).

A second model, assumes functional abnormalities in the basal ganglia as the main
locus of origin for focal hand dystonia. Abnormalities in the activity of the striatum
leading to a reduced inhibitory output of the Globus pallidus Pars interna (GPi) to
the motor thalamus would result in the lack of inhibition in the sensorimotor cortex.
The hypoactivity of the GPi would result from the hyperactivity in the Putamen, a
prominent structure of striatum and the set of structures conforming the so called
motor basal ganglia, which send an inhibitory output to the GPi. That all would in
turn explain the muscles over‐flow as well as the uncontrolled movements observed
in focal hand dystonia. The model uses as evidence abnormalities in the basal ganglia
in other forms of dystonia, as well as the abnormalities of this sub‐cortical structure
observed in illnesses like parkinson’s disease, in which malfunction of the Substantia
nigra Pars compacta (SNc) plays a mayor role. (Chen and Hallett, 1998; Hallett,
1998a; Hallett, 1998b; Levy and Hallett, 2002).
A New Theoretical and Integrative Model of Focal Hand Dystonia

Figure 6.4 summarizes the integrative model of focal hand dystonia I want to
propose for further scientific discussion. At the beginning of the illness, it is assumed
that changes in the arm and/or hand muscles) occur most probably due to work
overloading. That is assumed as probable because focal hand dystonia often appears
after trauma, which doesn’t has to be necessary painful (Hallett, 1998b; Jankovic,

5

Indeed, more subdivisions of non-primary motor areas have been identified in the human brain Kollias SS,
Alkadhi H, Jaermann T, Crelier G, Hepp-Reymond MC. Identification of multiple nonprimary motor cortical
areas with simple movements. Brain Res Brain Res Rev 2001; 36: 185-95..
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1994). The absence of pain prevents possible warn signals to the affected person.
Therefore, the heavy work routine continues. Aberrant movements with abnormal
but still functional finger configurations are practiced in an unattended manner (left
panel, bottom, first 2 photographs). By this time, the cortical changes occur very slow
(Nudo, 2003a) and are not visible for the musician (Flor, 2003). After a long practice
time of these changed movements a point is achieved in which the musician becomes
aware of the finger problems (left panel, bottom, last 2 photographs). From this
moment, attended practice of aberrant movements begins (Altenmüller, 1996). The
intensity of practice times of motor behaviours results in hard‐to‐delete changes over
most probably in motor areas (left panel, upper left) with repercussions in sensory
representations and on the motor behaviour (left panel, bottom, last photograph)
(Altenmüller, 1996). As a results, the cortical representations of the practiced but
aberrant movements increase (upper left) (Buonomano and Merzenich, 1998; Byl et
al., 1997; Byl et al., 1996b; Classen et al., 1998; Elbert et al., 1995; Karni et al., 1995;
Karni et al., 1998; Nudo et al., 1996; Pascual‐Leone et al., 1995a; Pascual‐Leone et al.,
1995b). That is to say, more neuronal generators become active. Therefore, more
excitatory activity from the motor areas is projected to the motor striatum of the basal
ganglia (left panel, red bolded arrow). The disinhibition of the motor thalamus
follows, and so does the lack of inhibition over cortical motor zones (Chen and
Hallett, 1998; Hallett, 1998a; Hallett, 1998b; Liepert et al., 1998). The latter further
facilitates the maintenance and reinforcement of the motor aberrant representations
(hyperexcitability in motor areas) and the observed impaired brain GABA in focal
hand dystonia (Levy and Hallett, 2002) without the need for structural or
dysfunctional basal ganglia activity in order for the above mentioned changes to
occur. The enhanced activity in sensory areas observed in focal hand dystonia in
musicians (Candia et al., 2003) may be secondary to the motor changes because using
motor trainings it is possible to modulate the organization of the sensory cortex
(Candia et al., 2002; Candia et al., 2003; Hallett, 1998a; Pleger et al., 2003b). For the
pictorial representation of the normal situation see the right panel of the figure.
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Figure 6.4. A Theoretical and integrative model for focal hand dystonia based on cortical plasticity. Left panel:
dystonic movements. Aberrant movements are continuously practiced. At the beginning, work overload results
in non‐perceptible changes in motor behaviour (first 2 photographs). With long unattended practice, symptoms
become perceptible. Attended practice under strong motivation occurs (last two photographs). Dystonic
movements become gradually over represented in the motor cortex (upper left of the figure). The excitatory
output of the motor cortex to the putamen increases (three bolded red arrows). The putamen strongly inhibits the
GPi (Black bolded line). It follows the dishinhibition of the motor thalamus (in red) resulting into lack of
inhibition in the motor cortex (bolded right arrow). The motor output is now a dystonic one (blue solid and
bolded arrow to last photograph) and is further consolidated by the practice of dystonic movements facilitated by
the lack of inhibition. Changes in motor representations have repercussions in the sensory representations of the
hand and fingers in the sensory cortex. Right panel: non‐dystonic movements. Normal movements are
continuously practiced, which results in a normal representation in motor and sensory areas of the cortex. The
inhibitory and excitatory balance is also sustained. Normal motor behaviours are continuously performed and
consolidated. GPi= Globus pallidus Pars interna.

This model may also answer the open question of the specificity of the symptoms
in some adult dystonias (Berardelli et al., 1998), because the representation of motor
movements seems to be rather specific (Classen et al., 1998; Karni et al., 1995; Karni et
al., 1998; Nudo et al., 1996; Pascual‐Leone et al., 1995a; Schieber, 2001). It also can
explain the cramps seen in dystonia as the culmination of a long history of practice of
aberrant movements due to for example changed contractile capacities of the muscles
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as the result of work overloading (Hallett, 1998b; Jankovic, 1994). A deficiency of the
basal ganglia as an explanation for the anomalies seen in focal hand dystonia based
on evidence from other forms of dystonia, as well as from other motor disorders
(Hallett, 1998b) does not appear to be convincing, considering the data presented by
Molloy and co‐workers indicating divergent pathophysiological processes in
different forms of dystonia (Molloy et al., 2003). Moreover, the integrative model is
compatible with the general sensory anomalies seen in focal hand dystonia, because
most likely any motor movement includes different sensory parameters coming from
different sensory receptors specialised in the transduction of different sensory
information. The relative contribution of each, qualitatively different sensory
information, may be in turn movement dependent.

A few Speculations About the Action Mechanisms of SMR

Based on neuroscience literature some explanations of how SMR has been
effective for the reduction of symptoms in focal hand dystonia in musicians are
possible. Although the data presented in this thesis do not permit final conclusions
about the active ingredients in SMR, they are however highly suggestive, and at
least allow to put forward some hypotheses about SMR‐mechanisms. For example,
by means of specific and repetitive stimulation, SMR may potentially lead to a
potentiation of neuronal networks not being involved in the expression of focal hand
dystonia. The sequences of finger repetitions used in SMR involve finger movements
with an angular configuration resembling those finger positions normally adopted
by the musicians while playing music without dystonia. Thus, in SMR, with the help
of the splint tailored to the dimensions of the specific hand, dystonic positions are
suppressed while those positions out of the dystonic configurations are potentiated.
This might ultimately result in a passive, long‐term depression of those over‐excited
(over‐extended) cortical territories (e.g., reduction of “contaminated” cortical
representations in motor and sensory areas) and in an active increment or/and
reactivation of representations of non‐dystonic neuronal networks.

In this way,
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sensory representations of the affected hand would approach those non‐affected
representations on the contralateral side. This was the case after SMR intervention as
demonstrated in the data presented in Chapter 5. Because of the now reduced
cortical representations lower amount of excitatory output to the basal ganglia would
be expected. Again, although hypothetical, such an explanation is in agreement with
the idea that cortical plasticity is a dynamic process in which representations are
input dependent and impose a continuous battle for cortical territory (see for
example (Braun et al., 2000; Flor et al., 1995; Merzenich et al., 1984; Nudo, 2003b;
Nudo, 2003c; Nudo et al., 1996; Schieber, 2001). Secondly, they fit well with the
concept of heteroplasticity (see Chapter 1) in which repeated stimulation of one
neural path results in its long‐term potentiation with a concomitant and passive long‐
term depression of another, non‐stimulated second path. Heterosynaptic plasticity
has been discussed as relevant for cortical plasticity to occur (Buonomano and
Merzenich, 1998). Most interestingly, in apes, Nudo and collegues have
demonstrated expansions in the cortical motor representation of those joints and
muscles being used for the completion of skilful motor tasks with a concomitant
contraction in the representation of the joints and muscles not being required in the
same tasks. In addition these results were reversible (Nudo, 2003b; Nudo et al., 1996).

In agreement with the above mentioned views, and as demonstrated in Chapter 4,
the potentiation of a non‐dystonic path (that is to say, the potentiation of other
movements than the dystonic ones in the dystonic finger), as well as the suppression
of finger compensations in the other digits, appeared to be essential. This is because
finger compensations in non‐dystonic digits (an index of unconscious correctional
attempts carried out by the nervous system) arise in synchrony with the anomalies
seen in the main affected finger. It is therefore highly probable that with repetition,
dystonic and compensatory fingers create a more extended dystonic pattern by
means of temporal coincidences, as those postulated in Hebbian plasticity. Therefore,
the initial “true” compensations may become integrated in focal dystonic networks
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probably contributing to the over‐excitation (over‐representation) described above
and further confirmed in Chapter 5. For the mentioned sample, the isolation of the
main compensatory finger always gave rise to a better performance of the dystonic
finger. Thus, if heterosynaptic plasticity is at the core of the mechanisms responsible
for those changes reported in Chapters 4 and 5, it may be that the hand device and its
special use within an SMR‐regime are well suited for the induction of changes in
brain dynamics according to heteroplasticity rules.

Motivational Aspects, Motor Performance and SMR

Animal data demonstrating the importance of reward in motor performance has
previously been presented. For example, by working with monkeys, Fetz and co‐
workers demonstrated that the presentation of rewards after motor performance
enhances the firing rates of single cells in the motor cortex. Furthermore, reward
removals resulted in a return of observed firing rates to baseline levels (Fetz and
Finocchio, 1972). In addition, using rewards, Fetz and Baker recorded impressive
quantities of differentiated activity in neighbouring cells (e.g., simultaneous
enhancement of cells firing in one unit, accompanied by a concomitant suppression
of cells firing in other unit) underscoring the viability of training protocols for the
induction of differentiated cell activity. It is possible that the highly rewarding
experience of being able to play one’s own musical instrument, at least to a better
degree than under dystonic conditions, may act as a very important and natural
rewarding system capable of increasing the firing frequencies of group of cells in the
cortical motor areas of the treated patients. This may then ensure the potentiation of
some cell paths and in so doing may also contribute to secure the success of SMR.
Nevertheless, the role of motivation in Sensory Motor Retuning remains to be
studied in further research.
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SMR and Long‐Term Behavioral and Brain Changes

Consolidation of motor skills requires long‐lasting changes in the nervous systems
(Dorris et al., 2000). In order for such long‐lasting effects to occur, continuous
repetition of a specific motor task appears to be mandatory. This is especially the case
considering the data provided by Pascual‐Leone and co‐workers in blind Braille
readers. After a reading brake of 2 days, the motor representations of the index finger
of one patient changed dramatically until the subject returned to read (Pascual‐Leone
et al., 1995b). Therefore, the long‐term effects of SMR may be in part dependent on
sustained SMR practice, at least until the point at which a high level of strengthening
and adequate neuronal representation of those neuronal elements unaffected by
focal hand dystonia has been established. Moreover, this process of continuous
repetition should be carried out until a concomitant reduction of the over‐extended
representational areas, including the representation of dystonic movements, is
achieved. That appears to be very important especially considering the return to
baseline levels presented by the one pianist in Chapter 4. Probably, by the time the
patient stop carrying out the SMR, not enough cortical reorganization had occurred.
On the other hand, if no return to dystonic levels after a break of the SMR‐routine is
observed (that was the case for some patients of Chapter 4 at different points in
time), one would speculate that the establishment of a more or less long‐term change
of neuronal organisation at different levels of the sensorimotor system had been
possible. The variability of outcomes, fit well with the considerable variability of the
time course and extent of motor recovery usually seen in animals and humans after
brain injury (Nudo, 2003b). This variability arises not only because of the uniqueness
of the injury but also as the consequence of exquisite individual differences in brain
organization. Data demonstrating long‐term effects on 11 patients treated with SMR,
some of them having no further need for training after extended periods of training’s
performance, are currently in preparation. Sustaining such long‐term changes may
be in part highly dependent on the performance of movements being free of any
dystonic features. A complete hardwiring of neuronal elements would most probably
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not be achieved by any training, because of the dynamic character of the detailed
structural and functional organisation of the human brain. This neurophysiological
rule may also explain the need for long‐life practice in music making and other
skilful and low‐degrees‐of‐freedom movement behaviours in order to sustain high
levels of performance. The latter can be considered in turn as the peripheral correlate
of highly effective neuronal connections set up through the repetition of functional
movements. This underscores the input’s power on cortical organisation, suggesting
that our brain permits us to move through the world as well as we previously and
repeatedly did. Thus, in order to sustain the observed behavioural gains, repertoire
performance out of the SMR‐routine should be carried out under consideration of the
same principles used during supervised sensory motor retuning.

SMR and the Role of Pauses for Long Term Treatment Effects

Even if repetition appears to be mandatory for motor consolidation to occur, a
remark on the importance of pauses between practice times appears worthwhile,
especially considering new data on the role of time pauses in motor learning. On the
other hand, the underestimation of the importance of rest among affected and non‐
affected musicians appear to be a key factor in the development of sensorimotor
illnesses like focal hand dystonia. Therefore, any treatment routine should also
consider this aspect.

As emphasised in Chapter 4, compact work sessions are separated from each other
by long resting times, including long walking and sleep times. Sleep times are
especially important, because sleep has been linked to memory consolidation
enhancing memories acquired during the previous day (Nader, 2003). Bearing in
mind the latter, the SMR routine used in the way explained in Chapter 4 might
greatly contribute to the process of consolidation of motor memories. That can be
assumed taking into account data presented by Walker and co‐workers. Using finger
tapping tasks the authors were able to demonstrate the impact of walking times (out
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of the motor routine being learned) for a wake‐state consolidation of motor
memories. Sleep times were also shown to produce a sleep‐dependent enhancement
in the finger’s motor performance (Walker et al., 2003). Thus, different consolidation
processes are apparently at work in memory consolidation one during waking times
whilst the other during sleep. According to Walker and colleagues, during a first
initial training, learning occurs inducing high degrees of performance improvements.
Such improvements in motor performance were also observed during the first
session of SMR‐treatment (See Figure 6.5).

Figure 6.5. The figure summarises the subjecting ratings of 4 patients. Showed are the improvements in
motor performance after the first training run within the first SMR‐training session. According to Walker and
colleagues, during a first initial training, performance improvements should be expected. Represented are
average values and standard errors.

A second consolidation phase should take place between 10 min and 6 hours if no
interference occurs by means of practising a similar finger motor task. In this phase,
consolidation but not enhancement of motor performance is expected. In SMR,
patients are advised to stop doing finger exercises during the remaining of the day
after their SMR‐routine is completed. Thus, in so doing, recently acquired gains in
finger performance might be protected against interference and memory loss.
According to Walker and collaborators, a further consolidation process takes place,
increasing accuracy and performance of the previously learned tasks. Figure 6.6
show the behavioural profiles of some of the musicians treated during the supervised
SMR‐treatment.
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Figure 6.6. Behavioural profiles of 10 patients during an 8 days SMR‐treatment routine as evaluated by the
patients with the DES. Note that these profiles include other patients than those reported in Chapters 3 and 5.
Large day by day improvements can be observed until day 4. Further improvements are reported by day 8 of
treatment. The stability of the ratings beginning in day 5 suggest the onset of a consolidation period.
Represented are average values and standard errors.

As clearly seen, the subjective ratings of the patients improves day by day until
day 4 and after that they stabilize suggesting the onset of a consolidation with a
further increment on day 8. Furthermore,

ratings were collected before

the

treatment session with a sleep time in between. In addition, those sequences tested
were not necessarily those been practised during treatment times with the help of the
hand device the day before. Instead, they were mainly those finger sequences and
repertoire passages identified as being dystonic. Thus, this is also in agreement with
the data presented by Fenn et al., using words, demonstrating memory enhancement
and memory recovery after sleep. Most interestingly, some degree of association
between learned and non‐learned material was shown to be useful in the processing
of new information (Fenn et al., 2003). In the last stage of their memory storage
sequence, Walker and colleagues demonstrated that the reactivation of memories
bring them again to a non‐stable state in which the learned information is labile and
therefore can be destroyed by other similar, interfering information. Thus, the only
123

Practice‐ Induced Cortical Changes in Focal Hand Dystonia as a Model of Brain Plasticity – General Discussion

alternative might be to reconsolidate the information by using new repetitions of the
task previously learned, as is the case during Sensory Motor Retuning.

Final Comments

Territorial expansions in sensory cortical areas can be simply triggered by
peripheral injury or extreme inputs suppression, as in the case of limb amputation
(Flor, 2003; Flor et al., 1995; Jain et al., 1998; Merzenich et al., 1984). In such cases,
relatively direct causal relationships between representational changes at the cortical
and sub‐cortical levels can be attempted, even though their underlying mechanisms
might be multiple in nature (Flor, 2003; Flor et al., 1995; Jain et al., 1998; Merzenich et
al., 1984).

Such more or less straightforward interpretations are probably only

possible in those cases in which acute injury has been induced. In these cases, high
amounts of motor and sensory input are chronically suppressed, and the input
source being suppressed is clearly identifiable. This is of course not the case in focal
hand dystonia.

Furthermore, the organisational complexity of sensory and motor systems adds
more unanswered questions than clear responses to the development, appearance
and maintenance of focal dystonia.

Motor information is widely distributed in

populations of neurons in the M1 and other motor cortical areas (Georgopoulos et al.,
1986; Kalaska and Crammond, 1992; Laubach et al., 2000; Mussa‐Ivaldi, 2000;
Wessberg et al., 2000), and the relative contribution of these areas may change
depending on training level, training experience and demands of the motor task
(Laubach et al., 2000; Wessberg et al., 2000). For example, the pattern of cell activity
over different cortical areas changes with changes in movement directions (Kalaska
and Crammond, 1992). Furthermore, the homuncular organisation of sensory and
motor systems has been clearly shown to differ (Schieber, 2001). Moreover,
neurophysiological

evidence

of

neuroplasticity

at

multiple

levels

of

the

somatosensory system concomitant to some other neurological syndromes of the
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hand has also been reported (Tinazzi et al., 1998). In addition, motor problems may
not be entirely motor but may include sensory elements, as demonstrated for
example in sensory agnosia (Nudo, 2003b; Xerri et al., 1998). Thus, the idea that the
analysis of only one part of the cortex will fully explain the aetiology, development
and maintenance of the symptoms in focal hand dystonia has to be thoroughly
questioned.

Focal hand dystonia must be considered as a complex sensorimotor disturbance
with probably broader physiological implications than mere abnormal sensory
representations in the brain’s cortex. This is in line with the well established
neuroscience concept of “distributed neural coding”. This concept postulates that the
electrical activity of multiple and highly distributed populations of nerve cells is
responsible for the representation of incoming sensory stimuli, as well as for the
generation of motor commands necessary for the generation of motor movements
(Nicolelis, 2003; Nicolelis et al., 2003). That is to say, isolated sensory assessments
over SI, as well as motor studies including single motor areas like M1 or SMA in the
cortex, can only give a minimal insight into the much more complex
neurophysiological picture of focal hand dystonia. Therefore, the results of this thesis
have to be interpreted bearing in mind a much wider neurophysiological frame.
Focal dystonia may also involve sub‐cortical areas like the basal ganglia and
thalamus working in concert with cortical zones (Hallett, 1998a; Jain et al., 1998;
Jones, 2000). In line with this assumption, Faggin and co‐workers were able to
demonstrate that transient peripheral sensory deafferentation triggers a system‐wide
reorganisation at cortical and sub‐cortical levels.

The authors recorded the

simultaneous extracellular activity of neurons of SI, ventral posterior medial nucleus
of the thalamus, and trigeminal brainstem complex in adult rats. Immediately after
deactivation of the sensory input with subcutaneous injections of lidocaine,
simultaneous reorganisation occurred at all three levels of the sensory system
(Faggin et al., 1997). In non‐human primates, Florence and Kaas, also demonstrated
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large scale changes in SI mediated by parallel organisational changes in the
brainstem and thalamus after amputation. In addition, reorganization of remote
cortical motor areas after ischemic, focal infarcts has been demonstrated in monkeys
uncovering the interconnectivity of sensory and motor areas involved in the
generation and performance of motor movements (Frost et al., 2003; Nudo, 2003b;
Xerri et al., 1998).

Accordingly, focal hand dystonia may leave many traces in the functional
organisation of both the sensory and the motor systems. Even if the role of sensory
areas in motor control were fully clarified, in a system composed by different
elements all interacting with each other, changes in one of these elements may have
direct or indirect repercussions in many if not in all other components of the whole
system (Nudo, 2003b). In the studies presented in this thesis only aspects in SI
representations were analysed and perceptual as well as behavioural correlates
assessed. One important reason for doing this was the accessibility of the analysed
brain areas given the measurement instruments in two of the chapters the MEG.
Similar problems have to be confronted in animal research. In apes, somatosensory
areas are organised two‐dimensionally while sub‐cortical structures present a 3‐
dimensional organisation, which has been proved more difficult to map (Jain et al.,
1998). On the other hand, interconnectivity between sensory and motor systems
allow for speculations based on changes in one of the systems.

Because other aspects of brain dynamics in the motor cortex, the basal ganglia or
other structures probably involved in focal hand dystonia were not studied, further
experimental research should “fill the gap”, whereby animal models might help to
formulate and to evaluate corresponding hypotheses. The implementation of such
hypotheses may be well suited, because so far similar organisational changes were
demonstrated in different species giving support to the assumption that such results
can be generalised (Jain et al., 1998). In order to be successful with the solution of a
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problem embedded in a world of interacting subsystems one has to think about
interacting subsystems (Dörner, 1989). The integrative model proposed in this
chapter, attempts to address this fact. One possibility to test if the activity of the basal
ganglia can be modulated by plastic changes at cortical levels would be to train naive
volunteers to play the piano and at the same time, to assess their cortical
representation over appropriate cortical areas. It as been shown, that such a training
carried out for 2 hours daily over a period of 5 days results in the enlargement of
cortical areas over the motor cortex with a concomitant reduction of movement
thresholds of those muscles involved in the performance of the relevant exercises
(Pascual‐Leone et al., 1995a). At the same time, the brain GABA levels in specific
brain regions in the sensorimotor cortex contralatereal to the affected hand would be
assessed. Such an assessment has been carried out by means of a new non‐invasive
method, the so called two‐dimensional J‐resolved proton multi metabolite magnetic
resonance spectroscopy in patients suffering from writers’s cramp.

This novel

method allows simultaneous measurements of multiple metabolites in defined
regions of the brain within a single acquisition (Levy and Hallett, 2002; Levy et al.,
2002). A correlation between the amount of cortical representation and quantities of
brain GABA in sensorimotor areas would give strong support to the hypothesis that
the activity of the basal ganglia cann be modulated without the need of a
pathological state of this sub‐cortical structure. Clearly, in order to decide if the
proposed model is of value, further research is needed.
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Summary
Cortical plasticity appears to be involved in the etiology of focal hand dystonia, a
very often task‐specific sensorimotor disorder. The simultaneous two‐point finger
discrimination of some affected patients was evaluated. Dystonic musicians showed
loss of perceptual symmetry between dystonic and non‐affected hands. These
changes were specific to their dystonic zones. Homologous asymmetries were not
observed in writer’s cramp, another form of focal hand dystonia. Using
Magnetoencephalography (MEG), a smaller distance between the representations of
the digits in the somatosensory cortex of the affected hand of dystonic musicians
compared to the hands of non‐affected individuals was demonstrated. A behavioral
intervention produced long‐term reduction of symptoms in some affected musicians,
and their subjective ratings were highly correlated with objective data depicting
changes in smoothness of finger movements. Pre‐ to post‐treatment changes in
somatosensory cortex were measured using whole head MEG. It was found that
effective treatment with Sensory Motor Retuning (SMR) leads to alterations in
functional organization of the somatosensory cortex. After treatment, somatosensory
relationships of the individual fingers of the affected hand were similar to the non‐
affected side, and more ordered according to homuncular principles. The observed
physiologic changes correlated with behavioral data obtained with a displacement
dexterity device. These results confirmed that sensory anomalies are associated with
focal hand dystonia and extend far beyond of the affected task. Cortical changes in
parallel with emergent neurological dysfunction may be reversed by context specific
intensive training protocols. It was demonstrated that cortical plasticity in response
to behavioral interventions can be assessed successfully using non‐invasive
neuroimaging techniques. Some possible mechanisms of cortical plasticity mediating
all of the observed changes were discussed.

Zusammenfassung
In der Ätiologie der fokalen Dystonie der Hand, eine meistens aufgabenspezifische
sensomotorische Störung, scheint die kortikale Plastizität involviert zu sein. Die
simultane Zwei‐Punkte‐Schwelle wurde bei einigen betroffenen Patienten
untersucht. Dystone Musiker zeigten Wahrnehmungsasymmetrien zwischen der
dystonen und ihrer nicht dystonen Hand. Die beobachteten Veränderungen waren
spezifisch für ein im Voraus definiertes dystones Areal. Homologe Asymmetrien
konnten bei einer Gruppe mit Schreibkrampf, einer anderen Form der fokalen
Dystonie, nicht beobachtet werden. Kleinere Distanzen der Fingerrepräsentationen
der betroffenen Hand im somatosensorischen Kortex einiger betroffener Musiker,
konnten mit Hilfe der Magnetenzephalographie (MEG) festgestellt werden. Eine
Verhaltensintervention konnte die Symptome einiger Musiker langfristig bessern.
Die subjektiven Urteile der Betroffenen korrelierten hoch mit objektiv gemessenen
Bewegungsprofile der Finger. Die Repräsentation der Finger im somatosensorischen
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Kortex vor und nach Therapie wurde wiederum mittels MEG gemessen. Dabei
konnte gezeigt werden, dass Sensory Motor Retuning, eine effektive
Verhaltensintervention für die fokale Dystonie der Hand, zu Veränderungen der
funktionellen Organisation in den kortikalen Arealen führte. Nach der Therapie
ähnelten die somatosensorischen Beziehungen zwischen den einzelnen Fingern der
betroffenen Hand denen der Fingerbeziehungen in der nicht betroffenen Hand.
Darüber hinaus war die Fingerorganisation einer homunkulären Organisation
ähnlicher. Die beobachteten physiologischen Veränderungen korrelierten mit
Verhaltensdaten, die mit einem Bewegungsaufnahmegerät gewonnen wurden. Die
Ergebnisse zeigten, dass die fokale Dystonie der Hand mit sensorischen Anomalien
in Beziehung steht. Diese Anomalien können sich auf Bereiche ausdehnen, die mit
der betroffenen Tätigkeit nicht in Beziehung stehen. Kortikale Veränderungen und
die mit ihnen einhergehenden neurologischen Dysfunktionen könnten unter
Zuhilfenahme kontextspezifischer und intensiver Trainingsprotokolle verändert
bzw. gebessert werden. Es wurde gezeigt, dass die durch Verhaltensinterventionen
veränderte kortikale Organisationen mit Hilfe nicht‐invasiver bildgebender
Verfahren erfolgreich untersucht werden kann. Einige der für die fokale Dystonie
der Hand mutmaßlichen Mechanismen kortikaler Plastizität wurden diskutiert.
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