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ABSTRACT

The growing interest in the development of robust methods of intention
detection for use in the activation and regulation of prosthetic devices and
communication aids for people with motor impairments has led to the examination
on synchronous rhythmic activity of the nervous system as a source of signals for use
in the activation and control of neuroprosthetic devices. It has been reported that
EMG activity during movement shows high spectral power and high intermuscular

coherence in the 8-12Hz range. During posture, the EMG 1s modulated in the 15-

30Hz band and this activity is correlated to localised beta activation of the motor

cortex measured by EEG.

This thesis further investigates these task dependencies using multichannel

EEG and EMG recording. Robust detection and interpretation of movement
dependent features will create the prospects for efficient neuroprosthetic devices
driven by patients activating brain or muscle components associated with the motor
behaviour replicated by the prosthesis.

Beta (15-30Hz) EEG power, intracortical coupling, corticomuscular coupling,
and intermuscular coupling showed the most consistent task dependent features
during posture. The cortical activity, underlying the beta corticomuscular coherence
was localised in the area over the contralateral motor cortex. During movement the
beta modulation was suppressed while agonist antagonist intermuscular coherence
was replaced by 8-12Hz features likely to have a central origin. Changes in attention
state and simultaneous cognitive activity did not affect the robustness of the
corticomuscular and intermuscular features.

This thesis provided useful insights on the involvement of central oscillatory

activity in motor control and its manifestations in the periphery. Despite the not clear

functional significance of the identified features, and the subject variability 1t was

concluded that the examined signals and associated task dependent characteristics

have a significant potential for use in neuroprosthetic control.
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“Men ought to know that from the brain and from the brain only arise our pleasures,

joys, laughter and jests, as well as our sorrows, pains, grieves and tears”
Hippocrates (460-400 B.C.)
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1 INTRODUCTION

The Edwin Smith papyrus with the oldest reference to the brain describes the
appearance of the cortical surface (similar to melting copper) and relates injuries to
certain localised parts of the brain with deficiencies in walking or loss of speech in
spite of the fact that legs and face were intact. It was written around 1700 BC but

most of the information is based on texts written around 2640 BC (Breasted 1930).

1.1 PHYSIOLOGY OF MOVEMENT

The study of human motor control is a multidisciplinary field involving
knowledge of biology, medicine and engineering. Movement is a highly
sophisticated process, requiring the coordination of actions. It involves many areas of
the cerebral cortex, subcortical structures, cerebellum and spinal cord working
together with the peripheral nerves, muscles and sensory receptors. The activation of

the nervous system must control a highly complex biomechanical apparatus

comprising the skeleton and muscles (Cordo and Harnad 1994). Moreover, not all

movements are the same. Some of our actions require high power some require fine

control, while some of them require both power and fine control.

Movements can be classified into two main categories; voluntary movements
and reflexive movements (Kandel et al. 2000). Voluntary movements are organised
around the performance of a purposeful task. The goal oriented nature of the task
defines the joints and body segments to be activated. Voluntary movements are
initiated and generated internally and are not direct responses to environmental
stimull. Sensory and environmental information is processed and evaluated. It affects
the initiation of a movement but the mechanisms of information processing and
triggenng a movement are different and the result not always predictable. In contrast,

reflexes are often associated with a stereotyped motor response to a stimulus and the
initiation and information dependency mechanisms are linked. Almost all

movements have both voluntary and reflexive components while common

physiological components are involved in both types of movement.

The complexity in studying the control mechanism underpinning motor

behaviour explains the incomplete understanding of voluntary movement. This thesis



will address specific issues, based on observations on the influences of certain
neuronal rhythms to voluntary movement with the goal of trying to improve our
understanding of the processes that operate to generate and control movements. The
work described in the thesis specifically examined the frequency content of

electrophysiological signals acquired during normal voluntary movement.

Implications for neuroprosthetic control are also examined as these

electrophysiological signals could be used in the activation and control of assistive

devices for the disabled.

1.2 CORTICOMUSCULAR RHYTHMICITIES

Many theories have been developed in the past 20 years that tried to explain
the physiological processes involved in movement; from the decision to make a
movement to the execution of the movement itself. However few have been
systematically verified. Recently, a significant effort to address this issue has led
researchers to look for statistical associations between representative signals from the
cortex and the muscles activated during movement tasks. One promising area for
research has been the frequency domain analysis of time varying processes such as
electroencephalogram (EEG), magnetoencephalogram (MEG) and electromyogram
(EMG) (Rosenberg et al. 1989; Halliday et al. 1995; Amjad et al. 1997; Halliday et
al. 1998). Even though this effort has not yet resulted in a comprehensive theory and
a complete model that relates cortical activity to movement, a substantial

physiological background on the involvement of oscillatory neural circuits to motor

output has been developed.

Despite the incomplete knowledge of how the brain controls human
movement, 1t has been known from anatomical, physiological and clinical studies
that the area of the cortex called the primary motor cortex exhibits significant degree
of control over the muscles of the body. Modern imaging methods including positron
emission topography (PET) and functional magnetic resonance imaging (fMRI)
demonstrate increased activity in the primary motor cortex (Yousry et al. 1997) and
other motor areas of the brain like premotor cortex (Picard and Strick 2001)

supplementary motor cortex and somatosensory areas (Ruben et al. 2001)) during

movement execution. The above studies highlight these areas as important structures



in the planning, execution and monitoring of voluntary movement. Lesions in these
areas cause accordingly serious motor impairment or paralysis.
Experimental studies carried out on man (Conway et al. 1995; Salenius et al.

1997; Conway et al. 1999) and primates (Baker et al. 1997; Baker et al. 2001; Baker
et al. 2003) have revealed a relationship between beta (15-30Hz) activity from areas
of the motor cortex and the corresponding EMG activity of contralateral muscles
during voluntary posture contractions. This feature of motor behaviour is observed 1n

man as 15-30Hz coherence between cortex and muscle activity. Similar coupling
also occurs between synergistic coactive muscles. The coherence observed appears to

be highly correlated with the performance of postural motor task and 1s thought to
occur from underlying coupling between the cortex and the motoneuronal pool via
the corticospinal tract (Brown 2000). This feature appears to be task related since 1t 1s
suppressed during active joint movements (Kilner et al. 1999). However, movements

also show characteristic rhythmic features. It has been demonstrated from EMG and

kinematic studies that with the suppression of the 15-30Hz coherence during
movement an 8-12Hz modulation emerges in EMG recordings (Vallbo and Wessberg

1993). This 8-12Hz busting feature of the EMG is believed to reflect a pulsatile

descending motor command.

1.3 MOVEMENT INTENTION DETECTION

Both the 8-12Hz and 15-35Hz oscillatory activity seen in the EMG appears to
be task dependent possibly due to specific patterns of rhythmic activity generated
within the CNS. From an engineering perspective this raises the possibility to use
these different rhythms in intention detection systems and devices for
neuroprosthetic control. Although, amplitude modulation of EMG has been used as
an actuating signal to control the function of artificial limbs and neuroprosthetic
devices, its effectiveness as an intention detection system is limited. Part of this
limitation relates to the need of the user/patient to activate muscle groups not always
associated with the motor behaviour réplicated by the prosthesis. Lengthy motor
learning/training periods are needed and often not successfully completed by all

subjects. In addition, the effects of muscle fatigue produce complex and difficult to

predict changes in the EMG signals. Accordingly, over time an extremely high



percentage of amputees provided with myoelectric prostheses will abandon their use.
Even relatively recent studies with modern myoelectric hands have shown drop off
percentages as high as 50% (Wright et al. 1995; Routhier et al. 2001). Similarly,

voluntarily generated changes in features of the electroencephalogram (EEG) can be
used to drive devices (such as communication aids (McFarland et al. 1997; Vaughan
et al. 1998)) but these systems also suffer from a poor initial relationship to the
required behaviour, are hindered by lengthy training periods, are error prone, slow
and tiring to use. These features make current neuroprosthetic systems unattractive

for wide use in the regulation of active prosthetic limbs and most existing assistive

devices.

The possible advantage of using the frequency characteristics of EMG-EEG
signals that modulate with motor behaviour is that the task itself is easy to define and
can be easily visualized by the patient. One consequence of this should be to reduce
the need for training as the control of the device is linked by a close relationship with
a stmple cognitive or motor task. However, in choosing a signal for use as a control
input it is crucial that it fulfils several requirements. The most important are
robustness, simplicity to detect and ability to be successfully monitored over
prolonged periods.

The stochastic and non stationary nature of EMG and EEG is a serious
drawback for the use of EEG and EMG for the control of neuroprostheses. Therefore
there 1s the need for more sophisticated and intelligent processing of those signals.
The neuroprosthetic systems should be adaptive and flexible in order to cope with
signal variations and neural function variations (plasticity) for recovering patients.
The neuroprosthetic systems should also be highly customisable in order to adapt to

different patients needs since great variations of the examined physiological signal

have been identified in normal and patient populations.

1.4 AIMS AND OBJECTIVES

The growing interest in the development of robust methods of intention
detection for use in the activation and regulation of prosthetic devices and
communication aids for motor impairments led to the examination of the

physiological sigﬁals that reflect the rhythmic activity in the nervous system, to the



investigation their functional significance and determine whether they may possibly

be used as intention detectors or actuators within neuroprosthetic controllers. The

main objectives of this study are given below.

1. Determine non invasive recording conditions of rhythmic activity from the
motor cortex using multichannel EEG (electrode sites and recording configuration)
in combination with EMG. Modern recording configurations involving multiple

recordings from a large number of electrodes allow the examination of the

topography of activity around a wide recording area rather than assuming the optimal

recording site based on previous studies.

2. Develop a signal processing framework to monitor time dependant changes in
frequency domain characteristics during different types of motor tasks and during the
transition phases during posture and movement in order to identify distinctive task-
specific modulations. The aim is to gain more insight into nervous system

oscillations and their relation to movement. These oscillations are expressed as EEG

activity, rhythmic muscular action and EMG activity, as well as corticomuscular
coherence and muscle coupling. The identification of task specific frequency
components in normal subjects that could be used as movement intention indicators
1s also an important issue for neuroprosthetic control.

3. Explore the relationship between corticomuscular coherence and changing
levels of attention and cognitive loading. Corticomuscular coherence is very likely to
express information flow from central to the peripheral nervous system. In a
controlled experimental environment, with dedicated subjects, there is evidence of
usability of coherence and other frequency features as intention detection indicators.
Real life conditions present many distractions to a user and attention influences on
the performed task will have to be examined to see if they affect the robustness of the

examined signals.

4. Explore if sensory feedback influences corticomuscular coherence. In many

potential uses of prosthetic devices sensory feedback will be abnormal. For example
in amputation or spinal cord injury the normal pattern of feedback from the limb or
spinal segments may be lost. It is therefore important to see to what extent the

descending motor command is affected by the loss of the ascending sensory

information.



1.5 FURTHER IMPLICATIONS

The aims and objectives of this study are very important topics in the area of
motor control and neuronal rhythms. Satisfactory answers to the stated issues may

also have 1mplications for neuroprosthetic control and often new opportunities to

develop assistive technologies that can improve the quality of life of the severely

motor disabled.

The Ilimitations of conventional neuroprosthetic interfaces have put
boundaries to the functionality of these systems for the patient/user. These limits
have dniven the scientific community to pursue alternative solutions. This study

attempts to extract more information from readily available signals and establish
what features of movement are coded in the frequency content of signals or in the
correlations between the frequency content of two physiological signals. At the same

time issues like persistence and robustness of the signals under different conditions,

repeatability of features for the same individual and variability of the signal feaures

in the population will require to be evaluated.

1.6 THESIS OUTLINE

This thesis is divided into seven main chapters. The current chapter
comprises chapter one — the introduction where some essential background
information as well as the aims and the scopes of the project are presented.

The literature review (chapter 2) provides a theoretical background to the
study and contains an introduction to the nervous system and its involvement in
movement. Following a consideration of the components of the motor system, the
rhythmic nature of activity in the nervous system is then presented and discussed in
relation to movement control. At this point the functional significance of
synchronisation in motor control is also considered. Influences of pathological or
non-pathological changes in the form of plasticity are also discussed. One of the
main 1ssues of this thesis is also how attention affects motor control, and it is
examined in detail. Finally some insights in the past, present and future of
neuroprosthetic control, will be presented.

Chapter 3 presents the experimental methodology. The experimental set-up

and protocol, experimental techniques and apparatus used for the experiments carried



out. In chapter 4 the basic analytical methods used for the processing and analysis of
the data acquired during the experimental sessions are presented. Chapter 5 provides
the experimental results with chapter 6 providing a discussion on the findings

presented in chapter 5. The thesis concludes with chapter 7 which contains

recommendations on future work.
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Fig. 2.1 The three functional subsystems of motor control adapted from (Mandl
2000). .r
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2 LITERATURE REVIEW

2.1 MOVEMENT RELATED COMPONENTS OF THE NERVOUS
SYSTEM

The central nervous system provides the basis for conscious intelligence
together with the awareness of one’s sensations, actions, emotions, and environment

as a subjective reality (Mandl 2000). To achieve purposeful actions the nervous

system relies on the frequency and temporal patterns of electrical impulses (action
potentials) to transmit and process sensory information and to distribute motor

commands to the peripheral musculature. The interaction of the nervous system with
the external world is based on a process of abstraction: When simultaneous
activation of several sense organs occurs, the nervous system selects and abstracts

only certain key features of the complex sensory input and evokes appropriate motor

responses.

2.2 THE BRAIN AND ITS RELATION TO MOVEMENT

The human brain, probably the most complex organ in the body, hides many
of its secrets largely due to its vast interconnected structure and organisation. To map
the brain regions or modules and correlating activity with behaviour, has been an
extensive and continuous pursuit for the scientific community. Relating brain maps
to motor function has been accomplished up to a certain extent. These maps were
taken under consideration for the placement of EMG and EEG electrodes on the
appropriate sites studies performed in the framework of this thesis. However, the
association of the anatomical components to function does not appear to be uniquely
defined or ‘hard wired’. The brain emerges as a dynamic system, differentially
engaged according to ongoing situation and task, involving parallel function of more
than one component.

In a simplified way that is sketched in Fig. 2.1, the brain’s command system
includes the motor cortex and association cortex in frontal and parietal lobes,
portions of the basal ganglia, portions of the thalamus and portions of the cerebellum.

The executive system largely comprises the motor cortex, the corticospinal

pathways, a number of brainstem motor nuclei and the spinal segmental motor



Fig. 2.2 Motor areas of the human brain plotted onto a highly simplified sketch of the
cerebral hemispheres. The lateral surface of the left hemisphere is shown below the

medial surface of the right hemisphere. Rostral is to the left; dorsal is up. The dashed
line indicates the fundus of the central sulcus, showing that the primary motor cortex

is located mainly within the rostral (anterior) back of that sulcus. The stippled area
on the medial surface represents the corpus callosum. Ce, central sulcus; CMAs,
cingulate motor areas; FEF, frontal eye field; M1, pnmary motor cortex; PF,
prefrontal cortex; PMd, dorsal premotor cortex; PMv, ventral premotor cortex; PPC,

posterior parietal cortex; SEF, supplementary eye field; pSMA, presupplementary
motor area; SMA, supplementary motor area (Wise and Shadmehr 2002).
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circuits. The control system includes neural proprioceptive pathways originating

from skin and muscle receptors together with portions of the brainstem, thalamus and
cerebellum (Mandl 2000).

2.2.1 Movement Related Components of the Brain

Three major divisions of the brain that are recognized to participate in the

movement are:

° the paired cerebral hemispheres.
o the brain stem
. the cerebellum

2.2.2 The cerebral hemispheres

The cerebral hemispheres of the adult brain are composed of the cerebral
cortex, the underlying white matter, and various subcortical neuronal nuclei. Each

hemisphere relates to motor and sensory functions on the contralateral side of the
body.

2.2.2.1 The cerebral cortex and its involvement in motor control

The cerebral cortex plays a large role in executive/cognitive brain functions.
The sensorimotor areas of the cerebral cortex integrate visual, proprioceptive and
other sensory information during movement planning and execution of voluntary
movement tasks. The motor cortex of the frontal lobe is largely associated with the
control and planning of voluntary movement. It is subdivided on functional and
anatomical basis as illustrated in Fig. 2.2, into three main areas; a primary motor area

(M1), a premotor cortex (PM) and a supplementary motor area (SMA).

2.2.2.1.1 Primary motor cortex

The primary motor cortex (M1) is the area of the brain which contains the
majority of the neurones which make up the fast conducting corticospinal tract which
in higher primates exerts a mono and polysynaptic excitation of contralateral spinal
motoneurons (Porter and Lemon 1993). Because of this spinal projection direct
electrical stimulation of the motor cortex exerts localised movements on the

contralateral side of the body. Similarly, injury to parts of M1causes motor weakness
on the contralateral half of the body.
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Fig. 2.3 Direction of movement is encoded in the motor cortex by the pattern of
activity in an entire population of cells (Georgopoulos et a}. 19?2). A monkey was
trained to move a handle (a) to eight locations arranged radially in one plane around
a central starting position (b). Each row of tics in each raster plot (c) represents
activity in a single trial for a single neuron; 5 neurons are represented with each
neuron’s activity aligned at zero time (the onset of the movemen}). It was S!‘IOWI'I that
individual cells located in the motor cortex fire preferentially in connection to the

movement. The entirety of this activity resulted in a population vector that closely
matched that of the direction of movement.
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The primary motor cortex receives somatosensory inputs from the primary
somatosensory cortex. In fact it receives proprioceptive information from the
muscles to which it projects and tactile information via the somatosensory cortex

through so called transcortical circuits. Additional sources of input arise from the

posterior parietal area, which is involved in integrating multiple sensory modalities

during motor planning.
During early 20" century neurosurgical procedures it was demonstrated that

the human motor cortex is somatotopically organised (Penfield and Boldrey 1937;

Penfield 1975). Thus different areas of the motor cortex when stimulated result in
evoked twitches in different parts of the body. The amount of cortical surface
dedicated to body region and therefore the number of cortical neurons (and hence
corticospinal fibres) associated with movement of that body part is proportional to
the level of precision exercised in performing movements and not the magnitude of

the power required for the motor action. Direct microstimulation of the cortex during

surgery rarely activates individual muscles but result in activity in groups of muscles.
This 1s explained by anatomical and physiological findings in man and primates that

show that the terminal distributions of individual corticospinal axons diverge to
motor neurons innervating more than one muscle (Shinoda et al. 1981).

One of the most controversial issues in neurophysiology is whether muscles
or movements are represented in the primary motor cortex. The activity of motor
cortical neurons was related to variables such as movement or force at individual
joints, more than forty years ago (Evarts 1968). A different perspective came from
primate reaching studies, and relates the M1 activity to the movement of the limb
rather than the individual joints (Fig. 2.3) (Georgopoulos et al. 1982; Georgopoulos
et al. 1983). These studies showed that a population vector constructed from the
fining rates of many cortical neurons tends to correlate with the direction of the hand
movement. Subsequent work from various laboratories has given contradictive
results as far as the relationships between hand motion and neural activity is
concerned, at both the single-cell and population levels. Others have supported
different relationships between hand motion and neural activity. An extrinsic
connection, related to the direction of movement in space independent of the muscle

activity (Kakei et al. 1999), a muscle relationship, related to the activity of

10



individual or groups of muscles (Todorov 2000) and a joint relationship, related to
the angle of the wrist joint (Hoffman and Strick 1999) have been suggested. Initially

it was clamed that both “muscles” and “movements” are strongly represented in M1

(Kakei et al. 1999). However, this view was challenged, with the suggestion that

many of the previously-described correlations between motor cortical activity and

hand motion can be explained with a simple model in which the activity of cortical

neurons encodes the activation of a group of muscles (Todorov 2000).

2.2.2.1.2 Premotor cortex

Movements can also be produced by direct electrical stimulation of the

premotor cortex or PreMotor Area (PMA). This often elicits more complex
movements than M1 involving multiple joints and similar to naturally coordinated
hand movements. Recent studies have shown that there are four main premotor areas
in humans and primates. Motor maps of the face and extremities correspond to every

single PMA as for M1. The premotor areas project to the primary motor area, and

also directly contribute to the corticospinal tract. The areas of termination of the
premotor areas and the M1 in the spinal cord overlap, suggesting that the PMA could
control hand movements independent of the M1 and vice versa. This may be
significant in relation to recovery of function following stroke. The premotor areas
also receive 1nputs from areas of the parietal cortex and they are interconnected with

dense connections themselves. The primary motor and premotor areas also receive

input via different sets of nuclei in the ventrolateral thalamus, from the basal ganglia

and cerebellum (Kandel et al. 2000).

Lesions in the premotor areas cause more complex deficits than those seen
following primary motor cortex lesions. Premotor areas have been connected with
movement planning and motor preparation. Internally triggered movements like the

sequencing of finger movements or manipulating an object involve activity arising

mainly from the supplementary motor areas. Movements initiated mainly by external
stimuli involve primarily the lateral premotor areas (Kandel et al. 2000). Similar
patterns of activity in premotor and posterior parietal areas appear during visual
imagery of a movement. A study demonstrated that a population of neurons in the
monkey ventral premotor cortex (mirror neurons) discharge both when the monkey

performs a grasping action and when it observes the same action performed by other

11
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individuals (Gallese et al. 1996; Rizzolatti et al. 1996). Several recent PET studies
have shown that during motor imagery of grasping actions premotor and inferior
parietal areas are strongly activated (Decety et al. 1994) indicating that a similar

population of cells exist in man. Mental rehearsal of a movement has similar time

course and simulates task performance. These observations may explain the value of
mental rehearsal prior to performance of demanding motor activities. Also, activation

during a specific task changes over time with training as the task becomes more
automatic. In a study comparing cerebral blood flow it was found that complex

movements and 1magined complex movements activate the PMA and may require

similar amount of planning. Simple or repetitive movements activate mainly the M1
(Rao et al. 1993).

2.2.2.1.3 Supplementary motor area
The 1mportance of the supplementary motor area (SMA) for planning and

internal representation has been examined in primate experiments ((Mushiake et al.

1991) 1n (Kandel et al. 2000)). The monkeys were instructed to touch three panels in
a memorised sequence and in a visually guided sequence (the panels were lit in that

sequence). The neurons in the primary motor cortex were active to the same degree
before and during both tasks. In contrast the neurons of the supplementary motor
arca were active before and during the memorised task while neurons of the lateral
premotor areas fire during the visually guided task only. In addition, the firing
pattern of the SMA neurons was specific to particular combinations of tasks
suggesting a involvement in motor planning (Kandel et al. 2000). Stimulation of the
supplementary motor area can produce bilateral movements, probably because this
area coordinates movements on the two sides of the body (i.e. bimanual tasks)
(Kandel et al. 2000).

The presupplementary motor area (pSMA) is an area lying anterior to SMA
having no clear somatotopy (Kandel et al. 2000). While the SMA is involved in the
execution of memorised movements, the pSMA is thought to be involved in the
process of memorising sequences of movements (Hikosaka et al. 1996) as well as

being active during the preparatory period before the trigger of a signal for a
reaching task (Matsuzaka et al. 1992).

12
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2.2,.2.1.4 Parietal lobe

The parietal lobe is divided into three parts: a postcentral gyrus, a superior
parietal lobule, and an inferior parietal lobule. The postcentral gyrus of each
hemisphere is largely concerned with somatic sensation, forming a body image, and
relating one’s body image with extrapersonal space. It receives both superficial and
deep sensory input, from the contralateral half of the body. The somatosensory
cortex contains not one unique but several somatotopic maps. The primary

somatosensory cortex (anterior parietal cortex) contains four complete

representations of the body’s surface. The superior parietal lobule is regarded as an
association cortex, part of which may be concerned with motor function. The inferior

parietal lobule 1s a cortical region concerned with the integration of multiple sensory

signals. The motor regions receive input from the thalamus as well as the sensory

areas of the cerebral cortex.

2.2.2.2 Subcortical areas involved in movement control

Previously, it was described how motor related areas of the cortex affect
human movement. However, an important number of subcortical structures are also

involved 1n motor control. Scalp EEG can pick up cortical signals. However, it is not

able to obtain adequate signal from subcortical structures. The presumed function of

these structures in relation to movement is going to be described.

2.2.2.2.1 Basal ganglia and voluntary movement

A detailed review of basal ganglia anatomy and physiology is out of the
scope of this thesis and only a brief review of its function is given here. The cerebral
cortex 1s massively interconnected with a large group of subcortical nuclei deep
within the cerebral hemispheres known as the “basal ganglia” that play a major role
in normal voluntary movement. The basal ganglia do not have any direct input or
output connections to the spinal cord. Their nuclei receive direct input from the
cerebral cortex and send their output to the brain stem and via the thalamus back to
the cerebral cortex as seen in Fig. 2.4. The basal ganglia are very important for

movement but are not exclusively motor in function. It has been proposed that the

basal ganglia sub-serve functions associated with skeletomotor and oculomotor

control, working memory, attention, and emotional behaviour (Alexander et al.

1986). It 1s also apparent that movement disorders resulting from basal ganglia

13



dysfunction (Parkinson’s disease and Huntington’s disease) result in motor, sensory,
visual, emotional, behavioural and cognitive disturbances. The basal ganglia have
also been implicated in forms of habit learning (Wilson and Keil 1999). Individuals

with Parkinson’s disease or Huntington's disease have been shown to be impaired in
the performance of tasks that depend on habit learning (Knowlton et al. 1996).

Portions have also shown to be active during the performance of tasks that require

learning a sequence of movements (Jenkins et al. 1994; Kermadi and Joseph 1995;
Mushiake and Strick 1995). These observations suggest that the basal ganglia may
play a critical role in what has been termed procedural or motor-skill learning

(Wilson and Keil 1999) and a consideration of this process may be important in

determining control strategies and training protocols for the usage of neuroprosthetic

control devices.

2.2.2.2.2 The Diencephalon & Thalamus

The diencephalon consists of two main subdivisions: the thalamus and the
hypothalamus. The thalamus is involved in the relay and distribution of most, but not
all, sensory and motor signals (apart from olfactory) to specific regions of the
cerebral cortex including a large projection to the primary sensory areas. More than
50 thalamic nuclei have been identified. Some of them project to the primary sensory
cortex. Others contribute to motor function conveying information from the basal

ganglia and cerebellum to motor areas of the frontal lobe. Importantly, a major

output from the cerebellum projects to various thalamic relay nuclei in a pattern
similar to that for somesthetic input. Through those connections the thalamus is
thought to play a role in cognitive functions as memory and attention in addition to
its role as a relay and integrating centre for motor and sensory signals (Kandel et al.
2000).

The outer covering of the thalamus is formed by a sheet like structure, the
reticular nucleus. An implication of the existence of the reticular nucleus is that all
functional components of the thalamus like behavioural, motor, sensory, emotional
or attentional are interconnected and interrelated making thalamus not a simple relay

station but an important integrating centre in its own right (Kandel et al. 2000).
2.2.2.2.3 The Brainstem
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Lying below the diencephalon are the midbrain and hindbrain (pons and
medulla oblongata). These parts of the brain stem are characterized by the reticular
formation and a massive basal collection of fibres descending from the cerebral

cortex to the brain stem and spinal cord. The reticular formation contains a core

collection of cells of various sizes that project to the thalamus, the cerebellum, and

the spinal cord. Surrounding this core are long ascending and descending tracts in

which various cranial nerve nuclei are embedded (Kandel et al. 2000).

The midbrain provides important linkages between components of the motor

control system, the cerebellum, the basal ganglia, and the cerebral hemispheres. The
pons’ main function is to convey (relay) information about movement and sensation

from the cerebral hemisphere to the cerebellum. Located in the periphery of the pons

are long ascending and descending tracts that connect the brain to the spinal cord
(Kandel et al. 2000).

Fibres derived from the cerebral cortex lie on or near the ventral surface of

the midbrain, pons, and medulla. At the midbrain they gather into two bundles which
descend into the pons, where most terminate upon cell nuclei that project into the

cerebellum (corticopontine tract). The medullary pyramids forming the corticospinal

tract can be found here (Kandel et al. 2000).

2.2.3 Corticospinal tract

Regarded as the most important tract concerned with skilled voluntary
activity in humans, the corticospinal tract (or pyramidal tract) originates from cells in
the premotor, pnmary motor, and primary sensory cortex, and synapse on the
motoneuronal pools enabling communication between these distant elements of
central and peripheral nervous system (Fig. 2.5). Anatomically it contains about one

million fibres, 40% of which originate in the M1. It forms a significant part of the

posterior limb of the internal capsule and is a major constituent of the crus cerebri in
the midbrain. In the lower medulla about 90 percent of the fibres decussate and
descend 1n the dorsal part of the lateral funiculus of the spinal cord with about 10%

of the fibres descending ipsilaterally until they reach the level of the spinal cord at
which they terminate. Of the fibres that do not cross in the medulla, approximately

8% cross 1n cervical spinal segments (Kandel et al. 2000).
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The descending corticospinal tract crosses the opposite side of the spinal cord
the same way that the ascending somatosensory system does. As the tract descends,
fibres and collaterals are given off at all segmental levels, synapsing upon

Interneurons and directly with motor neurons. Approximately SO percent of the

corticospinal fibres terminate within cervical segments. Corticomotoneuronal cells

not only branch to synapse on motoneurons innervating a particular muscle, but also

exert their facilitatory influence over motoneurones lying in different muscles. The

monosynaptic connections to motoneurones are considered important for producing

independent finger movements in man given that this ability does not exist in lower
mammals that have fused finger movements and a less developed corticospinal tract.
The indirect connections trough spinal interneurons are very important for tasks
where coordination of large groups of muscles is required such as reaching (Kandel

et al. 2000).

Each corticomotoneuronal axon is capable of delivering synapses to large
numbers of motoneurones. It is the cooperative action of the large numbers of
corticomotoneuronal cells that provides the structural basis for the refined motor

performance of the human hand since individual corticomotoneuronal cells exert
relatively weak contributions to the motoneurones they synapse on, This aids in the
selection of particular motor-units, giving the capacity to fractionate the use of
distally acting muscles. The presence of short-term synchronisation between motor-
units in the same and in different synergistic muscles is believed to reflect activity in
a common presynaptic input to the motoneurones innervating these muscles. It is
believed that much of the short-term synchrony has a corticospinal origin, most
likely in the primary motor cortex (Kandel et al. 2000).

The spinal neurons also receive inputs from other motor areas in the frontal

lobes, including the SMA and the pre-motor areas as well as from the somatosensory

cortex and the ipsilateral primary and association motor areas. The propriospinal
neurones also receive inputs from corticobulbar pathways, which incidentally
originate from the same motor areas of the frontal lobe. The higher mammals have

evolved with increasing numbers of bilateral SMA and pre-motor projections to the

ventromedial intermediate zone (Kandel et al. 2000).
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Fig. 2.6 Anatomy of the cerebellum. From top to bottom it is divided into three
lobes; anterior, superior posterior and inferior posterior lobe. From midline out the
cerebellum is divided into the vermis, intermediate, and lateral parts. The folia or
folds of the cerebellum run horizontally and are smaller than in the cerebral cortex
(http://www.med.uwo.ca 2005).

17A



is cuc it 7 e WAL e i i A S e d it Al o T

A relatively small lesion to the internal capsule of the corticospinal tract may
result in contralateral muscle weakness, spasticity, greatly increased deep tendon

reflexes, and certain abnormal reflexes. Bilateral corticospinal tract infarction causes

tetraparesis or tetraplegia.

2.2.3.1 Cerebellum

The cerebellum is a central structure extremely significant for motor control

from which an EEG signal through the scalp can not be obtained (Fig. 2.6). The
cerebellum constitutes only 10-15% of the entire brain weight, yet itcontains more

than half of all it neurons. It is divided into distinct regions, with each one receiving
projections from different parts of the brain and spinal cord and projecting to
different motor systems. The major function of the cerebellum is to enable the
learning of performance of movements in an accurate and smooth way. Lesions of
the cerebellum produce a constellation of disturbances, including intention tremor,

ataxia, hypotonus, easy fatigability, and disturbances of speech. Spatial accuracy and

temporal coordination of movement suffer, as well as balance, muscle tone, motor
learning and certain purely cognitive functions (Kandel et al. 2000).

The cerebellum is provided with vast amounts of information about the goals,
commands and feedback signals associated with the planning and performance of
movement. The main recipients of the cerebellar output are the premotor and motor
systems of the cerebral cortex and brain stem, systems controlling spinal neurons and
motor neurons directly. Synaptic transmission in the circuit models is plastic. It was
observed that motor disturbances in an animal caused by a partial lesion of the
cerebellum were gradually compensated for due to the functional plasticity of
cerebellar tissues (Wilson and Keil 1999) a feature that is very important for motor

adaptation and learning.

The cerebellum traditionally has been viewed for more than a century as a

neural device with a singular motor control function. It has been suggested that the

lateralmost part of the cerebellar hemisphere is involved in cognitive as well as

motor functions (Leiner et al. 1986; Leiner et al. 1993), including thought, sensory

discrimination, attention, working memory, semantic association, verbal learning and

memory, and complex problem solving (Allen et al. 1997).
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Cross-Section of the Spinal Cord
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Fig. 2.7 A cross-section of the spinal cord shows the different view of the
organization of the ascending (blue - sensory) and descending (orange - motor)
pathways (http://science-education.nth.gov 2005).
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2.3 SPINAL CORD

The conscious thoughts and intentions may originate in the brain, but the
awareness of the limbs and the trunk and the control over posture and movement
depend on continuous communication between the brain and the peripheral nervous

system trough the spinal cord. The spinal cord is structurally and functionally

integrated with the brain. It extends from the medulla oblongata of the hindbrain to a

level between the first and second lumbar vertebrae of the backbone (Kandel et al.
2000).

A cross section of the spinal cord (Fig. 2.7) reveals long tracts of myelinated

nerve fibres, known as white matter, arranged around the periphery of a symmetrical,
butterfly-shaped cellular matrix of gray matter. All parts of the spinal gray contain
interneurons which distribute and process motor and sensory signals. Some
interneurons may modulate or change the character of afferent signals, while others
play key roles in generating patterned reflexes. Sensory tracts ascending in the white
matter of the spinal cord arise either from cells of spinal ganglia or from intrinsic
neurons within the gray matter that receive primary sensory input.

Many of the fibres, or collaterals, of the spinothalamic tracts end upon cell
groups 1n the reticular formation, while the principal tracts convey sensory impulses
to relay nuclei in the thalamus. Impulses from stretch receptors are carried by
spinocerebellar tracts, transmitting to portions of the anterior lobe of the cerebellum

and are involved in mechanisms that automatically regulate muscle tone without

reaching consciousness.

Tracts descending to the spinal cord are concerned with voluntary motor
function, regulation of muscle tone, reflexes and equilibrium, visceral innervation,
and modulation of ascending sensory signals. The largest and most important tract
for motor function in humans is the corticospinal tract which arises in the primary
motor cortex (M1) and has been described before. Smaller descending tracts, which

include the rubrospinal tract, the vestibulospinal tract, and the reticulospinal tract,
originate in discrete and diffuse nuclei in the midbrain, pons, and medulla. Most of

these brain-stem nuclei themselves receive input from the cere<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>