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Abstract

For the patient with extensive paralysis, developments in the emerging area of Brain Computer
Interfaces (BCI) offer the prospect that some level of independent function can be regained by
using signals recorded from the brain to control mobility aids or other forms of assistive
technology. However, current BCI’s are often slow and require extended user training. There is
also a lack of multi-dimensional control and this places a limitation on the type of assistive
technology that can be used with a BCI. The current study aims to investigate whether multi-
dimensional control can be achieved from classification of brain activity recorded by surface
electro-encephalogram (EEG) that precedes movement during motor tasks associated with rapid
point-to-point movements of the wrist in different directions (or of the imagination of this task).
The hypothesis is that because of the known properties of cortical neurones from the different
areas of the cortex the electrical fields associated with this type of movement will be classifiable
in relation to direction of movement of the wrist. Experiments were conducted with local ethical
approval on normal subjects and EEG data from high density electrode montages were recorded.
The study successfully identified the existence of statistical differences in the relative power of
the EEG 1n the alpha, beta and gamma bands during the time preceding movement initiation
related to movement in different directions. Classification of single pre-movement EEG epochs
based on Euclidean Distance, K-nearest neighbour and binary decision tree techniques resulted
In high success rates of upto 95%. These classification results support the hypothesis that the
production or imagination of rapid wrist movements to different directions can be used for
robust BCI systems that based on these results could achieved 4 separable command states. The
construction of topographic maps of the success rates achieved in these classification results also
reveal considerable variability in the electrode sites that produce the highest classification rates
and this highlights the need for careful consideration of the number and location of EEG
recording sites needed for multi-dimensional BCI systems. The work completed in this thesis
has demonstrated that multi-dimensional control can be achieved by EEG based BCI devices

that do not require computationally expensive algorithms for intention detection and

classification.
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Chapter 1: Introduction

Johann Wolfgang once said “Thinking is easy, acting is difficult and to put one’s
thought into action is the most difficult thing in the world”. This is particularly true for
those who are affected by debilitating neuromuscular disorder brought on by condition

like spinal cord injury (SCI), motor neurone disease or brain stem stroke. -

In USA alone, SCI has an incidence rate of 40 injuries per million and this works to
about 11,000 new cases per year. It has been reported that the most frequent neurologic
category at discharge is incomplete tetraplegia(34.1%) followed by complete
paraplegia(23%), complete tetraplegia(18.3%) and incomplete paraplegia(18.5).
Tablel.1 and 1.2 compare the average life expectancy of people with SCI at different

levels. (http://www.spinalcord.uab.edu/show.asp?durki=21446)

Table 1.1. Life expectancy of persons who survive the first 24 hrs. (Referenced from
http://www.spinalcord.uab.edu/show.asp?durki=21446

. T ]

Age at| No Para | Low High Ventilator

Injury @ SCI | Tetra Tetra Dependent
C5-C8 C1-C4 at any Level

20 vyrs 58.2 45.3 140.2 Years | 35.9 Years | 16.4 Years

40 yrs | 39.3 27.7 1235 Years | 20.0 Years | 6.9 Years
60 yrs | 22.0 12.8 1 10.0 Years | 7.8 Years | 1.4 Years

Table 1.2. Life expectancy of persons who survive at least one year post injury. (Referenced from
http://www.spinalcord.uab.edu/show.asp?durki=21446

Age at No Para | Low Tetra High Tetra Ventilator
Injury SCl | (C5-C8) (C1-C4) Dependent
| at any Level
20 yrs 582 [45.9 | 414 Years 37.8 Years | 23.1 Years o
39.3 |28.3 |24.4 Years 21.5 Years | 109 Years |
3.0 Years

The study conducted by Westgren (Bret L. Hicken 2002) showed that individuals with

spinal cord injury “enjoyed” a quality of life which was significantly lower than the

normal population. Table 1.3 shows the measures of function and well being for both




groups. Each measure is scales from 0 to 100, O indicating worst health and 100

indicating best health.

Table 1.3. Quality of life after spinal cord injury (Modified from {Westgren, 1998 #27})

SubScale Low Scores Indicate SCI Groug _
Function
Physical functioning | Limitation in physical activities mm

Problems with work/daily activities as a w
Physical result of physical health
Role function, Problems with work/daily activities as a w
bhysical result of emotional problems
Interference with normal social activities m
due to physical/emotional problems.

‘Bodilypain | Limitingpain _______ [572 [285 [748 [26.1 [0001
Well-Being
Mental health Feelings of nervousness and depression mm
Feelings if fatigue 614 [230 [688 |228 [0.001

General health Feelings of poor health, likely to get worse | 63.9 m

Table 1.4 shows the average yearly care cost for the people with SCI. It 1s seen

immediately that these expenses vary depending on the severity of the injury and are

highest for persons which high tetraplegia.

Table 1.4 Average Yearly Expenses (in 2006 dollars US). Referenced from {Westgren, 1998 #27}.

Severity of Injur First Year | Each Subsequent Year

High Tetraplegia (C1-C4 [ $741,425 |$132,807

Low Tetraplegia (C5-C8 $478,782 $54,400
$270,913 | $27,568

Incomplete Motor Functional at any Level | $218.,504 | $15,313

Table 1 5. Estimated lifetime costs by Age at Injury (in dollars US). Referenced from {Westgren,
1998 #27}

Incomplete Motor Functional at any Level

Research (Francis et al. 1999; Hicken 2002; Foley et al. 2002; Sturm 2004) on stroke or
and motor neurone disease patients also highlights the low quality of life and high cost

of these highly dependent patients. The common finding for people with extensive



paralysis is that they lack the independence enjoyed by the normal population and

depend on other for almost all functions and daily living.

Brain Computer Interface is a technological interface between the human brain and a
computer; it is a prosthesis which augments the working of an impaired nervous system.
The main purpose in developing motor neuroprosthetics 1s to be able to help restore
independent control of the body and to enable control of assistive devices for individuals
who are paralysed. Providing a controllable channel for higly dependent paralysed

people may therefor lead to significant improvement in life quality and may assist in

reducing care costs.

2. PROJECT OBJECTIVES

The Research at the neuro-physiology laboratory at the Bioengineering Unit, University
of Strathclyde is primarily about movement and its control and a significant research
effort has been directed to study the relationship between brain signals and motor
output. We believe that it is theoretically poissible to extract information from the
Electroencephalogram (EEG) which relates to different aspects of movement
preparation(intention) and execution and the detection of signals related to movement in

different directions can serve as multi-dimensional control for a brain computer

interface.

The main objective of the project was to develop a Brain Computer Interface (BCI)
based on Motor Related Cortical Potentials.

» The BCI should be able to recognize the user’s intentions to move their wrist 1n

different directions (actual or imagined) in order to provide multiple classifiable

events for multiple commands.

» The classification of signals by the BCI should be reliable and consistent in its

decision making.

The BCI should work real-time and should operate without any significant delays.



Chapter 2: Literature Review

The chapter below reviews the current literature on the control of movement relevant to
this thesis. It discusses the different structures within the central nervous system which
are involved in the control of movement. It then discusses how the different kinematic
parameters like force, speed and direction may be controlled. It also examines the
control of different movement types. Since brain computer interfaces are primarily to be
used by people with severe motor paralysis the chapter compares activity within the
brain during imagination of movement against actual movement. The section on
“Paralysis and Loss of Voluntary Movement” discusses the various conditions which
can lead to severe motor paralysits and thus could benefit from a brain computer
interface. The last section in the chapter reviews current brain computer interface

technologies highlighting the need for further work.

2.1 Neural Control Of Movement

An essential feature of being human 1s to be able to interact with ones surroundings by
reacting to it, controlling it (to an extent) and to communicate with it. This involves the
integration of both the sensory and motor systems of the body. The sensory systems
provide an internal representation of the outside world. This allows for the extraction of
essential information needed to inform motor systems that allow us to maintain posture
and balance, control movement of our body, limbs, and eyes and to communicate
through speech and gesture. The motor system thus transforms neural information into
physical energy by issuing commands that are transmitted from the central nervous

system to the skeletal muscles where these commands are translated into force.

The capabilities of our motor systems to plan, coordinated and execute movements are
reflected in our agility and dexterity. Once trained our motor system executes a motor

program for each skill with ease, almost automatically.



2.1.1 Classification of movement

At the simplest level movements can be considered to be either voluntary or reflex.
» Voluntary movement are considered complex because:

o They are purposeful and initiated by conscious decision.

o They are goal directed

o They display learning where performance improves with practice.

o Voluntary movements are initiated in higher brain centres and act on spinal
circuits by descending pathways.

» Reflex responses are the simplest of movements and are normally evoked by sensory

stimuli. They are rapid and mostly stereotyped. Reflexes can be evoked at a local
level through short pathways within the spinal cord or via larger loops that influence

cortical activity. (Eric et al. 1991).

All movements are caused by the contraction and relaxation of muscles at joints. Since
individual muscles can only pull, coordination of many muscles is required in synergy to
produce controlled motion. Each movement at a joint thus brings into play sets of
muscles: some acting as agonists and the others acting as antagonists. By the combined

action of these muscles helps generate control movements. (John et al. 1991)

The motor system needs to carry out three additional tasks in addition to simply
controlling the contraction and relaxation of muscles (Melvill et al. 1991) and (John et
al. 1991).

e [t must transmit accurately timed commands to the many different muscle groups

involved in the movement generation (synergy).

¢ The motor system must make adjustments to the posture/ distribution of body

mass for the movement to be executed without leading to instability.

e Finally the motor system must take into account the motor plant: the mechanical

arrangement of the muscles, bones and joints, and should make continuous

adjustments in time and amplitude to motor drive to compensate for effects of



inertia of the limb and the mechanical arrangement of the muscles, bones, and

joints being moved.

To be able to integrate these three features into voluntary and reflex movements the
motor system relies on two different inter-related organizational features: the first is the
continuous avalilability of sensory information of events in the environment, the position
and ortentation of the body and limbs, and the degree of the contraction of the muscles.
The second 1s that the motor system 1s organized into a hierarchy of control levels and
each 1s supported with sensory information that is relevant for its proper functioning
hierarchy (John et al. 1991) and ( Eric et al. 1991).The higher levels are concerned with
the strategic issues such as the selection of a response appropriate to a specific goal and
need not make continuous change for the moment-to-moment sensory information; this

task 1s relegated to the lower levels of the motor system( John et al. 1991; Eric et al.
1991).

2.1.2 Transformation of Sensory Information into Motor Commands

Movement 1s one of the responses of the brain to environmental stimuli. Movements
evolve both in space and time. Thus, for the proper functioning of the motor systems
there is a need for the continuous flow of information about the environment. Firstly,
vision, hearing and other receptors on the body provide information relating to the
environment, the objects, their position and our position in space relative to the objects.
Secondly, the sensory information also contains information regarding the position and
orientation (angle of joints) of the limbs of the body. They also contain information

regarding the length and tension in the muscles. (Shen and Alexander 1997, and Kalaska
et al. 1997).

Need for sensory information is necessary to correct errors through feedback and feed
forward mechanisms. (Eric et al. 1991). A high gain feedback loop can lead an

undesirable state of oscillation. The sensory information is thus necessary for the

following;:



e To guide a goal oriented movement such as when reaching for an object. Here
sensory feedback(actual movement direction) is compared with a reference
signal (reference movement direction) by a controller (internal model) which
compensates for error and issues corrective action.

e Feedback information can be used to help maintain or regulate a variable such as
position or force. In this the reference signal is a constant.

e Sensory information can often control future motor actions by providing advance
rather than feedback information. For example like that necessary to catch a ball.

Here the information regarding the trajectory of the ball is predicted by the
sensory feedback.

The control provided thus can be both feedback and feed-forward. The feedback is used
to control posture and slow movements because of the long conduction delay involved.
The feed-forward mechanisms are not affected by long-delays and operate more quickly.
While with feedback the resulting state is continuously monitored and used to controls
the movement from moment to moment, in feed-forward mechanisms the resulting state

1s evaluated only after the completion of the response of the muscles (Geoffrey et al.
1991; John et al. 1991; Pearson 2000).

2.1.3 Hierarchy of Motor Control

It takes a remarkably complex system to initiate, coordinate, and integrate the ongoing
control of muscular contractions that result in human movement. Proper control of
movement involves: the accurate timing and coordination of commands to multiple
muscle groups, an on-going monitor of the current position of the body and distribution
of body mass to allow for making necessary adjustments to body posture, and the
consideration of factors imposed by the unique physical characteristics of the body and
muscles (such as inertia, resistance, and muscle stiffness). All movement is controlled by
multiple structures that compose a hierarchically arranged system. The feedback, feed-

forward and adaptive mechanisms of control of movement are distributed anatomically



between 1) spinal cord, 2) the brain stem and basal ganglia, 3) primary motor cortex, and

4) associational cortex and higher centres. (Scott et al. 1997,Alexander 1990, John et al.
1991, and Enc etal. 1991).

The hierarchical structure means that higher centres can provide an execution command
without having to specify the full requirements of the motion as lower centres (brain

stem, spinal cord) have the capability to integrate the descending motor command with
the complex spatiotemporal patterns of muscle activation required to generate
purposeful movements yet not disrupt static or dynamic posture (see figure 2.1). It is
believed that this combination of parallel and hierarchical mechanisms is important in
the recovery of function after local lesions where reorganization and plasticity can aid in

providing an alternative motor output channel to the damaged pathway. (Grasso,

Ivanenko et al. 2004)

Cerebral cortex
Motor areas

Basal
ganglia

Brain

Cerebellum stom

i

Muscle
_ contraction
Spinal cord and
movement

Sensory
receptors

Figure 2.1 Shows the different systems involved in the production of muscle contraction and
movement. Refered from http://www.fiu.edu/~condon/ksj35-3.¢gif



There are three features of the motor hierarchy that are important:
» First, each component of the motor system displays Somatotopic maps
» Second, each level receives information from the periphery so that the sensory
input can modify the actions of the descending commands.
» Third, higher levels can control the amount of information that they receive by
facilitating or suppressing the transmission of afferent input in the sensory relay

nuclei.

The cortical hemisphere contains a number of distinct areas supporting different motor,
sensory and cognitive functions. (Roland and Zilles 1996). Some of them will be

reviewed here.

2.1.3.1 The Associational Cortex and Higher Centres
The assoctational cortex areas lie outside the primary, secondary and tertiary areas. They

are involved to different degrees in the control of the three main brain functions:
perception, movement and motivation and for this they integrate diverse information.
(John et al. 1991, Scott et al. 1997 and Mikami et al. 1997).

The parnietal-temporal-occipital association cortex occupies the interface between the
three lobes for which it was named (see figure 2.2). It is believed to participate in

forming complex perceptions by combining the primary sensory inputs of somatic

sensation, hearing and vision.

The prefrontal association cortex, which occupies most of the rostral part of the frontal
lobe (see figure 2.2), is concerned with the important function of planning voluntary
movement. The limbic association cortex is located on the medial and inferior surfaces
of the cerebral hemisphere (see figure 2.3) , in portions of the parietal, temporal and

frontal lobes; and is devoted mainly to the motivation, emotion and memory.
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Figure2.2 shows the anatomic location of the different association cortex. |Referred from Pg 278,
Principles Of Neural Science, Third Edition. Kandel et al 1991.]

The area of the frontal lobe that 1s anterior to the primary motor area has traditionally

been divided into two regions: pre-motor areas (discussed later), and the prefrontal
association cortex, which lies anterior to the pre-motor area (see figure 2.3). While the

prefrontal cortex 1s important for the planning of movement the pre-motor area is

important for the initiation of movement. ( John et al. 1991).

Primary motor cortex
Primary somatic sensory cortex

> Higher-order visual cortex

; Primary visual cortex
Y NS

3. Parigtal-temporal-occipital
association cortex

Figure2.3 shows the division of the frontal lobe into prefrontal association cortex and premotor
cortex. Referred from Pg 825, Principles Of Neural Science, Third Edition. Kandel et al.
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Both the prefrontal and pre-motor areas receive input from the higher-order sensory
areas of the cortex. Those areas of the higher-order sensory cortex that are more closely
connected to the primary sensory areas project to the pre-motor cortex which in-turn has
projection to the primary motor arca. Those areas of the higher-order sensory cortex that
are less connected to the primary sensory areas project to the pre-frontal cortex which
itself has projections to the pre-motor area.. The more precise representation of the
sensory information is permitted by the differential pattern of the connections
(somatotopic features). The prefrontal cortex also receives input from the limbic
associational cortex — thus motor planning i1s also affected by emotions. Figure 2.4

shows a pictorial represenation of these connections

Surrounding the primary areas are the higher-order sensory and motor areas. The higher
order sensory and motor areas process complex aspects of information related to motor
function. While higher sensory areas integrate information coming from the primary
sensory areas the higher-order motor areas send complex information required for the

motor act to the primary motor cortex. ( John et al. 1991, Kalaska, Scott et al. 1997)

Primary motor Higher -order Association cortices
and sensory cortices motor and sensory corices
Premotor Prefrontal
canex conex
Higher -order Parietal-temporal-occipital
SENsSory conex conax

Limbic cortex

Figure2.4 shows the connection between the association cortex, the higher order motor centres and

the higher order sensory cortex. From Kandel et al, Principles Of Neural Science, Third Edition.
Pg 826.
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In summary, the primary sensory areas of the cerebral cortex are devoted to the
reception and initial cortical processing of sensory information. The primary areas
project to the higher areas that further elaborate and process sensory input. The higher-
order arcas connect to the association areas; these provide the link between sensation
and action by making connections with the higher order motor areas. The higher-order
motor areas, In-turn, project to the primary cortex, which exerts direct control over
motor neurons. (Deiber, Ibanez et al. 1996, Roland and Zilles 1996, Kalaska et al.

1997,Georgopoulos 2002 and Georgopoulos 2000).

2.1.3.2 Motor Areas of the Cerebral Cortex
In 1870 Gustav Fritsch and Eduard Hitzig provided the first direct evidence that the

motor areas of the brain are organized somatotopically i.e. distinct areas of the brain
control movement of different parts of the contralateral side of the body (John et al.
1991, Metman et al. 1993). Pioneering work on patients by Penfield and Woosely’s
work on monkeys using electrical stimulation of the cortex showed that the primary
motor cortex contains a motor map of the body. They observed localised contraction of
muscles resulting from the stimulation of the precentral gyrus. Not all body parts are
represented equally in the motor map (see figure 2.5). Those parts of the body which are
involved 1n tasks requiring precision and fine control, such as the face and hands, have a

disproportionately large representation in the motor map.

Figure 2.5.Shows the somatotopic organization of motor cortex. From Kandel et al, Principles Of
Neural Science, Third Edition. Pg 610).
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Stimulation of the area anterior to the primary motor cortex can also produce motor
effects. These areas are called as the pre-motor areas. There are four main pre-motor
areas the lateral ventral, the lateral dorsal, the supplementary and the cingulate motor
areas. (John et al. 1991, Roland and Zilles 1996, Deiber 1991 ). Stimulation studies of
the pre-motor areas show that complex movements involving multiple joints and
bilateral movements are evoked as compared to the more localised connection seen with
motor cortical stimulation. The four pre-motor areas project both into the primary motor
cortex and the spinal cord. Each of the pre-motor areas receives sensory input from
distinct locations within brodman areas 5, 7 and 46. While areas 5 and 7 provide
sensory information, area 46 is associated with the working memory and for example
stores information necessary for guiding a movement. Other than these connections
there are extensive connections between the pre-motor areas themselves. It is thought
that these allow the pre-motor areas to plan and coordinate complex movements by

regulating the working of the primary motor cortex and the motor neurons in the spinal

cord.

2.1.3.3 Basal Ganglia
The Caudate nucleus, Putamen, Pallidum, Subthalamic nucleus and Susbstatia nigra, are

collectively called the basal ganglia (see figure 2.6). The basal ganglia and several
associated sub-thalamic and midbrain structures participate in the control of movement
along with cerebellum and other descending motor systems and play an important role in
the extra-pyramidal control of motion. The basal ganglia receive massive input from the
motor cortex and thalamus. The corticostriate projection, which arises from the cerebral
cortex, contains fibres from motor, sensory, association and limbic areas of the cerebral
cortex. The basal ganglia do not directly project to the spinal cord but form many

parallel loops within cortical pathways. Accordingly basal ganglia are well placed for

coordinating the activity of the cerebral cortex and thalamus. The major efferents from
the basal gangha project to the thalamus and the mid brain. The thalamic nuclei that

receive projections from the basal ganglia also receive projections from the cerebellum.

13



These thalamic nuclei in-turn project onto the prefrontal cortex and the pre-central
gyrus. Through these complex pathways the basal ganglia can influence the

corticospinal and corticobulbar systems.
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Figure 2.6 shows the anatomic location and substructures within the Basal Ganglia. Refered from
http://cti.ite.virginia.edu/~psyc220/kalat/JK246.fig8.15.basal ganglia.jpg

Studies by Bares et al (2001) have provided evidence that the basal ganglia play an
important role in the intiation of movement. The study found that the activity of single
neurons in different regions of monkey basal ganglia changes preceding the movement
of a body part and before the firing of neurons of the motor cortex and cerebellum.
(Grillner and Georgopoulos 1996, Georgopoulos 2000; Bares and Rektor 2001and
Georgopoulos 2002). Diseases of the basal ganglia structures lead to many forms of
movement disorders with symptoms including bradykinesis, poor and inappropriate co-

contraction of muscle groups, and involuntary tremors.

14



2.1.3.4 Brain Stem

The brain stem is located in the small region between the start of the spinal cord and the
diencephalon. The brain stem contains three types of structures: nuclear groups, long
tracts (both motor and sensory), and the components of the reticular formation, which 1s
a loosely organized collection of cells concerned with modulating behavioural
performance and awareness by their control on the cerebral cortex and the spinal cord

(see figure 2.7).
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Figure 2.7 Shows the cross-section view of the brain stem. Refered from
http://images.encarta.msn.com/xrefmedia/aencmed/targets/illus/ilt/T012864A.gif

There are many groups of neurons in the brain stem that project to the spinal grey

matter. which based on their location have been classified into the medial and the lateral

pathways, which will be described later.

2.1.3.5 The Various Descending Spinal Pathways
Pyramidal Pathway

A major output pathway for voluntary motor control 1s provided by the corticospinal
tract system that originates from the pyramidal cells (upper motor neurones) of the
primary motor cortex. The corticospinal pathway i1s notable because it forms a direct

monosynaptic input to lower motor neurons in human and non-human primates giving a
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fast and excitatory connection from the brain to muscle; it also works indirectly through
the extra-pyramidal medial and lateral pathways (explained next) that it innervates.
Corticospinal tract not only excites motoneurons but also activates interneurons within

the spinal cord. Figure 2.8 shows the corticospinal pathways.
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Figure 2.8. Shows the pyramidal tract. Referred from www.utdallas.edu/~tres/integ/mot2/2 12.jpg

Extra-pyramidal pathway

From an anatomical perspective a medial and lateral division of the extra-pyramidal
system can be described. The medial pathway within the extra-pyramidal system helps
control the gross movements of the trunk and proximal limb muscles. By acting to
facilitate, or mhibit lower motor neurons the medial pathway can modity and direct the
skeletal muscle contraction. Thus the various motor pathways can interact not only at the
level of the brain but also at the level of the lower motor neuron. The medial pathway
originates from — the vestibular nuclei, the superior and inferior calliculi and the
reticular formation. The medial pathway influences the axial and proximal muscles and

terminates in the ventro-medial part of the spinal grey matter.
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The medial pathways shown in figure 2.9 and 2.10 have three major components — the
vestibulospinal tract, the reticulospinal tract and the tectospinal tract.  The
vestibulospinal tract carries information for reflex control of balance and posture, the
reticulospinal tract is important for the control of posture and the tectospinal tract 1s
important the coordination of the hcad and eye movements. Lesion and stimulation
studies of the spinal cord and the brain stem in cats have demonstrated that signals
descending via the reticulospinal tract play an important role in activating mechanisms
for locomotion (cerebellar-induced locomotion — reticulospinal control of spinal rhythm

generating mechanism in cats — neuronal mechanism for generating locomotor activity).

The lateral pathway within the extra-pyramidal pathways helps control the more precise
movements of the distal limb. By facilitating, or inhibiting lower motor neurons the
medial pathway also acts to modify and direct the skeletal muscle contraction. Thus the
various motor pathways can interact not only at the level of the brain but also at the
spinal level to influence lower motor neuron activity. The origin neurons of the lateral
pathway include the red nuclei of the mesencephalon. The lateral pathway terminates in
the dorso-lateral part of the spinal grey matter and contain the aminergic pathway, which
originates in the nuclei of the brain stem, branches diffusely throughout the spinal cord

providing a neuromodulating action in spinal circuits by the release of monoamines such

as noradrenalin and serotonin.

The rubrospinal tract originating from the red nucleus in the mid brain is the main lateral
descending tract. These fibres descend to the spinal cord through the medulla and are
involved in the control of distal muscles involved in a variety of fine movements. In

humans this function is also largely assumed by the corticospinal system.
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Figure 2.9. Shows the medial pathway of the extra-pyramidal system .Modified from
http://web.lemoyne.edu/~hevern/psy340/graphics/tracts.ventromedial.2.jpg

Figure 2.10. Shows the lateral pathway of the extra-pyramidal system .Modified from
http://web.lemoyne.edu/~hevern/psy340/graphics/tracts.dorsolateral.2.jpg
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2.1.4 Control of Movement Parameters

Movements generally involve coordination across multiple joints and also require
precise timing in the activation and deactivation of muscles. Each voluntary movement

thus can be defined by the spatio-temporal patterns of muscle drive but more simply by
the global features of movement such as direction and speed. In order to understand how
movement is controlled it is necessary to understand how individual neurons act to
control natural motor behaviour and how parameter of movement may be encoded by
neuronal systems. A significant step towards this understanding was taken in 1960s
when Edward Evans discovered the correlation between the activities of single neurons
with specific behaviours in active primates. Later Evarts and Jun Tanji (1976)
demonstrated that cells in cortex changed their baseline discharge rate when a primate
waited for a signal to move in an instructed delay task. This shows that the intention to
move alters the firing of neurons 1n the primary motor cortex the source of the cortico-

spinal tract. (Claude et al. 1991, Tanji and Evarts 1976).

2.1.4.1 Neural Control of Force
In his experiment Evarts also found that the firing of neurons in the primary motor

cortex varied with the amount of force that the primate was required to generate to move
its hand and not with the displacement of the hand (John et al. 1991). Later in the 1970s
Fetz and his co-researchers found corticomotoneuronal cells that project mono-
synaptically to more than one motor nucleus and occasionally to muscles that control
different joints. Literature also tells that the force was linearly correlated to the firing
rate 1<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>