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ABSTRACT

This thesis is about psychomotor combinations o f action. Psychomotor combinations o f
action relate to the different ways in which movements are put together. This idea is
inspired by everyday life in which most o f the actions we perform are combinations o f
various sub-components. A basic serial model o f motor control is outlined which moves
from stimulus identification (or the formation o f an internal drive to move), via selection
o f a motor program to the eventual execution of that motor program. The model serves
as a context in which to place the studies in the thesis. This thesis is divided into two
parts, focussing on two different types o f psychomotor combinations o f action. The first
part focuses on actions that are motorically identical but psychologically different and the
second part is concerned with actions that are psychologically bound but motorically
different.

In order to investigate the former class o f actions studies were conducted in which the
motor output was held constant and the context in which this output is made was
changed. Subjects made internally generated and externally triggered, but motorically
identical actions in order to investigate this issue. In chapter 3, experiment 1 used
measures o f reaction time, and muscle activation (EMG) to examine externally triggered
and internally generated actions and the control system(s) that produce them. It was
found that internally generated actions exhibited greater levels o f EMG activation than
their externally triggered counterparts. In chapter 4, experiment 2, event related
functional Magnetic Resonance Imaging was employed to investigate the neural systems
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underlying the production o f actions that are motorically identical but psychologically
different and how these systems might be related. Similar networks o f brain activation
were found for both internally generated and externally triggered actions. In addition, in a
condition in which subjects prepared an internally generated action with the possibility o f
having to override their preparations in order to respond to an auditory tone, prefrontal
areas were found to be active.

To investigate actions that are bound at the psychological but different at the motor level,
bimanual coordination tasks in which subjects were required to bind the different actions
o f the two hands together were employed. In such cases the psychological “goal” o f the
action is singular but the hands must perform different movements to achieve it. In
chapters 5 and 6, experiments 3 and 4 employed the technique o f repetitive transcranial
magnetic stimulation to investigate the brain regions involved in the control and
coordination o f a bimanual coordination task. The SMA was found to be involved in the
timing aspects o f bimanual coordination. In chapter 7, experiment 5 examined the issue
o f motorically different but psychologically bound movements in a slightly different way
by investigating the influence o f perceptual and motor factors on the ability o f subjects to
produce coordinated movements. Motor factors were found to be more important than
perceptual factors for coordination o f discrete actions. The last chapter o f the thesis
summarises the results from the experiments reported and attempts to relate them back to
the basic serial model o f motor control proposed in chapter 1. The results are discussed in
the light o f relevant current knowledge in psychology and neuroscience.
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Chapter 1 Psychomotor Combinations o f A c tio n -A Conceptual Framework

Chapter 1 Psvchomotor Combinations of Action - A Conceptual Framework

1.1 Introduction to this Thesis

This thesis is about psychomotor combinations of action. The term “psychomotor”
refers to the psychological and motor aspects of action. Hence this thesis is concerned
with combinations of action that are associated with various psychological and motor
processes. Essentially this thesis divides the motor actions to be studied into two
groups. The first group comprises actions that are psychologically different but
motorically identical, for example the same action being produced in different
psychological contexts. In contrast the second group includes actions that are
psychologically similar but motorically different, for example bimanual movements in
which the effectors are activated in different spatio-temporal patterns in order to
achieve a single unified “psychological” goal. The remainder of this chapter outlines
in detail the distinction between these two classes of movement and introduces a
theoretical framework in which they can be studied.

1.2 Actions that are Psvcholosicallv different but Motorically Identical

One of the defining features of human beings is their ability to move in the way that
they do. The ability to manipulate tools skillfully in order to build useful structures
has been instrumental in our evolution and development. Virtually all behaviours
involve some form of movement, whether it is moving our lips and tongue to speak,
our legs to walk, our hands to type or, in more complex compound movements,
(typical for example of those in an obstacle race) our whole body. Hence, movement
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is essential for life. When studying movement, there are many different questions one
can ask and many approaches one can take. In cognitive neuroscience such questions
fall within the realm of Motor Control and the Psychology of Action. Motor control
researchers and Action Psychologists mainly concern themselves with questions
regarding the role of the central nervous system (CNS) in the production and control
of movements. As well as studying the neural systems that contribute to the
production and control of action, also of interest are more elusive questions regarding
the concept of free-will, intention to action and the conscious awareness of action.

1.3 Why Act? - Reasons for Action

A common but not invariant feature of movements is that they are made for a reason.
In life, we usually move in order to achieve some kind of goal, our actions are usually
goal-directed. For example, if it is 4.30pm on a cold winter’s afternoon and one
wishes to read their favourite Psychological textbook, then it is useful for one to turn
the lights on in the house, or at least the room in which one is intending to read. It
may also be desirable to pull the curtains closed so that noone can see into the room
from the outside. Thus, our sensori-motor system must be capable of completing the
actions of switching on the lights and drawing the curtains in order that we may sit
down and read our text book. Notice that there are numerous intermediate steps
involved in this scenario. It is actually a sensori-motor problem that we are solving.
The steps in this problem can be considered as follows. Our goal, desire or intention is
to sit down and read our Psychology textbook. Firstly, we have to sense that the
prevalent light is fading. This perceptual information must then be analysed and the
conclusion drawn that, under the current conditions, our goal of reading will not be
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possible. Then we must come up with some kind of strategy to change the conditions
such that they are conducive to our goal of reading. Hence we form the sub-goals of
switching on the lights and closing the curtains. The brain must then send out the
appropriate commands to the muscles in order to perform the actions of switching on
the light and drawing the curtains. Having done all this, we are finally in a position to
sit down and read our book. This example involves a complex sequence of events that
take place in our brains. However, it is such a common scenario that we are unlikely
to be aware of all the neural processing taking place. As previously stated, the
problem is a sensori-motor problem and we can easily see therefore that in many
everyday movement situations, perception and action are inextricably linked. It is
interesting to note that the above example action was made in the light of both our
original intention (i.e., our desire to read) and external factors (i.e., prevailing light
conditions). Hence, this scenario is very complex, consisting of both reactions to
external events and intentions. A simpler example maybe actions that are made only
in response to external stimuli, for example the knee jerk reflex, and those that are
made more or less on the basis of internal processes and not in response to external
stimuli.

As well as reasons for action arising from the prevailing environmental conditions, it
is also possible for us to act not because we have to, but because we want to. The idea
of wanting to perform an action is very much related to the concept of free-will. We
all feel that we are able to make an action as and when we desire. We also feel that we
are not at the mercy of the environment and that we can generate intentions to act as
and when we please, in the absence of external stimuli. Intuition would perhaps tell us
that moving for no reason may not be the most adaptive behaviour in our repertoire.
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but nevertheless, most people would claim that they possess free-will and that the
ability to move without external prompting is part of being human. Although it is a
related concept, the idea of free-will (and the philosophical questions relating to it) is
not the primary concern of this thesis. In this thesis actions will be considered as
internally generated if they are made in the absence of an imperative stimulus and
externally triggered if they are made in response to an imperative stimulus.

In essence by classifying movements on the basis of the presence (or absence) of an
imperative stimulus, we have simplified real life and we are left with an operational
definition of internally generated actions and externally triggered actions that we can
work with experimentally. To show that the simplification we have made does not
make our distinction meaningless, consider the following example. Opening doors is
something we all do on a daily basis. However, the reason for opening the door, or the
goal for opening the door may vary from situation to situation. Our definition of
externally triggered actions fits with the idea of opening a door in response to a knock
at the door. In contrast, an internally generated classification of this action would be
the situation in which we open the door simply because we wish to pass through it
into the next room. The key difference then lies in the origin of the goal of the
movement. In one situation, the goal or reason to move was clearly imposed by an
external factor (someone knocking at the door). Hence the action can be considered as
externally triggered. In the other situation, the goal or reason to move was generated
from within our own brain. There was no external knock to which we responded.
Therefore the action can be considered as internally generated. Hence, it can be
appreciated that situations exist in which the motor output we produce (that is the
action we perform) is identical but the goal for which the action is performed is totally
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different. The question then for cognitive neuroscientists is, is this distinction between
these classes of action also present in the neural representation of the actions in the
brain? That is, are there separate neural systems devoted to these types of action? And
are these neural systems in any way related? Internally generated and externally
triggered actions can thus be considered to constitute one example of movements that
are psychologically different but motorically similar. In this particular case, then, the
issue of the relation between the two actions is present even at the highest, intentional
level of the motor hierarchy.

1.4 Movements that are Psvcholosicallv bound but Motorically different

On the other hand, movements can also be made that are psychologically bound but
motorically different. Consider someone opening a jam jar. One hand holds the jar
stable and the other hand twists the lid open. The hands act together, performing in
physically (i.e., motorically) different ways but in order to achieve a single, unified
goal. Such bimanual tasks are common to everyday life. However, in some situations,
humans find it very difficult (if not impossible) to perform different movements with
each hand. Understanding bimanual coordination therefore becomes a difficult task as
the ability of both hands to cooperate with each other must be explained as must the
difficulty of performing certain types of movements with both hands.

The fact that the sensori-motor systems of the cerebral cortex largely concern the
contralateral side of the body suggests that in bimanual coordination there must exist
some form of communication between the controlling structures of the brain. It is well
known that when humans try to perform unrelated actions with both hands, there is a
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tendency for the hands to synchronise and perform very similar movements. The most
commonly cited everyday example of this fact is the obvious difficulty that humans
have when they try to pat their head and rub their stomach at the same time. Similar
phenomena can also be observed if people are asked to simultaneously draw, say,
circles with one hand and straight lines with the other. As Marteniuk and MacKenzie
(1980) pointed out, two main themes have emerged (at the behavioural level) in the
study of bimanual coordination in humans: First, when performing simultaneous,
symmetrical movements, the control of the two hands appears to be very similar.
Secondly, when performing asymmetrical, simultaneous movements, obvious
interference arises between the two hands. This interference often results in the
supposedly different movements of each hand becoming similar and synchronised.

Some interesting empirical work by Kelso, Southard and Goodman (1979) showed
that, during two handed reaching movements, the initiation time, termination time,
time of maximum acceleration and velocity are similar (but not exactly constant)
across the hands, even when the movements were to be made with different
amplitudes. These findings strongly suggest that there is some form of information
sharing or communication between the two hands, or at least, the action of one hand
has some effect on the action of the other. At which level(s) of control (cortical, subcortical or peripheral) this communication (often referred to as “cross-talk”) takes
place remains an important question in the study of bimanual coordination.

The area of bimanual coordination has been an interesting but uneven one; much
work has been done looking at certain aspects and rather less on others. In everyday
life, many of the bimanual coordination skills we perform include the holding and
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simultaneous manipulation of objects in the external world. For example, the previous
example of opening a jam jar requires one hand to hold the jar steady and the other
hand to twist the lid. Similarly, doing up a zip requires one hand to stabilise the zip
housing and the other to insert the zip into the housing. Next, the stabilising hand
grasps the zip and moves it in such a way that it closes, while the other previously
“manipulating” hand now acts as a stabiliser. Even though much of the bimanual
coordination we routinely employ is of this kind many studies have considered other
types of coordination such as the ability to coordinate similar motor outputs, say
finger taps, using an instructed phasic relationship between the fingers of each hand.

The study of both these classes of bimanual action is important, but the former class
of actions has been to some extent ignored, perhaps because of the technical
difficulties involved in recording complex bimanual movements. Specific questions of
interest remain though. For example, what factors influence whether a certain
combination of hand movements will be easy or hard to perform? Furthermore, what
brain areas are involved in the coordination of the hands? This thesis will examine
some of these aspects of bimanual movements in both the “functional” goal directed
domain, and the more widely studied “patterns of hand movements” domain.

1.5 Defining the Processes involved in the Production o f Action - The Nature o f
Questions in Cosnitive Neuroscience

Cognitive Neuroscience uses methods of studying the brain, both directly (e.g., brain
imaging techniques of PET, MRI, MEG etc) and indirectly (e.g., use of measures such
as reaction time) to answer questions about the function of the human mind. In the
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cognitive neuroscience of action, converging evidence from these techniques as well
as from neurological patients has helped to highlight how different brain regions
transform, combine and relay information to produce motor commands (Haggard,
2001 ).

Contemporary cognitive neuroscience often concerns itself with two types of
question. Firstly, what are the functions of particular brain regions? Secondly, what
are the (control) principles on which neural systems are based? Sometimes, this
second type of question is studied in a sub-discipline of called systems neuroscience.

The question linking brain regions to specific functions was perhaps first alluded to
by the misfortune of Mr Phineas Gage in 1848. This unfortunate gentleman suffered a
head injury in which an iron rod passed through his frontal lobe. He was able to walk
away (with a little assistance) from his accident but it soon became apparent that his
persona had been profoundly changed. Among other things his decision-making
ability was severely damaged to the point where he was unable to make useful
decisions on his own behalf (in Descartes error by Damasio, 1994). This case strongly
suggested that brain function may be localised such that damage to one particular area
has an effect on specific aspects of behaviour, whilst having virtually no effect on
other aspects of behaviour. This suggestion has been supported over the years with
countless cases of neuropsychological patients with localised brain damage who
suffer from specific behavioural and/or cognitive deficits. In the study of action it is
of great interest for researchers to discover the areas of the brain that are specialised
for the various aspects of motor control. Some of this thesis will be devoted to such
questions.
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The cognitive neuroscience of motor control has been a very active area for
researchers interested in the control principles that enable movement. The obvious
starting point for such a problem is to consider the output of the system. In the case of
human motor control, the output comes in the form of movement. By combining
knowledge of this output with our knowledge of the system constituents themselves,
such as the muscles, joints, tendons and bones researchers attempt to identify control
principles which could be applied to the system in order to produce a particular
movement. The first stage of this process is arguably the complete description of the
system constituents as well as the outputs of the system. Much useful work was
carried out in this regard by the great Russian neurophysiologist, Nicholai Bernstein.
He was able to identify the enormous redundancy in the human body and the fact that
this redundancy caused a major problem for uncovering the neural strategies for the
control of the human body. The basic problem refers to the fact that, for any given
movement goal, there exists a vast set of possible movements to achieve that goal. An
example is useful in understanding the redundancy problem. If one wants to switch on
a light, and for simplicity let us assume that the light switch lies in the horizontal
plane of the shoulder, then two pieces of information are needed to describe the
position of the switch. These are the x and y coordinates that specify the position of
the switch in the horizontal plane of the shoulder. However, since there are at least
three joints (wrist, elbow and shoulder) involved in moving the arm, the brain must
specify commands for each constituent section of the arm in order to control all the
joints in such a way as to achieve the goal of switching on the light. Thus, the action
system must be capable of using two pieces of information (x, y positions) to generate
many more pieces of information in order to control the body in such a way as to
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achieve the goal of reaching to the light switch. This problem has been termed the
degrees of freedom problem and is a central question in motor control research
(Haggard, 2001). It can also be considered as a problem relating to information
expansion (Haggard, 2001). That is, how does the brain generate the extra information
required to be able to control a limb from the finite information that defines the
outcome of the action? A whole sub-field of computational neuroscience is devoted to
identifying the control principles that may provide an answer to such a question.
Experimental observation however still drives the field as an important aim is to be
able to reproduce observed outputs with derived inputs. There are many factors that
may or may not modulate the systems output. Some of these factors will be
investigated in this thesis.

The above consideration should serve to illustrate the complexity of the human motor
system and the problems that it routinely must solve. We have briefly highlighted two
movement scenarios based on the idea of psychomotor combinations of action. First,
the case of internally generated action and externally triggered action, in which
movements are psychologically distinct but motorically similar. Second, the case of
bimanual actions in which the actions are psychologically bound but motorically
different.

This thesis will investigate various aspects of these two scenarios. It may be useful to
outline a simple model of movement upon which we can base the logic of our ensuing
investigation.

10
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In this regard, figures la, lb and Ic illustrate the possible sequence of events
necessary for goal-directed action to occur and shows the concept of the two different
psychomotor combinations of action.

Goal/Reason/
Representation

Intention ------- ►

Plan

-►

Program

----- ►

Effector

Figure la. The possible stages preceding human actions. The relationship
between psychological representations, goals and intentions is a complex one
which is the subject of much philosophical debate. For the present purposes the
common sense notion that one intends to do something for a reason will be used.
This is the reason that goals precede intentions in this diagram.

11
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External
Stimulus

Intention

Plan

ProgramI

Effector

Internal
Process

Figure lb . Movements that are psychologically different but motorically
identical (e.g., self initiated and externally triggered actions). Note how in this
situation it is the preliminary stage of the process that is changed. Thus a single
action can either be the result of external or internal processes.

Program 1 —►

Effector 1

/
Intention

Plan

Program 2

Effector 2

Figure Ic. Movements that are psychologically unified but motorically different
(e.g., bimanual coordination). Note that in this situation the preliminary stage in
the process is singular and it is the motor stages of the process that are divergent.
Thus action becomes the result of a combination of motor processes to achieve a
single psychological goal.
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Whereas figures la - Ic illustrate how different psychological contexts can converge
onto a single action and how different actions can diverge from a single psychological
context. Figures Id and le show a simplified representation of this idea. It captures
the concept of psychomotor combinations of action such as those that are considered
in this thesis.

Psychological Representation 1

Action

Psychological Representation 2

Figure Id. Two psychological representations converge on a single motor output

Action 1

Psychological Representation

Action 2

Figure le. A single psychological representation diverges to two different motor
outputs
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1.6 Contexts, Representations, Goals and Intentions for Action

Every human action is performed in a particular psychological context even though it
is possible that the same action may be produced in different psychological contexts
(e.g., opening a door to walk through it or to let someone in). As has been previously
alluded to, movement is more often than not performed in order to achieve some kind
of goal. The relationship between goals and contexts may be a complex one and will
not be discussed in detail in this thesis. For the purposes of this chapter the terms
goals, contexts and intentions can all be taken to involve some kind of psychological
representation. Suffice to say that it seems reasonable to assume that a specific goal is
associated with a specific context as, if there were no mapping of context to goal, then
the huge range of situation-specific human behaviours that occur in everyday life
would not be observed. Put more simply, different contexts provide different reasons
for movement and it is these reasons for movement that are considered as goals in
this thesis. Indeed, Bekkering & Prinz (2002) provide support for this definition when
they state:

“although we are able to give a number o f reasons why we want to undertake an
upcoming action, or where our actions are aimed, we are not able to describe
consciously how we can realize the action in terms o f the muscles we needfo r it, the
forces necessary to initiate the muscles and so forth ”

The philosophical problems in claiming a precise definition of goals and intentions
are obvious and it is not of central importance to this thesis to do so. Intention can be
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regarded as a prerequisite for voluntary movement (but not for reflexes) to occur. In
this thesis intention may be considered to be a direct consequence of there being a
reason to act. For voluntary movements such as those studied in this thesis, regardless
of whether the reason to act is generated from within the person or from the
environment, the intention to move precedes actual movement.

1.7 Plan to achieve the Goal

This stage of the movement production process can be thought of in at least two ways.
Firstly, selection of an appropriate movement plan for a given stimulus can be
considered. This refers to the situation in which the stimulus completely defines the
response (e.g., press with the right hand if the red light comes on and the left hand if
the green light comes on). This situation very much depends on conscious
identification of the stimulus and its meaning and is illustrated by typical choice
reaction time experiments. In a typical choice RT paradigm, the subject might be
presented with four stimulus lights and told that one of the four will be illuminated on
a particular trial. Each of the four lights is associated with one of four different
responses. The task is to make the appropriate response as quickly as possible after
the stimulus light comes on. The time taken for the response to be made is taken to
reflect the speed with which the processing underlying the particular response occurs.
Although an important feature in motor behaviour, this consideration of the
movement plan selection stage is not the one with which this thesis is most concerned.

The second way in which to consider the selection of a plan stage of the process is to
determine how the motor system selects a particular movement to achieve a goal in
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which the exact specifications of the movement are not specified by the stimulus and
prevailing internal cues. This concept relates very much to the idea of degrees of
freedom as mentioned earlier. To reiterate, the degrees of freedom problem is
concerned with the problem of how the emergence of just one motor action occurs
when more than one form of action would allow the task at hand to be completed.
That is, how does the system choose which particular response to make from an
almost infinite number of possible alternatives? This problem forms the basis of a
whole sub-section of the field of motor control. However, in this thesis this question is
not addressed.

1.8 Prosram to implement the Plan to achieve the Goal

This is the stage in which the brain sends out commands to the muscles instructing
them to move appropriately for goal attainment. Much debate exists as to the
processes that form this stage of the chain of events enabling movement. Ideas about
what this stage of the process entails include the notion of efference copy (von Holst,
1950, in Jeannerod, 1997). This relates to the suggestion that at the time of movement
command execution a copy of the movement plan is sent to another centre in the
brain. The effector activated by the command produces a reafference (sensory
consequence) which is returned to the center in which the copy of the efferent
commands is stored. It was suggested by von Holst et al that the signs of the
reafference and the efference copy were opposite and that as long as reafference was
too small or too large a difference remains which has definite effects according to the
particular organization of the system (e.g., they could influence the movement itself
or ascend to higher centers to produce a perception etc (Jeannerod, 1997). This idea
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forms the basis of more recent models (e.g., internal models) in which there is a
comparator whose purpose is to detect differences between reafferent signals and
stored representations of the action. This basic idea has been extended so that the
system does not have to wait for real reafference in order to detect whether or not the
present states of the effectors are in line with the states that would be expected given
the motor command. This is achieved via predictive processes in which an estimation
of the state of the effectors can be generated and the difference between this
prediction and the desired state used to inform modulatory processes to ensure that the
goal of the command is met (e.g., Wolpert et al, 1995).

In effect then, at the time of program execution a copy of the commands sent to the
effectors is sent to a “simulation center” in the brain where the outcome of the
command is simulated, taking into account current environmental constraints. The
simulation centre is then able to send out modulatory commands to the motor
execution system before the original commands have been fully carried out. In such a
way, fine adjustments are possible to the movement. Due to the fact that the internal
model does not have to wait for peripheral feedback, the speed at which corrections to
ongoing movements can be made is extremely fast. The performance of the internal
model is thought to be greatly dependent on the level of expertise, with experts
purported to have better developed internal models (better simulators) than less
accomplished individuals. Of course, there also exist outer feedback loops which do
depend on real reafference and are subject to delay. It is these loops along with
knowledge of the results of movements performed that, over time, helps to develop
and refine the internal model. Hence practice increases the efficiency of the internal
model and therefore the movement as a whole.
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1.9 Movement o f Effectors

The motor output stage is the stage to which that all the preceding stages converge on.
An action is produced via some pattern of muscle activation and some consequence of
the action occurs.

1.10 Consequence o f the Action

This stage is not illustrated in the figures but is mentioned here simply to draw to the
readers’ attention that there are consequences of action both during and after action
execution. Like the first stage in the process, consequences may either be internal or
external. For example having performed the action of reaching to a glass, grasping it
and drinking from it, one may experience the feeling of their thirst being quenched.
However, if an individual has just responded to a tennis serve they may find that their
response has won them a point or they may have to remain vigilant so that another
response can be planned, programmed and executed. In the present thesis, an
examination of the effect of perceptual factors on coordination is undertaken in the
last chapter and the consequences of the manipulation of perceptual factors during
action execution will be considered in some detail. However, the area concerning
consequences arising after action execution will not be discussed in any detail in
this chapter, or indeed this thesis.

The model of movement related processes presented above is hugely oversimplified
and it should be noted that very brief consideration has been given to each stage in the
model. Each component of the model could form the topic for a whole series of
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experiments. It should also be noted that the model outlined above suggest a serial,
hierarchical structure to the movement production process. With the general current
emphasis on parallel distributed processing in the brain, movement production and
control may constitute one domain in which there is some justification for a relatively
serial order to processing. As shall be described in the next section there is evidence
for the sequential activation of brain areas in movement planning with a convergence
to the primary motor cortex where motor commands are dispatched to the effectors.
This convergence is expressed in the term “final common pathway” that is used when
referring to motor cortex (Sherrington, 1947). However, even with an evidence based
justification for the serial model outlined in this thesis, it would be wrong not to
acknowledge that much processing in the brain does indeed occur in parallel
distributed networks. With respect to motor control, Jeannerod (1997) states that “the
classical model of serial organization inherited from the structure of computer
programs is seriously questioned”. This point refers to the idea that activation is
distributed simultaneously to several levels. This notion arises from the concepts of
parallel channels for visuo-motor functions as well as the existence of parallel
descending cortico-spinal pathways.

Having said this, the model outlined in this thesis helps to provide a framework in
which to study various issues in motor control. In our study of psychomotor
combinations of movements we will be especially interested in three stages in
particular. These are the first stage, that of reason to move, the second stage, motor
planning and the final stage, the actual movement of the effectors.

19

Chapter 1 Psychomotor Combinations o f Action - A Conceptual Framework

In psychological science, the general approach to the study of behaviour consists of
the systematic manipulation of various factors which are believed by prior knowledge
or by prior suggestion to be critical antecedents for the behaviour under study. Hence,
the question regarding externally triggered and internally generated actions can
conveniently be studied by manipulating the first stage in the model such that the
reason for movement occurs either from within the individual or from outside the
individual (i.e., from the environment). Secondly, the question relating to actions that
are bound at the psychological level but different at the motoric level can be
addressed by holding the reason for movement constant and congruent for both limbs
and manipulating the motor outputs of the effectors such that they produce different
spatio-temporal trajectories. It should be noted that although in figure lb the point of
divergence from the single goal to the two motor output is shown to occur at the level
of motor program formulation, this divergence could actually occur at any point after
the goal formulation stage. For example, it is possible that the motor system plans the
actions of each effector separately and then somehow combines these two plans into a
coordinated output. If this were true, then the split from a single channel of processing
into a double channel would occur at the planning stage and not the programming
stage as shown. For the purpose of this thesis, the point where the divergence occurs
is not of central concern. The model presented in this section simply serves to assist in
understanding how different psychomotor combinations of action can be defined.
Throughout the thesis, where appropriate, references will be made to the model
presented in this chapter.
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The following section will outline what we know about the neural correlates of the
stages of the model outlined above. The consideration will be brief as each relevant
stage will be covered in much more detail in later chapters.

1.11 Neural Correlates o f the Processes leadins to Movement

This section will consider what is known about the neural correlates of each stage of
the proposed model. Because the model is hugely oversimplified and strictly serial,
there may be some overlap between the neural correlates of each stage of the model.
This is inevitable as brain processing, although serial with respect to the order of
gross areas activated, is nonetheless continuous in nature.

1.12 External Stimulus as a Reason for Movement - Externally Trissered Action

For the purpose of this section we will consider actions that are elicited in response to
visual stimuli as much work has been done in this area. It is assumed that actions
made in response to other stimuli will involve similar processes. It was originally
Schneider (1969) who clearly dissociated visual blindness from tectal blindness.
Following ablation of primary visual area 17 and area 18, animals became unable to
leam simple pattern discrimination (for example, horizontal verses vertical stripes)
although their ability to orient towards stimuli (e.g., sunflower seeds) remained intact.
In contrast, when the midbrain tectum was lesioned, spatial orientation ability was
lost. This anatomical and functional dissociation has become known as the “two
visual system hypothesis”, with one system specialised for answering the “what is it?”
question and the other for answering the “where is it?” question. However,
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Schneider’s original dissociation was rapidly found to be unsatisfactory as results
started to show that in some cases, superficial lesioning of the superior colliculus
produced little or no visuo-motor deficit (e.g., Casagrande et al, 1972). Other
investigators asserted that one pathway was the ventral occipitotemporal route linking
striate cortex to prestriate areas and from there reaching inferotemporal cortex on both
sides via callosal connections (e.g., Ungerleider & Mishkin, 1982). Ungerleider &
Mishkin (1982) report that lesions of the inferior temporal cortex (the ventral stream)
in rhesus monkeys led to severe impairment in visual object discrimination
performance. In contrast, lesions to the posterior parietal cortex (the dorsal stream) led
to impaired performance on localization tasks. These findings suggest that the
inferior temporal lobe is responsible for object discrimination whereas the posterior
parietal lobe is responsible for spatial localization.

Support for the notion of the dorsal and ventral processing streams in humans has
come from two main sources; neuropsychological case studies and brain activation
studies. An example of a neuropsychological case supporting the dissociation (at least
partial dissociation) of the dorsal and ventral streams comes from studies carried out
by Goodale et al (1991) and Milner et al (1991). A patient, DF had suffered a large
lesion of the occipital lobe, destroying areas 18 and 19, but leaving area 17 largely
intact. A main finding was that DF was unable to recognise objects or to detect the
orientation of a line. Interestingly though, when the same tests were carried out using
actual orienting of the hand as opposed to simply perceptual judgements, DF was able
to perform accurately. That is DF was able to align her hand through a slit in the
correct way. In addition, DF was also able to grasp objects whose size she could not
previously report. Milner et al (1995) produced a theory of “what” and “how” as
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opposed to the “what” and “where” distinction. Their view focuses on the importance
of the goal of the observer. They suggest that a single general purpose representation
of objects or space does not exist. Instead they define the visual system with respect to
the output that each stream subserves. Thus separate systems are defined for
conscious visual experience ‘perception’, and visuomotor transformation, ‘action’.
This view of the function of the dorsal and ventral processing streams is very much
related to frames of reference. According to Milner et al (1995) both streams use the
same object and spatial information, but transform it differently for different
purposes. They suggest that the ventral stream represents the visual world in both
egocentric and viewer invariant frameworks that promote an awareness of the world’s
persistent structure. In contrast, the dorsal stream transforms the information about the
location, orientation and size of objects in mainly egocentric coordinates for action
tasks such as pointing or grasping. As well as the two streams differing in their frame
of references, they are also asserted to differ on the dimension of time. That is if the
goal is to represent an object over time, visually or spatially, then it is a function of
the ventral stream. However, if the goal is to act on the object immediately then it is a
function of the dorsal stream. Extensive research with a visual agnosic patient as well
as a number of behavioural studies with normal participants supports this distinction
between dissociable systems for perceptual awareness and visually guided action
(Creem & Proffitt, 2001).

Brain activation studies have also supported the general idea of a dissociation, albeit
not a total dissociation between the dorsal and ventral systems. For example a study
by Faillenot et al (1997) showed that when subjects had to match shapes made of
wooden blocks there was activation in the middle temporal gyrus and the
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occipitoparietal junction. During grasping activations were located in the anterior and
ventral part of the parietal cortex. A further site of activation was found to be common
to both matching and grasping. This was located in the dorsal and posterior parietal
lobe. Faillenot concluded that object identification requires visual processing not only
in the ventral stream but also in the dorsal stream. The dorsal stream is related to both
object orientation and object perception, that is, there is not a complete functional
dissociation between the two systems.

In a review of the literature in this area, Creem & Proffitt (2001) state that the inferior
temporal cortex is generally accepted to be the mediator of object recognition and that
the posterior parietal cortex is implicated in many different kinds of spatial
transformations (p.59). Presumably object orientated actions constitute behaviour in
which spatial transformation have to be made with respect to object location etc.
Hence the functional dissociation between dorsal and ventral streams appears not to
be complete with respect to one being involved in just action and the other being
involved in just recognition. Instead it is probable that different parts of each brain
area are specialized for different tasks.

In primates, neurophysiological data has suggested that different parietal areas
transform spatial information differently for different actions (e.g., Colby &
Goldberg, 1999). Indeed studies have shown that there are different egocentric
reference frames represented in different parts of the parietal cortex, with neurons in
lateral intraparietal area (LIP) having receptive fields that are defined relative to the
retina and combine visual and eye movement information to form an eye centred
representation of space whereas some neurons in ventral intraparietal area (VIP) code
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space in a head centred rather than retinocentric coordinate system and may specify
goals for movements of the head and mouth (Colby & Goldberg, 1999). Whereas the
details of these findings are not of central importance in this thesis, they serve to
illustrate the point that it is difficult to find support for the idea of “one role” alone
with respect to guiding actions for the parietal cortex

So what do these findings tell us with respect to the stimulus identification stage of
the movement production process? The rather brief outline of some key findings
above suggests that the neural systems underlying stimulus identification with respect
to action lie in both the dorsal and the ventral systems. The ventral system maybe
more specialised for the function of object identification, whereas the dorsal system is
definitely involved in the transformation of object identification into appropriate
action, among other tasks involving spatial transformations. This latter distinction is
particularly tme for aimed actions in which the dorsal stream is involved in defining
the target goal of the aimed movement with different areas of the parietal cortex
probably being involved depending on which effector or effectors are used to make a
response.

1.13 Internal Process as a Reason for Movement —Internally Generated Actions

Firstly, it should be stated that when we talk about intention, we often confound the
idea with that of preparation to make an action. There is a huge literature on motor
preparation and its neural correlates. Indeed it is difficult to try and separate out terms
such as motor intention and motor preparation, although intuition suggests that motor
intention is a constituent part of the bigger (and temporally more drawn out) process
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of motor preparation. The difficulty posed here is that we have defined the first stage
in the model of movement as the “reason to act” stage and the second stage as the
“selection of an appropriate plan” stage. The limitation of our conceptualisation is that
we have identified seemingly discrete stages in the production of purposeful
movement when the neural activity underlying the whole process is continuous.
Hence, our distinction is somewhat inadequate but nevertheless does serve to simplify
the phenomenon such that it lends itself more easily to scientific study.

It has been suggested that the neural systems involved in stimulus perception and
interpretation involve the dorsal and ventral streams working probably somewhat as
parts of a wider network of brain structures. What about the case of making an action
in the absence of an external stimulus? What are the neural systems/mechanisms that
enable such movements? Really what we are asking in this section is what is the
process by which we intend to move, in the absence of external prompting? In the
consideration of this matter we should perhaps define the entity we are concerned
with. Searle (1983) provides a useful distinction between two types of intention. One
type is termed ‘intention in action’ and the other is termed ‘prior intention’. An
example may be useful in understanding these definitions. Consider the case of an
individual making a cup of tea. The individual makes a cup of tea because they had a
desire to drink tea. This desire is what Searle defines as ‘prior intention’, in short a
conscious desire to do something. The ‘intention in action’ is regarded as the
necessary step that precedes execution of an overt action. It is reasonable to hold the
view that ‘prior intention’ is related to the emergence of a desire or an intention to
operate on the world in some (at this stage unspecified) way. On the other hand,
‘intention in action’ is more closely related to those motor preparatory processes that
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are necessary for action to take place. In our consideration, we are more interested in
the ‘prior intention’, as it is this desire to make a certain action that is present or not
present when we make internally generated or externally triggered responses. Having
said this, fortunately we are conveniently able to avoid the problems of defining
intentions and where they come from, other than to mention that ideas regarding the
emergence of intentions involve the role of the preffontal cortex. The question we are
asking is not related to the neural correlates of “prior intention” but to the subsequent
neural processes that are necessary for movement to occur. Indeed, as will become
increasingly clear, our central question asks whether the neural processing taking
place in motorically identical movements differs according to the presence or relative
absence of “prior intention”.

As has been stated, we are concerned with the idea of internally generated actions that
can be operationally defined as actions that are made in the relative absence of an
imperative stimulus (in contrast to externally triggered actions which require an
imperative stimulus). Hence we need not go into the details of the neural processing
underlying “prior intention” or “intention in action” as we are interested in the neural
events succeeding the initial “spark to move”, whatever it may be.

Furthermore, the first (intention) stage in the model for actions (figure lb) that are
motorically different but psychologically bound can be classed as something very
similar if not identical to the notion of “prior intention”. This is the idea of the
presence of a functional goal. In everyday bimanual acts such as opening a jam jar the
functional goal is usually very clearly defined, in contrast to less naturalistic situations
in which it is often arbitrarily defined, as in the case of patting ones head and rubbing
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one’s stomach simultaneously. Indeed in the latter case it is arguable whether or not
the goal is at all functional!

1.14 Motor Plannins Stase -Externally Trissered Action

Movement planning or movement selection has been associated with the premotor
areas of the frontal lobe which lie anterior to the primary motor cortex. One study that
suggests that this is the case was carried out by Di Pelligrino & Wise (1991). In their
experiment monkeys were presented with a red or a green light which signaled
whether they would have to touch the red or green pad to get food. After a short 1.25
second delay, the monkeys saw a second light, which meant that it was almost time to
respond. The monkeys then had to wait at least another 1.25 seconds but not more
than 3.5 seconds, before touching the correct pad, in order to receive a juice reward.
The initial stimulus provoked activity mostly in the prefrontal cortex. The second
stimulus also provoked activity mostly in the prefrontal cortex. However, toward the
end of that delay, just before the movement, cells in the premotor cortex became
active. Thus preparation for a movement (at least an externally triggered one) seems
to comprise of waves of activity in first the prefrontal cortex, then the premotor
cortex, then mostly in the primary motor cortex, and ultimately in the spinal cord and
the muscles. In relating these neural activation results to the ideas talked about in the
previous section on “prior intention” and “intention in action” it is noteworthy that the
situation of externally triggered action involves only “intention in action” and not
“prior intention”. Indeed in this thesis, as mentioned previously, it is the relative
presence or absence of “prior intention” that denotes whether a movement is classified
as internally generated or externally triggered.
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In humans recent evidence suggests a similar state of affairs. Using the experimental
technique of transcranial magnetic stimulation (TMS) it is possible to selectively
interfere with cortical processing in regions of the brain. One study used this
technique to interfere with processing over sensorimotor cortex, posterior premotor
cortex and anterior premotor cortex. TMS slowed movements when applied 140 ms
after the visual cue over the anterior premotor site, at 180 ms after the visual cue over
the posterior premotor site, and at 220 ms and later after the visual cue over the
sensorimotor cortex. The results of this study are consistent with a change from signal
to movement related processing when moving from premotor to motor cortex
(Schluter et al, 1999).

7.15 Motor Plannin 2 Stase- Internally 2enerated Action

As for externally triggered actions it is thought that premotor areas of the frontal lobe
are involved in the planning and selection of internally generated actions. However,
the premotor structures involved in this type of action are thought to be more medial
as compared to the more lateral premotor cortex which is involved in externally
triggered action planning/selection.

The supplementary motor area (SMA) which lies anterior to the primary motor cortex
in the medial walls of the cerebral hemispheres is thought to be particularly involved
in the planning/selection of internally generated actions. Komhuber & Deecke found
that slow negative shifts of the cortical DC potential (BP) can be recorded long before
the execution of motor tasks (Komhuber and Deecke, 1965, cited in Bmnia, 2001).
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The BP is thought to reflect the preparatory set and intention to act and has its
maximum and earliest onset in fronto-midline leads overlying the SMA and adjacent
areas (Tanji, 1994).

Support for this notion comes from a study in which a three dimensional analysis of
MEG and EEG was performed in a patient with infarction of the right SMA, hence
avoiding the possibility that magnetic fields of current dipole sources in the bilateral
SMA cancel each other. They localized a current dipole source in the intact SMA
starting 1200 ms prior to the initiation of voluntary movement of the right thumb.
This change in the MEG signal was coincident with the initial stages of the BP as
measured via EEG (Lang et al 1991). These findings suggest that the SMA is active
long before the initiation of self-initiated digit movement, even if the motor task is
simple. A diagram of the brain showing the lateral premotor cortex, the SMA and the
primary motor cortex can be seen in figure 1f.
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Figure If. Lateral Premotor Cortex, SMA and primary motor cortex, (also
shown are the cingulate motor areas ).
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Image from http://www.driesen.com /im ages.htm

1.16 Prosram Execution Stase

The greatest source of output to the spinal cord is the primary motor cortex, also
called M l or Brodmann’s area 4. It corresponds with the precentral gyrus on the
lateral surface o f the cortex and extends medially into the longitudinal cerebral fissure
that separates the left from the right cerebral hemisphere. Within the primary motor
cortex, each area controls a different part of the body. The pattern o f the body is
represented by neurons distributed across the primary motor cortex producing a
homunculus. The extent o f each body part over the cortex corresponds with the degree
o f motor control over each o f the represented parts. Control exerted by the primary
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motor cortex via the pyramidal tract is greatest over the musculature of the hand and
face as evidenced by Penfield et al’s motor homunculus (Penfield & Boldrey, 1937).
Figure Ig shows the Motor Homunculus of Penfield & Bolderly (1937).

For the area responsible for control of the arm, most neurons are tuned to an
approximate direction of movement. For example one neuron might be most
responsive in preparation for arm movements directly away from oneself and slightly
less active for movements to either side of this direction. Other neurons have
preferred directions representing all possible angles. Indeed Ml has been classically
associated with hand dexterity and to the control of movement parameters such as
direction (Georgopoulos et al, 1982; Lurito et al, 1991, Fu et al, 1993) and force
(Evarts, 1968; Georgopoulos et al 1992, Maier et al, 1993). Direct support for the role
of MI in movement execution in primates comes from work by, among others,
Hoffman and Strick, (1995). It is not the purpose of this section to give a detailed
description of the neuroanatomy and function of primary motor cortex, but simply to
point out that it is from here that muscle commands are dispatched to the effectors via
pyramidal tract neurons. These axons of these neurons descend until they reach the
medulla, at which point most of them cross between the left and right sides of the
nervous system in distinctive bundles called pyramids. The axons then continue to
intemeurons or motor neurons in the medulla and spinal cord. For this reason the
pyramidal system is also called the corticospinal tract. About one third of the fibers
that make up the corticospinal tract arise from the primary motor cortex, the others
being made up of fibers from other areas including the premotor cortex, SMA and
parietal cortex. For more information on the anatomy of the motor system the reader
is referred to any good neuroscience textbook (e.g.. Bear, Connors & Paradiso, 2001).
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A lesion of the primary motor cortex will result in paralysis of contralateral
musculature. Sometimes gross movement control can be regained some months after
the lesion has occurred but fine control is usually lost permanently. The activity of
pyramidal tract neurons can thus be unambiguously identified with the motor program
stage of our model. It is possible that other researchers might call this program stage,
the “execution” stage, in any case though, it is the stage at which efferent commands
associated with a motor program are dispatched to the effectors.

This section has considered only the stages outlined in the simple model presented in
this chapter. It has not considered the stage of the process just after and during action
execution; that of consequences of action. This issue will be addressed in the
appropriate chapters on whether and how perceptual input during action execution
affects bimanual coordination.
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Figure Ig. The Motor Homunculus (Taken from Kandel, Schwartz & Jessell,
Essentials of Neural Science & Behavior, 1995).
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1.17 Outline o f this thesis

In the study of movements that are psychologically different but physically similar
one can ask whether or not there are different mechanisms involved in the production
of these movements and whether there is any interaction between these mechanisms at
the neural and behavioural level. One can also ask which brain regions are active in
both types of movement and in situations in which it is not certain before the
movement takes place which movement will be produced. Experiments 1 and 2
attempt to address these issues.

In movements that are linked at the psychological level but different at the physical
level similar questions regarding cortical function and general control principles can
be asked. Experiments 3 and 4 are directed toward understanding the role of various
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brain regions in the control of psychologically bound but motorically different
movements.

Lastly, in movements that are psychologically bound but motorically different it has
recently been suggested that perceptual factors are critically important in their control
(Mechsner et al 2001). Experiment 5 considers this possibility and extends the idea
into the domain of bimanual coordination. This chapter attempts to address the
question of whether perceptual factors can influence bimanual coordination. The last
chapter attempts to integrate these different investigations and to summarize what has
been learned about the control of these classes of action in the thesis.

Thus this thesis will consider a range of issues relating to the combination of
movements either at the psychological level (as in internally generated verses
externally triggered actions) or at the motoric level as in the context of bimanual
coordination. Therefore this thesis is about psychomotor combinations of
movements. The remainder of this chapter will be devoted to an assessment of the
literature on internal verses external movement and bimanual coordination.
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Chapter 2: Literature Review

This chapter will review some of the relevant literature from the study of internally
generated and externally triggered actions (psychologically different but motorically
similar) and bimanual coordination (psychologically bound but motorically different).

Before highlighting some relevant studies it will be instructive to give a brief
overview of both the primate and the human motor system.

2.1 Brief description o f the Primate Motor System

Before going into the details of particular studies, some basic information regarding
the organisation of motor areas in primates is required. The frontal agranular motor
field in the monkey has been subdivided into the primary motor area (MI), the
supplementary motor area (SMA), and the premotor cortex (PMC). The SMA has
recently been further subdivided on the basis of connectional and functional criteria:
the mesial cortex includes the pre-SMA, the SMA -proper and the cingulate motor
areas (CMA), while the PMC includes a dorsal (PMd) and a ventral (PMv)
subdivision.

MI has been classically associated with hand dexterity and to the control of movement
parameters such as direction (Georgopoulos et al, 1982; Lurito et al, 1991, Fu et al,
1993) and force (Evarts, 1968; Georgopoulos et al 1992, Maier et al, 1993). Direct
support for the role of MI in movement execution in primates comes from work by
Murray et al, 1991 and from Hoffman and Strick, 1995. The SMA of primates is
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believed to participate in the preparation, initiation, and execution of simple limb
movements (Brinkman and Porter, 1979; Tanji, 1994) as well as in the control of
complex coordinated movement sequences and bimanual motor acts (Roland et al,
1980; Wiesendanger et al, 1996). The pre-SMA has been suggested to be more
involved in responses to visual cue signals indicating the direction of forthcoming
arm-reaching movements, whereas the SMA proper has been shown phasic activation
relating more to actual movements (Tanji, 1994). However, for the most part, studies
of the SMA have not specifically looked at pre-SMA and SMA proper individually.

2.2 The Human Motor System

Our consideration of the human motor system will be split into two parts. Firstly we
will outline the structures in the cerebral cortex that are involved in movement
generation/planning. Secondly we will briefly consider those subcortical structures
that are involved in motor control.

2.3 Cerebral Cortex Motor Structures

The motor areas of the cerebral cortex form a circumscribed region of the frontal lobe
termed areas 4 and 6. Area 4 lies just anterior to the central sulcus on the precentral
gyrus and area 6 lies just anterior to area 4 (see Figure 2a).

Area 4 is referred to as primary motor cortex as it directly innervates muscles in the
body and is hence the key brain area for voluntary movement. Systematic electrical
stimulation of parts of area 4 is found to cause twitching in various muscles of the
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body on the contralateral side and as such this area is said to be somatotopically
organised. This fact was first pointed out by the Canadian Neurosurgeon Wilder
Penfield (1952) who electrically stimulated area 4 in the brains o f patients undergoing
open brain surgery for the alleviation o f epileptic symptoms. Figure 2b shows the
“motor map” o f area 4.

Area 4
Area 6
PMA
SMA
Pretrontal
cortex \

Ml

Central
sulcus

Posterior
parietal
cortex

SI
A re a s

Area 7

Figure 2a. Premotor Area 6 and Primary Motor Area 4. (Taken from Bear,
Connors & Paradiso, 2001)
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F ig u re 14.8
A so rn a to to p lc m ap of th e h u m a n prec e n tra l g y ru s.

T ongue

Figure 2b. The M otor Hom unculus showing som atotopic organization o f M l.
(Taken from Bear, Connors & Paradiso, 2001)

Penfield’s further investigation showed that whereas stimulation o f area 4 had elicited
muscle twitches, electrical stimulation of area 6 could evoke complex movements by
either side o f the body. This observation led to the idea that area 6 may be involved in
higher motor functions and not just simple movements. The premotor cortex is
therefore considered to be higher in the “motor hierarchy” than primary motor cortex.
There were two somatotopically organised motor maps in area 6: one in the lateral
region which he called the premotor area or PMA and one in the medial region called
the supplementary motor area or SMA. These two areas appear to perform similar
functions but on different groups o f muscles. SMA sends axons that innervate distal
motor units directly, the PMA has connections that innervate proximal motor units.

Another frontal lobe structure that plays a role in movement is the prefrontal cortex.
The prefrontal cortex is the anterior region of the frontal lobe. It is heavily
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interconnected with the parietal lobes which lie posterior to the central sulcus and,
like the primary motor cortex (area 4) are somatotopically organised. The prefrontal
cortex is thought to be important for abstract thought, decision making and
anticipating the consequences of action. As such it is often talked about as having an
“executive” role.

The prefrontal cortex is highly interconnected with two areas of the posterior parietal
cortex. These are area 5 which receives input from primary somatosensory cortical
areas 3, 1 and 2, and area 7 which receives input from higher order visual areas such
as MT. Lesions of the parietal lobes result in fascinating deficits in the perception of
spatial relations. One extreme example of this is when patients with lateralised
posterior parietal lesions simply ignore the side of the body and indeed the world
contralateral to the side of the lesion.

The prefrontal cortex along with the posterior parietal cortex form the highest level of
the motor system and are responsible for deciding which action to make and its likely
outcome. Both these regions send axons that converge on area 6. Given that areas 6
and 4 contribute most of the axons to the descending corticospinal tract it makes sense
to regard area 6 as lying at the juncture of where information regarding “what”
movement to make is transformed into information concerning “how” to make the
action. The fact that, in movement generation, from the time of cueing to the time of
action, the pattern of activation goes from prefrontal, to premotor to motor cortex
further supports the suggested roles of these cerebral cortex structures in motor
control.
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Hence the model outlined in the previous chapter is not simply an abstract
representation of the possible processes preceding movement but also has some basis
in terms of brain activation. This mapping of stages of models to stages in real brain
processing is a key feature of the cognitive neuroscientific approach to behaviour.

2.4 The Basal Ganslia Motor Loop

The major subcortical input to area 6 arises in a nucleus of the dorsal thalamus, the
ventral lateral nucleus (VL). The input to this part of VL called Vlo arises from the
basal ganglia buried deep within the telencephalon. The basal ganglia also receive
input from the cerebral cortex, especially the frontal, prefrontal and parietal cortex.
The basal ganglia consist of the caudate nucleus, the putamen, the globus pallidus
(internal and external parts) and the subthalamic nucleus. There are two loops in
which information goes from the cortex through the basal ganglia and thalamus and
back to the cortex, in particular the SMA. These are termed the direct and the indirect
loops. One function of these “motor” loops appears to be the selection and initiation
of willed movements. Due to their importance in movement generation, each loop will
be described. Although the main focus of this thesis is not the basal ganglia, no
consideration of human movement would be complete without at least describing the
motor function of the basal ganglia.
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2.5 The Direct Motor Loop

In this loop the cortex, most notably the primary motor cortex and the somatosensory
cortex send excitatory projections to the putamen. From the putamen inhibitory
projections are sent to the globus pallidus internal, from where further inhibitory
projections go to the thalamus. The thalamus sends excitatory projections to the motor
areas of the cortex, especially the SMA. The net effect of this loop on the cortex is
excitatory. In addition to receiving input from the cortex the putamen also receives
input from the substantia nigra, the effect of which is to make the excitatory effect of
the basal ganglia on the cortex even more excitatory. Hence it can be speculated that
the “signal to move” in internally generated movement occurs when activation of
SMA rises above some threshold amount by the activity reaching it though the basal
ganglia.

2.6 The Indirect Motor Loop

In this loop the cortex sends excitatory projections to the Putamen which then sends
inhibitory projections to the globus pallidus external. From here there are inhibitory
connections to the subthalamic nucleus which then sends excitatory connections to the
globus pallidus internal. The globus pallidus internal inhibits the thalamus and the
thalamus sends excitatory projections back to the cortex, primarily the premotor and
motor cortices. The net effect of this loop is inhibitory on the cortex. The
dopaminergic projections to the putamen from the substantia nigra cause this loop to
become less inhibitory.
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Figures 2c and 2d show the two loops. Red arrows indicate inhibitory connections and
black arrows are excitatory.

Cortex

Putamen
Thalamus

Dopaminergic
Projection to
D1 receptors

Globus Pallidus
internal
Substantia nigra

Figure 2c. The Direct Basal G anglia M otor Loop w hose net effect on cortex is
excitatory.
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Thalamus

Globus Pallidus
internal

Subthalamic
nucleus

Globus Pallidus
external

Doaminergic
Projection to
D2 receptors

Substantia nigra

Figure 2d. The Indirect Basal G anglia M otor Loop whose net effect on the cortex
is inhibitory.

Figures 2c and 2d show the effects o f the direct and indirect motor loops on the
cortex. It can be seen that the dopaminergic inputs from the substantia nigra to the
putamen in both loops cause an increase in the excitation on the cortex. It is this
additional excitation that is reduced in Parkinson’s Disease when dopaminergic
neurons in the substantia nigra degenerate. This reduction in the excitation o f the
cortex, especially the motor cortex is what causes the difficulty in self initiation o f
movement in Parkinsonian patients.

The next section o f the chapter shifts from an anatomical consideration o f parts o f the
motor system to a review of the literature concerned with movements that are
motorically similar but psychologically different. Thereafter a literature review o f
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bimanual coordination research (actions which are motorically different but bound at
the psychological level) is presented.

2.7 Internally Generated and Externally Trissered Actions

The concept of internally generated (IG) and externally triggered (ET) actions has
been introduced in Chapter 1. This section of chapter 2 will highlight some interesting
studies that have been conducted looking at these two classes of action. The section
will be split into three subsections. The first section will consider animal studies, the
second section will consider human studies, both neuropsychological and normal, and
in the third section an attempt will be made to highlight areas for future study, some
of which form part of this thesis.

2.8 Animal Studies

The work of Passingham has been very influential in the study of internally generated
and externally triggered action. His work has mainly been on monkeys (macaca
fascicularis, macaca mulatta) and strongly suggests that there is a functional
dissociation between the medial and lateral premotor areas.

Passingham et al (1982; 1985 ) used the lesion method to examine the role of
premotor and supplementary motor areas in directing movement on the basis of visual
cues. In their experiment, they trained monkeys (macaca fascicularis) to operate a
handle. The instmction telling the monkey which movement to make is given via an
arbitrary colour cue. If the light was blue, then the handle was to be pulled, if red, the
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handle must be turned. After learning the task, the experimenters remove a particular
cortical area bilaterally and retrain the monkeys to perform the task to the required
level. Passingham (1985) showed that after removing the arcuate cortex on both
sides, monkeys do not easily relearn this task. They are still able to perform the
required movements, but their difficulty is in selecting which movement to make in
response to the particular cue.

In another experiment Passingham and colleagues trained six monkeys of the same
species on an automated version of the same task, in which the monkeys were
required to move a joystick either by pulling it, or turning it to the right. After
successful learning of the task, the experimenters removed the supplementary motor
area bilaterally from three monkeys. Thereafter, all the monkeys were retrained. Very
interestingly, after removal of the SMA the operated monkeys relearnt the task with as
few errors as the three control animals.

These findings strongly suggest that visual cues instruct motor cortex via premotor
cortex and not via supplementary motor area.

In an extensive review Goldberg (1985) concluded that the medial premotor cortex is
concerned with the process by which internal context influences action. In other
words it appeared as if medial premotor cortex, or SMA was involved in voluntary,
self-initiated movements. This idea fits well with the anatomical evidence showing
considerable input from the basal ganglia to the medial premotor area.
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In order to examine this issue, Passingham and co-workers performed another
experiment. They trained monkeys to make arm raise movements in the absence of
any sensory cues. The way they did this was to align an (invisible) infra red beam at
the level of the monkeys shoulder. When the monkey raised their arm to break the
beam they obtained a food reward. As the animals were unable to see the beam they
had to leam the height to which to raise their arm. The monkeys were allowed to work
at their own pace and performed the task in total darkness so as to avoid using visual
cues. It is important to note that this task is a learned task and is voluntary.

The rationale for teaching the monkeys this particular task was that, if the medial
premotor cortex, or SMA plays a crucial role in self-initiated movements then if it is
removed it should interfere with the production of these types of movement. Thus,
having taught the monkeys the task Passingham et al removed the medial premotor
cortex bilaterally (Thaler and Passingham, 1989). Two weeks after surgery the
monkeys were retrained on the same arm raise task. It was found that the mean rate of
arm raise responses dropped significantly in the operated monkeys as compared to
non operated control monkeys. In fact before surgery the monkeys were making
around 8 responses per minute, whereas after surgery this dropped to 1.

This experiment then shows that the medial premotor cortex or the SMA is crucial for
self-initiated actions to be produced. However, in a further extension of this theme,
Passingham et al (1989) performed another study in which he trained three monkeys
to do an arm raise task, this time in response to tones. Hence the experimenters
modified the experiment in order to make it an externally triggered task as opposed to
a self-initiated one. A peanut reward could only be obtained if the animal raised its
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arm within two seconds of the tone being presented. They then compared the
performance of three monkeys who had been trained on the self-initiated version of
the task with the three monkeys who had learned the ET version of the task. They
found that medial premotor cortex lesions significantly impaired the mean response
rate in the self-initiated task but not in the ET task.

These studies by Passingham et al suggest that, in monkeys at least there may be a
specialisation of the SMA for self-initiated actions and for the lateral premotor cortex
in ET action. This suggestion is not new and had been made previously by Goldberg
(1985).

Other, earlier work by Petrides (1982) supports the role of the lateral premotor cortex
in externally cued tasks. In his experiment, monkeys had to grasp a handle if one
object appeared in the background and touch a button if another object appeared. In
three monkeys the tissue was removed from the upper limb of the arcuate sulcus.
After surgery the monkeys failed to relearn the task in 1020 trials. Another study
supporting the role of the medial premotor cortex in movements that are not made in
response to external cues comes from Smith et al (1981). They taught monkeys to
press a strain gauge with the thumb and forefinger. When the monkeys had pressed it
for one second they had to release it for one second and then press it again. After
removal of the medial premotor cortex contralateral to the hand the monkeys had
difficulty in reopening the hand having squeezed the strain gauge once so as to initiate
the next trial.
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After reviewing some of the main studies in this area, Passingham (1993) summarises
that the “basic effect of medial premotor cortex lesions is to impair retrieval of the
appropriate movement in the absence of external prompts.” Having highlighted some
of the main findings from leading researchers in this area, it is clear that there is a
body of results from the animal domain that strongly suggests some degree of
functional specialisation of the lateral and medial premotor cortices. In particular, the
former premotor area is thought to be more involved in externally triggered action and
the latter premotor area is thought to be more involved in internally generated action.
An obvious next question is whether or not this functional dissociation exists in
humans?

More recent work by Tsujimoto et al (1998) has supported the suggestions arising
from the work of Passingham & colleagues. Using Positron Emission Tomography
(PET) to measure regional cerebral blood flow (rCBF) these authors investigated
brain activity in monkeys during self-initiated and visually triggered hand movement
tasks. The results showed that the orbitofrontal, cingulate, and anteromedial part of
the dorsal premotor areas were preferentially activated by the self-initiated hand
movement task. In addition, during the visually guided hand task there was activity in
areas V 1,V 2,V 3,V 3A and V4, but interestingly there was no significant difference
between the two tasks in the activity of the dorsolateral premotor and primary motor
cortices. Although not supportive of a full dissociation between the medial and lateral
premotor areas, this result provides support for the idea that the medial premotor areas
are involved in internal generation and self-regulation of movements.
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In another study, Mushiake et al (1991) contrasted a self-initiated task in which
monkeys had to remember a predetermined sequence with a visually triggered task in
which the sequence of touch pads was visually guided. The results showed that the
SMA was more active in the self-initiated than the externally triggered mode, whereas
the lateral premotor area showed the inverse pattern of activity.

Thaler et al (1995) reported results from several studies in which they removed the
medial premotor cortex (SMA) in monkeys. They found that the removal of this area
alone does not cause either paralysis or akinesia. However they found that the animals
were poor at performing a simple learned task in which they had to carry out an
arbitrary action. They were taught to raise their arm in order to obtain food in a
foodwell below. Very interestingly, and in common with the suggestion that SMA
directs action based in internal cues whereas lateral premotor cortex directs action
with respect to external cues, the animals were very impaired at performing the task at
their own pace. They were however, much less impaired when a tone paced
performance. They also found that, after ablation of the lateral premotor cortex,
monkeys were much less impaired on the self-paced version of the task. This study
strongly supports the idea that the medial premotor areas play a crucial role in the
performance of learned movements when there is no external stimulus to prompt
performance (Thaler, Chen, Nixon, Stem & Passingham, 1995).

Furthermore, Chen et al (1995) analysed the role of the tone in externally triggered
tasks and showed that animals with lesions of the medial premotor cortex performed
better when given external cues because the cues acted as instructions. Thus the
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authors interpreted the impairment of the monkeys with a mesial area 6 lesion in
terms of lack of retrieval of the appropriate action.

2.9 Human studies

Halsband et al (1993) carried out a study on patients who had suffered left sided
lesions including the SMA but sparing tissue from the lateral hemispheric surface and
seven age matched controls. Subjects were required to reproduce rhythm
constellations in the presence of a sound signal and from memory. The results
revealed that the patients with left sided SMA lesions had extreme difficulty in
producing rhythms from memory, though they were able to produce rhythms under
auditory pacing. These findings fit well with the consensus in the animal literature
that lateral and medial premotor cortices are functionally specialised for internally
generated (in this case retrieved from memory) and externally triggered actions.

It should be noted that prior to voluntary movement is a negative cortical potential
called the bereitshaftspotential (BP) that is evident from 1-1.5 seconds prior to self
initiated movement. The BP was first described by Komhuber & Deecke (1965) (cited
in Brunia, 2001) and is thought to consist of three components. These are the early
BP, a negative wave with an onset of about 1000-1500 ms prior to EMG activity
(muscle activity in the effector preparing to move), the late BP, which is evident as an
increased negativity at about 500 ms prior to movement and a peak BP or maximal
negativity at approximately 50 ms prior to EMG onset. The early BP is bilaterally
symmetrical and is maximal at Cz and FCz (10-20 system electrode positions) which
are over the SMA, which is thought to be the source of the early component, while
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primary motor cortex is considered as the source of the late and peak BP (Deecke et
al, 1969).

In an experiment performed by Jahanshahi and colleagues (1995), both Parkinsonian
patients and normal aged matched subjects were studied. The subjects had to perform
under three separate conditions, one of which was a self-initiated extension of the
right index finger at an average pace of once every 3 seconds. The second condition
involved them performing an externally triggered finger extension with the rate yoked
to the self-initiated task. The final condition was a rest condition in which tones were
presented at a rate yoked with the self-initiated task. For the self-initiated movements
the amplitude of the early and peak BP were lower for the Parkinson’s disease
patients relative to the age matched normals. For the externally triggered movements
the patients and normals did not differ on any of the measures of cortical negativity
prior to movement. For both groups the late and peak BP components had a lower
amplitude in the externally triggered as compared to the self-initiated movements.

The regional cerebral blood flow (rCBF) data showed that several areas were involved
in the production of internally generated actions as compared to a rest condition
(Jahanshahi et al, 1995). These were the dorsolateral prefrontal cortex (DLPFC),
SMA, anterior cingulate, the lateral premotor cortex, parietal area 40, insular cortex,
the thalamus and the putamen. For externally driven, but physically identical
movements, no area was exclusively activated and all areas that were involved for the
internally generated actions were active, but less extensively. The only area that
significantly differentiated the two conditions was the DLPFC, which was much more
active in the case of internally generated movements than for externally triggered
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movements. In addition when compared to the Parkinson’s disease group for self
initiated movements the normal group showed a greater activation of SMA, anterior
cingulate, left putamen, left insular cortex, right DLPFC and right parietal area 40.
This pattern of activity is consistent with the suggested role of the SMA in internally
generated actions. For externally triggered actions the global pattern of blood flow
and the rCBF change in the two groups did not differ.

Taken together the fact that there was an underactivation of the SMA in Parkinsonian
patients and a lower amplitude of the early BP suggests that the SMA contributes to
the early BP, and that the deficit in Parkinson’s disease is due to SMA
underactivation. Furthermore, the results of Jahanshahi et al (1995) provide specific
evidence for the existence of a medial premotor system, including the SMA, that is
involved in the production of volitional, internally generated actions. They do not
however provide strong evidence for a full functional dissociation between the lateral
and medial premotor cortices as a similar pattern of activation was observed in both
types of movement with the difference lying simply in the extent of activation. When
one considers the nature of the tasks that subjects were performing it becomes
apparent that one possible explanation for not finding a significant difference between
the self-initiated and the externally triggered actions is the fact that the movement
rates were the same in both conditions. This allows subjects to anticipate the
movement and engage in motor preparation in the externally triggered condition. This
may have had the effect of activating the SMA, since it is known to be involved in
motor preparation and hence blurred any real underlying differences in premotor
regions involved in internally generated and externally triggered actions.
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Deiber et al (1991) measured rCBF in normal subjects with PET while they
performed five different motor tasks. In all tasks they had to move a joystick on
hearing a tone. In the control task they always pushed it forwards and in the four other
conditions subjects had to select between four possible directions of movement. The
authors compared the rCBF for the conditions in which subjects had to select an
action with the condition in which the action was already known (control condition).
When selection of the movement was made significant increases in rCBF were found
in the premotor cortex, supplementary motor area and superior parietal association
cortex. The authors also compared blood flow maps for when the subjects performed
the tasks in response to external cues or internal cues. In the internally cued condition,
subjects prepared the movement in advance of the trigger stimulus whereas in the
external condition they had to wait for the cue prior to preparing the movement. This
comparison revealed a greater activation in the SMA for the internally cued condition.
This finding supports the idea that the SMA has a role in movement production in
response to internal cues.

In another study. Frith et al (1991) used PET to study a motor task which required the
subject to move the first or the second finger of the right hand at will in a random
sequence paced by touches to the fingers made by the experimenter. This was
compared to a control condition in which subjects lifted the finger touched by the
experimenter. Compared to the externally prompted actions, random finger
movements were associated with greater activation of the DLPFC and the anterior
cingulate.
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A study by Tyszka et al (1994) looked at self-initiated movements and the role of
mesial premotor areas and found that there were three distinct sites of activation
within the region of the SMA proper and the adjacent cingulate cortex. However,
these authors made no comparison with cued movements.

A study which further supports the idea that the medial premotor areas are more
concerned with self-initiated movements as opposed to externally triggered ones was
performed by Jenkins et al (1994). They scanned subjects during two conditions. In
one condition subjects learned a new sequence which was paced by a tone. In another
condition they were required to reproduce a previously learned sequence. Their results
showed that the lateral premotor cortex and the parietal cortex were significantly more
activated during new learning whereas the SMA was more activated during the
performance of the preleamed sequence. This result highlights the role of the lateral
premotor cortex in motor learning. It is consistent with results such as those reported
by Passingham et al (1985) in which monkeys with PMA lesions suffered great
difficulty in relearning a previously learned conditional motor task, whereas monkeys
with SMA lesions had virtually no difficulties as compared to unoperated control
animals.

Deiber and colleagues (1996) reported a study in which among other conditions,
subjects had to move a finger of their choice in a direction of their choice at will on
every trial. They compared brain activation in this condition to a condition in which
subjects were fully cued to make a particular finger movement in a particular
direction. The free condition was associated with significantly greater activation in of
the DLPFC bilaterally, the anterior cingulate, the anterior section of the SMA, the left
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prefrontal area, the left premotor area 8 bilaterally and the left parietal association
cortex. This suggests that internally driven decisions about which response to make
are associated with activation of the dorsolateral prefrontal cortex in addition to the
anterior cingulate and the SMA which were activated with motor preparation.

Deiber et al (1999) performed an experiment in which they compared the activity in
mesial motor areas in self-initiated verses externally triggered movements. Subjects
had to perform two different movements, either fixed or a sequence at two different
rates, slow or fast. These movements had to be performed in either a self-initiated
manner or in a visually triggered condition. These authors made a detailed study of
the SMA by examining both its anterior parts and its posterior parts, the so called preSMA and SMA-proper (Vorobiev et al, 1998). The authors found that the extent of
pre-SMA activation was higher in self-initiated movements than in visually triggered
movements and in fast rather than slow movements. In addition, in the SMA the
difference was not significant between self-initiated and externally triggered
conditions although it showed a trend in the same direction as the pre-SMA result.
Other studies have shown that the rostral parts of the SMA were inactive during
execution of arm movements whereas the caudal parts were active during movement
execution. In addition, the rostral parts were not active for execution but were active
during imaging of the same movement (Vorobiev et al, 1998). This suggestion that
the more anterior portion of the SMA is involved in “higher order” motor control and
the posterior portion is more involved in motor executive processes fits with the
pattern of activation found in the study of Deiber et al (1999) described above. That
is, self-initiated movements presumably require some internal form of cueing which is
intuitively a “higher order” motor function as compared to production of a paced
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movement in the presence of a pacing stimulus. This result confirms that there is
some degree of serial information flow as suggested in the serial model outlined in
chapter 1. In fact, this study suggests that the subsequent activation of brain areas may
operate on a very fine scale with sub-regions within a particular brain region
becoming active with respect to different stages of motor activity.

A complex study by Gerloff et al (1998) used EEG and calculated three task related
phenomena; task-related coherence, task-related power and movement related cortical
potentials. Task related power reflects inter-regional functional coupling of neuronal
activity whereas task-related power reflects regional oscillatory activity of neuronal
assemblies. Movement related cortical potentials reflect summated potentials of apical
dendrites of pyramidal cells. The authors used these three measures to conduct a
detailed analysis of different aspects of information processing in neuronal assemblies
during internally paced and externally paced finger extensions. The results showed
that internal pacing of movement places higher demands on the motor system than
external pacing. In addition, as well as internally paced movements involving higher
activation of the mesial premotor system, including the SMA, they also involve a
greater information flow between lateral and mesial premotor and sensorimotor areas
of both hemispheres.

Jenkins et al (2000) carried out a study in which they measured rCBF using PET
whilst subjects performed self-initiated right index finger extensions at a variable rate
of once every 2-7 s and finger extension triggered by pacing tones at unpredictable
intervals. The rate was yoked to the self-initiated movements and also at rest. The
results showed that, compared to rest, unpredictably cued movements activated the
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contralateral primary sensorimotor cortex, caudal SMA and contralateral putamen.
Self-initiated movements also activated rostral SMA, adjacent cingulate cortex and
bilateral DLPFC. When they compared the two movement conditions directly they
found significantly greater activation of these areas and of caudal SMA in the self
initiated condition. The authors concluded that the rostral SMA plays a primary role
in movement preparation while caudal SMA is more involved with motor execution.
They also suggest that the DLPFC is activated when subjects have to make decisions
about the timing of their movements. Interestingly this study also found that the
lateral premotor cortex was significantly activated in both self-initiated and externally
triggered conditions. In fact, this activation was found to be higher in the self-initiated
condition. However the authors themselves point out that, although at first sight this
result may appear to be at odds with evidence from the animal literature (e.g.,
Passingham, 1993) it must be borne in mind that pacing tones are not wholly
equitable with external cues which specify the movement to be made. Indeed the
former simply tell the subjects when to move, whereas the latter tell them what
movement to make. This distinction should be borne in mind when considering the
result of this study.

Cui et al (1999) examined the berietshaftspotential in subjects performing self-paced
voluntary extensions of the right index finger. They found that in 13 out of the 17
subjects they tested, significant sources were apparent over medial wall motor areas.
The authors concluded that these results are in agreement with other results
suggesting that the medial wall motor areas are activated earlier than lateral motor
areas when organising the initiation of a simple self-paced movement.
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An event related potential study by Thut et al (2000) required subjects to produce
internally driven or externally cued movements. In one of two experimental blocks
subjects were cued by being shown a shape corresponding to one of three possible
finger movements (index, middle or thumb) after which they had to first imagine
making the movement. They then had to perform the movement upon presentation of
another “go” cue at a later time. In the second experimental condition subjects were
always shown the same shape and had to choose any of the three possible finger
movements. The delayed “go” cue was the same in both blocks and consisted of a
filled circle. The ERP data revealed that movement selection evokes the same
electrical brain activity in terms of surface potential configurations in the same order
and at the same strength independent of whether the selection was internally cued or
externally cued. However, these identical configurations differed in their durations
with a longer lasting activity in SMA for internally cued movements and longer
lasting activity in the lateral premotor cortex during the externally cued condition.
These results provide support for the suggestion that the two premotor areas are
somewhat functionally dissociable in humans but are not wholly independent as some
of the animal ablation studies might suggest. Interestingly the electrical brain
activations in the lateral premotor system occurred at about 180 ms and those with
activity in the medial premotor system at about 210 ms after stimulus onset. The
former result is in good agreement with the TMS study of Schluter et al (1999) who
found that lateral premotor cortex stimulation interrupted task performance in an
externally cued motor selection paradigm at 140-180 ms after a visual cue.

Thickbroom et al (2000) performed an experiment in which they asked subjects to
touch successive fingers of their right hand to the thumb of the same hand in response
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to a visual signal. The subjects performed the task in two separate conditions, one
where the timing of the visual cues was predictable (i.e., constantly every 2 s) and
another in which the timing of the visual cues was unpredictable (i.e., distributed
within the range 1.5-2.5 s). The question that Thickbroom et al were asking related to
the role of the medial premotor areas, not in movement selection, but in closely
related issue of the timing of movement. Whereas other studies have looked at a
simple difference between externally cued and internally generated movements, in
this study, the movement was known in advance by subjects and simply the
predictability of when it had to be made was manipulated. In a detailed analysis of the
fMRi signal from mesial premotor areas the authors observed that there was greater
activation of caudal than rostral SMA with both predictably and unpredictably cued
movements and a doubling of the signal when the timing of the motor response was
unpredictable. The data from this study show that the caudal SMA has an important
role in the execution of externally cued movements and that there is a greater role of
this area in unpredictably as opposed to predictably timed movements. In addition it
may be the case that the rostral parts of the SMA are more involved with internally
generated actions which are somewhat similar to highly predictable externally
triggered actions in that the subject knows when the response will be made. Thus it
can be suggested that the role of the pre-SMA (rostral SMA) is more in internally
generated actions where as the SMA-proper (caudal SMA) is involved in both types
of action, perhaps to a greater extent in externally generated actions.

Given the activation observed for externally cued movement in this study it appears
that the functional dissociation suggested by some of the animal studies is not as sharp
as it appeared to be in earlier work. The idea that the premotor areas (both medial and
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lateral) form part of the same distributed network of structures and that some
differences may lie in the extent of activation of sub-areas of the premotor cortex
with respect to the context in which the motor task is performed seems to be
emerging. It becomes difficult to make any absolute claims about the exact roles of
the medial and lateral premotor cortex in internally generated and externally triggered
actions when the differences in paradigms and tasks is taken into account. Having said
this, there does seem to be a consensus that the medial premotor areas are in some
way more, although not exclusively, implicated in self-initiated actions. However, as
Weeks et al (2001) point out “relatively increased lateral premotor activity contingent
with externally guided movements has not been demonstrated with human imaging
studies.”

In a study partially designed to shed light on the question of a functional dissociation
between lateral and medial premotor systems for externally and internally cued
movements respectively. Weeks et al (2001) reported no difference in lateral premotor
cortex when externally cued movements were compared to internally generated tasks.
They also found that the internally generated task was associated with a much larger
volume of activation than the external tasks. Interestingly the areas of significantly
increased activation included the anterior SMA/cingulate, bilateral superior parietal
lobule, bilateral dorsolateral preffontal and bilateral ventral premotor cortices but not
the primary motor areas. This finding is in agreement with most of the other studies
(e.g., Deiber et al, 1991) conducted looking at this question and confirms the role of
the medial premotor cortex in internally generated actions.
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A recent fMRJ study by Cunnington et al (2002) compared the brain activation for
subjects performing a brief finger sequence either in response to an unpredictably
timed auditory cue or at self-paced irregular intervals. The authors found that both
movement conditions involved similar strong activation of medial motor areas
including pre-SMA, SMA proper and rostral cingulate cortex as well as activation
within contralateral primary motor, superior parietal and insula cortex. Activation
within the basal ganglia was found for self-initiated movements only. Although this
study did not find a significant difference in the levels of SMA activation between
movement conditions, the timing of the haemodynamic response within the pre-SMA
was significantly earlier for self-initiated compared with externally triggered
movements. These results clearly demonstrate the role of the pre-SMA in early
processes associated with the preparation of voluntary movement. This result is in
good agreement with that of Deiber & colleagues (1991) reported earlier.
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Table 2.1 shows a summary of the human studies and their findings as reviewed
above.

Table 2.1: Summary of Human studies on Internally Generated vs Externally
Triggered Actions

Deiber et al

1991

Normal

Y

N

N

Frith et al

1991

Normal

Y

N

N

Halsband et

1993

Patients

Y

Y

Y

Tyszka et al

1994

Normal

Y

N

N

Jenkins et al

1994

Normal

Y

Y

Y

Jahanshahi

1995

Normal &

Y

N

N

al

Patients

et al
Deiber et al

1996

Normal

Y

N

Y (partial)

Gerloff et al

1998

Normal

N

N

N

Deiber et al

1999

Normal

Y

N

N

Cui et al

1999

Normal

Y

N

N

Normal &

Y

N

N

Jenkins et al 2000

Patients
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Thut et al

Thickbroom

2000

Normal

Y

Y

(duration)

(duration)

Y (partial)

2000

Normal

N

N

N

Weeks et al

2001

Normal

Y

N

N

Cunnington

2002

Normal

Y

N

N

et al

et al

As can be seen above, whereas the functional dissociation in animals between the
lateral and medial premotor systems appeared to be quite strong (e.g., the work of
Passingham and colleagues), this dichotomy seems to be rather less sharp in humans.
However, there is considerable support for the notion of medial premotor areas such
as the SMA being involved in the production of self-initiated movements and there is
some evidence that the nature of the activation in lateral and medial premotor areas
differs for self-initiated verses externally triggered actions.

However, it must be noted that the designs of the studies that have been reported here
are divergent and as such, drawing conclusions regarding the central issue of the
medial and lateral premotor system specialisations becomes somewhat difficult.
Therefore at the present time it is impossible to be sure whether there exists a
functional dissociation between the two premotor areas or not. Although some studies
have been carried out in which the motor selection component has been removed from
the task, further experiments are needed in which the motor outputs being performed
by subjects are fixed so that movement selection is not what is being tested. The only
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manipulated variable shouÜ be whether or not the movement is evoked in response to
some external prompt or in response to inner drives.

With a little thought it beccmes apparent that the question regarding internally
generated and externally triggered actions is a very difficult one to answer, as asking
subjects to make a completely volitional freely willed action as and when they choose
in the laboratory is practically impossible. Hence it must be borne in mind that due to
this constraint, all the studies reviewed above must be regarded as having used
approximations to internally generated responses, which may have reduced any
underlying differences in the neural processes producing these types of movement as
opposed to externally triggered responses. In the present thesis the relative absence or
presence of an external stimulus is used as the defining feature of an internally
generated or an externally triggered action.

One question that has not been addressed by any studies so far concerns the potential
interaction between lateral and medial premotor systems. Indeed, most previous
studies have been specifically designed to separate the two classes of action. One
study has shown that there is increased information flow between these two premotor
areas in self-initiated actions (Gerloff et al 1998), no one has yet examined the effect
of interrupting subjects’ preparation of an internally generated response and requiring
them to immediately make the same response that they were preparing but in reaction
to an external prompt. A number of questions can be asked on different levels
regarding this situation. Firstly, all studies examining brain activation have assumed
that the motor responses being produced by subjects are similar, whether they are
internally generated or externally triggered. A careful measurement of internally
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generated and externally triggered actions would enable us to exclude the possibility
that differences in brain activation may be due to the fact that the actions being
performed are actually different, and not, as assumed the same.

Secondly, regarding the question of the relationship between the lateral and medial
premotor areas, we can ask whether an externally triggered response can “borrow”
motor preparation from the preparation preceding an internally generated response.
That is, if we force subjects to switch from an internally generated mode of
preparation to an externally triggered one, what happens to the latency of the
response? Is it facilitated, or slowed down? In addition, what are the brain activation
patterns when subjects have been forced to switch between these two types of
response production? The first two experimental chapters of this thesis attempt to
address these issues. Chapter 3 attempts to examine the behavioural effects of asking
subjects to switch between response contexts, from internally generated to externally
triggered and chapter 4 attempts to clarify the brain regions involved in self-initiated
and externally triggered actions and also to look into how brain activation patterns
change when subjects know that they may be asked to switch their response context
from internally generated to externally triggered.
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2.10 Movements that are Psvcholo2icallv bound but Motoricallv similar- Introduction

Many animals are characterised by a great ability to use more than one limb to
accomplish a task. In particular, those actions in which the hands perform different
spatio-temporal movements in a coordinated way to achieve a useful end result are of
extremely high utility (e.g., a squirrel using two hands to crack a nut - the hands do
different things but in a coordinated way). Humans, as well as many other classes of
primates show this ability to a very large extent and are capable of performing
extremely complex tasks involving the cooperation of more than one body part.
However, it is not only complex tasks but also seemingly simple tasks such as
opening letters, eating food and bathing, that require us to use our limbs, especially
our hands, in a precisely coordinated manner. Yet despite this capability of using two
hands simultaneously to accomplish all manner of goals, surprisingly little is known
about how this performance arises. That is, how do our motor systems control and
coordinate our limbs in such a skillful fashion? Are the functional couplings of our
limbs simply the result of controlling the individual entities comprising the
movement, or do these entities comprise an integrated whole which is itself controlled
by the motor system? Or, is the answer to the problem of bimanual coordination a
combination of common and independent control? This literature review will survey
some of the key papers that have been published in the area of bimanual coordination
with a view to identifying areas in which our knowledge can be improved.

The bimanual coordination literature can be grouped into at least three main
categories of study. Firstly, much work has been carried out in the animal domain,
mainly with primates but also with other animals such as rats. This work is typified by
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the use of invasive methods such as single cell recording and retrograde and
anterograde tracer techniques. These methods have enabled much to be learned about
the brain structures involved in bimanual coordination as well as the interconnectivity
of these brain structures.

The second category of research on bimanual coordination has involved the study of
human patients. The type of patient used in these studies varies from people with
movement disorders such as Parkinson’s disease, to those with either gross or very
localised lesions. Some types of lesions that have been studied affect frontal lobe
areas related to motor function such as the supplementary motor area (SMA), the
primary motor cortex (MI), and sometimes the more lateral premotor areas (PMCs).
Other types of lesions whose effects on bimanual coordination are studied are lesions
of the corpus callosum. The corpus callosum links the two hemispheres and is
responsible for interhemispheric integration and transfer of information. This structure
can be divided into two principal parts: the anterior part (rostrum, genu and anterior
body) which connects the frontal lobes, and the posterior part (posterior body, isthmus
and splenium) which connects the temporal, parietal and occipital lobes (Pandya et al,
1971). The anterior part is involved in interhemispheric integration of motor
information, whereas the posterior part is responsible for somaesthetic, auditory and
visual integration (Pandya et al, 1971; Pandya and Seltzer, 1986). Given the
integrated nature of bimanual coordination tasks, the role of the corpus callosum is
paramount.

The third category of studies in the area of bimanual coordination are those studies
that use samples of normal humans and employ non-invasive techniques ranging from
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behavioural, psychophysiological, and increasingly, functional imaging
methodologies.

This review will be in sections. First a short section outlining the fundamental
problem of bimanual coordination will be presented. The second section will
concentrate on the animal literature. Thereafter, the patient, or neuropsychological
literature will be considered and lastly, the normal literature will be surveyed. It is
impossible to conduct an exhaustive review of the bimanual coordination literature so
only those studies that are most relevant to the field of motor control
neuroscience/psychology will be considered

Given that the two hands sometimes share the same movement characteristics and
appear to be co-controlled, whereas, at other times they behave as if they are under
independent control; how is/are the control structure(s) organised? Figure 2e
illustrates three alternative methods of control that could be used in the coordination
of bimanual movements. These figures are hugely oversimplified and simply show
three possible strategies that could be used to produce bimanual action. The models as
drawn are all feedforward in that they do not contain any feedback loops. It must be
stated that the models as presented represent principles of possible control and not
actual mechanisms of control. It is easy to relate these figures to the serial model of
motor processes outlined in chapter 1. The controllers represent the centres in the
brain where motor plans are formulated and dispatched to the effectors. The key
question is, in bimanual coordination, how are these plans coordinated to produce
useful action?
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Figure 2e

Controller 1

Controller 2

Hand 1

Hand 2

Figure 2e (i) Independent controllers for each

Controller

Hand 1

Hand 2

Figure 2e (ii) Common controller may control
both hands

Controller 1

Hand 1

Controller 2

Hand 2

Figure 2e (iii) Controllers 1 and 2 are
related via some connective device which
integrates the separate control of each
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The next section will detail some important studies that have taken place in the animal
domain and have greatly helped in our understanding of bimanual movement control
and coordination at the physiological level.

2.11 Animal studies o f Bimanual Coordination

Brinkman (1984) studied the short term and the long term effects of unilateral lesions
of the SMA in five monkeys. The task the monkeys had to perform involved
obtaining a small amount of food which was lodged in a small hole in a perspex plate.
To do this task successfully, the monkeys had to push the food from above and cup
their other hand underneath the plate to catch the falling food. Hence the actions of
the two hands were different but were coordinated to achieve a useful result (figure 2f
shows a sketch of the task). The monkeys were studied before and after unilateral
lesions of the SMA. In all the animals, general behaviour was unaffected by the
lesions, although for the first few weeks postoperatively the monkeys all exhibited
clumsiness of forelimb movements involving both proximal and distal musculature. In
two of the monkeys, even after one year of postoperative training they exhibited
bimanual deficits in which the two hands tended to behave in a similar fashion as
opposed to sharing the task between them. This deficit was more pronounced after a
lesion contralateral to the non-preferred hand. Brinkman suggested that this effect
could be due to the intact SMA influencing the motor outflow of both the ipsilateral
hemisphere and the contralateral one through the corpus callosum. These results
suggest that the SMA may be responsible for discharging information about the
ongoing or intended movements via the corpus callosum. In essence, Brinkman’s
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findings show ed that the SM A m ay be involved in letting one hand know w hat the
other is doing.

5 m o n t h s a f te r r ig h t S M A le s io n

Figure 2f. Monkeys performing the experimental task in Brinkman’s classic
study (1984)

In an attem pt to further understand the functions o f the SM A, K erm adi, Liu, Tem pini
and R ouiller (1997) reversibly inactivated this cortical area in m onkeys (using
m uscim ol m icroinfusion) and then studied their ability to perform uni-m anual and
bim anual pull and grasp tasks. They em ployed two m otor tasks in their study. The
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first was a delayed conditional bimanual drawer pulling and grasping sequence that
was initiated on a self-paced basis. In this task, the monkey had to pull open a spring
loaded draw with one and reach with the other hand to grasp a food reward. The
second task was termed the “board task” and tested precision grip formulation ability.
The task employed a board with holes drilled in different orientations containing food.
Monkeys had to use the appropriate wrist orientation together with a precision grip to
get the food and performance was measured by counting the number of food morsels
the monkey obtained in one minute. This task was performed both unimanually (one
hand immobilised) and with the option of bimanual performance (both hands left
free).

Unilateral or bilateral inactivation of the SMA produced a prominent deficit in trial
initiation in the bimanual task and affected the hand contralateral to the inactivated
side or both hands respectively. The deficit manifested as a prolonged (15 minutes or
more) inability of the monkeys to place their hand(s) in the ready position to perform
the start of the trial. However, if after such a deficit period the experimenter switched
on the light informing the monkey to proceed, the monkey executed the drawer task
without obvious motor deficit. This study illustrates that the SMA may have a critical
role in movement initiation.

SMA inactivation did not affect unimanual reaching and grasping movements as
measured in the board task. This could be due to the fact that, in the board task, the
food reward was always visible. Thus the task may be thought of as an externally
cued action, the performance of which may not be dependent on the SMA but could
rely on other premotor structures, such as the PMC (Passingham, 1987; 1993).
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Interestingly, reversible inactivation of other motor cortical areas such as primary
motor cortex, dorsal premotor and the intraparietal area did not affect the initiation of
movement sequences in the drawer task.

The results of Kermadi et al (1997) show very strongly that the SMA plays a crucial
and specific role in the initiation of self-paced motor sequences. The results also
suggest that the SMA may not be crucial for the successful performance of bimanual
tasks, as the monkeys were still able to perform coordinated movements of the two
forelimbs and hands whilst the SMA was inactivated.

The results of the above mentioned study are interesting because they failed to
reproduce findings from other studies that have suggested that the SMA is specifically
responsible for interlimb coordination (e.g. Brinkman, 1984). Instead they highlight
the role of the SMA in movement initiation. This role of the SMA has also been
suggested in “non-bimanual” movement studies (e.g., Passingham, 1987; 1993).

To try and further specify the precise role of the SMA in motor control, another
experiment was conducted in the same laboratory (Kermadi, Liu, Tempini, Calciati
and Rouiller, 1998). In this experiment the authors recorded the activity of single
neurons in the SMAs (both the SMA-proper and the pre-SMA) and the primary motor
cortices (MI) of two macca fascicularis monkeys. Recording was undertaken during
the monkeys’ performance of either uni-manual or bimanual pull and grasp
movements. The tasks were designed so that it would be possible to distinguish the
neuronal activity associated with bimanual coordination from that related to a
comparable motor sequence but executed uni-manually (left or right arm only). The
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results showed that 87% ofSMA units were active in both uni-manual contralateral
and uni-manual ipsilateral rials (bilateral neurons), whereas 9% of units were active
only in uni-manual contralderal trials and 3% were active in uni-manual ipsilateral
trials. Almost half (48%) o: SMA neurons were classified as bimanual. The authors
made this classification basd on whether or not the activity of the neurons in
bimanual trials could be predicted on the basis of their activity in uni-manual trials
when comparing the same events related to the same arm. In MI, 53% of cells were
classified as bimanual, 759< of cells were deemed bilateral, and 22% appeared to be
contralaterally responsive. These results confirm previous suggestions that MI is
heavily contralaterally organised, but they contradict previous suggestions that the
SMA is specifically responsible for bimanual coordination. Instead, the results of this
study suggest that both the SMA and MI may contribute to the control of sequential
bimanual coordinated movements.

Further evidence for the role of MI in bimanual coordination comes from a study by
Donchin, Gribova, Steinberg, Bergman and Vaadia (1998). In their experiment, the
authors studied the activity of neurons in the SMA and MI. They found that
statistically similar numbers of neurons in MI and the SMA were active in bimanual
tasks. In addition, the activity of the cells in MI during bimanual movements was
markedly different from the activity of the same cells during uni-manual movements.
The authors concluded that both the SMA and MI share the control of bilateral
coordination. These results, in conjunction with the results from other studies which
have shown only transient disturbance of bimanual coordination in animals with
lesions, support the notion that the SMA is not solely responsible for bimanual
coordination (Wiesendanger, Rouiller, Kazenikov, and Perrig, 1996).
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Another study by Kazennikov, Hyland, Corboz, Baalian, Rouiller and Wiesendanger,
(1999) examined the neural activity of the SMA and MI during monkeys’
performance of bimanual movement sequences. In this study it was shown that only a
small percentage of neurons bad activity patterns related exclusively to bimanual
tasks, although the percentage of these neurons was slightly higher in the SMA than
in MI. Another group of neurons that were active in both the uni-manual task
components making up the bimanual sequence as well as in the bimanual task itself
were also identified. To use the same classification as the authors, these “task
dependent”, as opposed to “effector dependent” activity patterns were more common
in neurons of the SMA (19%) than neurons of MI (5%). However, a large number of
neurons in both SMA and MI had activity patterns that were strongly related only to
contralateral hand movements. The number of such neurons was higher in MI than in
the SMA (65% and 51% respectively). These very recent results support the
previously reported findings that the SMA is involved with bimanual coordination
perhaps to a greater extent than MI, but that it is not a defining function for the former
cortical area.

In an earlier anatomical investigation into the role of the SMA and MI in
coordination. Rouiller, Babalian, Kazennikov, Moret, Yu and Wiesendanger (1994)
used tracer methodology to examine the following two questions. Firstly, to what
degree is the hand area in MI of one hemisphere transcallosally connected to MI in
the opposite hemisphere? Secondly, they were interested in comparing the density of
transcallosal connections for the hand representations of MI and the SMA. The
authors first identified the hand area in MI and the SMA by intracortical

76

Chapter 2: Literature Review

microstimuluation. They then injected either retrograde tracer substances in order to
label the neurons of origin in the contralateral motor cortical areas, or anterograde
tracer, to establish the regional distribution and density of terminal fields in the
opposite motor cortical areas. Injections of anterograde tracer in the hand
representation of the SMA resulted in dense and widely distributed axonal terminal
fields in the opposite SMA, PMC and cingulate motor areas while labeled terminals
were clearly less in MI. The results suggest that the SMA be more powerfully and
highly callosally connected to the opposite cortex than ML These anatomical results
support the proposition that the SMA is a bilaterally organized system and may be
crucial for bimanual coordination.

There are some common themes emerging from the animal studies that have been
considered so far. It appears that both MI and the SMA are involved in bimanual
coordination. The SMA may be more involved in the initiation of bimanual
movement sequences although the degree to which this assertion is true remains
unclear. The number of neurons specialized for bimanual function is similar in MI and
the SMA, although the SMA appears to be more highly transcallosally connected
suggesting that the degree to which it is specialized for bimanual coordination is
greater than MI. The fact that the SMA projects to the opposite PMC and cingulate
motor areas, suggests that the SMA is just part of a distributed network that may be
involved in the coordination of bimanual tasks.

The animal work has provided the field with clear neurophysiological and anatomical
evidence of the brain structures involved in bimanual coordination. It has suggested
that the SMA is very much involved in bimanual movements, but perhaps only
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marginally more so than ML Having considered the animal literature, the next section
of this review will consider studies using human patients. The findings from the
animal literature will serve as a useful starting point from which we can continue the
journey through the literature. It will certainly be interesting to determine the degree
to which the animal results extend into the human domain.

2.12 Neurovsvcholosical studies o f Bimanual Coordination in humans- Frontal
Cortex Lesions and Callosal Sections

Studies of motor function in both human and non-human primates indicate that
lesions involving the frontal cortex impair the performance of complex motor acts,
even when the pre-central gyrus is spared (Deuel, 1977; Luria, 1966; Passingham,
1985). In human subjects unilateral lesions of either frontal lobe produce bilateral
impairments in the copying of complex arm and hand movements, whereas subjects
with temporal lobe lesions of either hemisphere perform such tasks normally (Kolb
and Milner, 1981). In addition, bilateral deficits after large unilateral brain lesions
have been observed on motor tasks such as pursuit tracking. These impairments have
been observed more frequently after damage to the left cerebral hemisphere as
opposed to the right.

Many studies have used simple finger tapping tasks as tests of motor speed and
coordination in human subjects. Two of the main findings to have emerged from this
research are that men tap faster than women (e.g., Dodrill, 1979), and that in right
handed subjects the right hand is consistently faster than the left (e.g., Chavez, Trautt,
Brandon and Steyaert, 1983). The difficulty of a tapping task can be increased by
requiring subjects to tap in a specific temporal pattern or in a spatially ordered
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sequence. Thurstone (1944) devised a uni-manual and a bimanual task in which
subjects use a stylus to tap in a prescribed sequence on a board. In the bimanual task,
the movements made by the two hands are out of phase, and the tapping rates
achieved are thus considerably slower than the speeds determined for each hand
individually.

A study by Leonard, Milner and Jones (1988) used the Thurstone task in conjunction
with a simple tapping task to investigate the effect of circumscribed lesions of the
frontal cortex on motor speed and coordination. They used patients with temporal
lobe lesions as their controls. The results showed that all the patients were impaired
with both hands on spatially ordered unimanual tapping. However, only those patients
with either right or left frontal lobe lesions performed poorly on the bimanual tapping
task. These results partially support the findings that monkeys with unilateral lesions
of the SMA are impaired in their performance of bimanual coordination tasks (e.g.,
Brinkman, 1984). However, caution must be used in interpretation of this result as this
type of tapping task cannot be compared too directly to tasks in which the hands must
perform different actions with different temporal patterns. In the tapping task, the
actions are the same but out of phase. In many real life tasks (and the Brinkman, 1984
task) the actions are different and out of phase. Hence, some experimental results can
lend support for other results but often are not sufficiently ecologically valid to be
compared directly to real world tasks.

A recent study by Stephan, Binkofski, Halsband, Dohle, Wunderlich, Schnitzler, Tass,
Posse, Herzog, Sturm, Ziles, Seitz and Freund (1999) studied two patients with
midline tumours and compared their performance on a bimanual task with six normal
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healthy volunteers. One patient had a lesion that was confined to the cingulate gyrus
whereas the second patient’s lesion invaded the corpus callosum and the SMA. The
patient with the cingulate gyrus lesion had problems performing simultaneous
movements as soon as her hands were required to perform independently, such as
when tying shoelaces or buttoning. In the experiment, this manifested as an inability
to perform a bimanual anti-phase task. However, she displayed fewer problems with
uni-manual everyday tasks or in performing simultaneous identical movements with
both hands. The second patient had a more extensive lesion of the right SMA,
cingulate gyrus and corpus callosum. This patient seemed to be relatively unaffected
in daily life and could easily tie his shoelaces and fasten buttons. In the experiment,
he did not encounter as many problems as the first patient in both the in-phase and
anti-phase movements, although his bimanual movements were far from perfect. Both
patients showed deficits in bimanual and uni-manual coordination although the
bimanual movements were most problematic.

Stephan Stephan, Binkofski, Halsband, Dohle, Wunderlich, Schnitzler, Tass, Posse,
Herzog, Sturm, Ziles, Seitz and Freund (1999) also performed functional imaging of
the patients and six normal volunteers during the performance of the same bimanual
tasks. In the healthy volunteers the importance of the ventral medial wall areas for the
temporal aspects of bimanual coordination was supported by the fact that they showed
activation just above the left cingulate sulcus during the in-phase condition. In
addition they showed an increase in activity in both left and right areas above the
cingulate sulci during the anti-phase condition.
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The results of Stephan et al’s (1999) study indicate that there is a difference in
functions between the dorsal medial wall area, which encompasses the SMA, and the
ventral medial wall areas. As mentioned, healthy subjects showed activation of
ventral medial wall areas during their performance of bimanual tasks. The SMA is
thought to be involved in higher aspects of sensori-motor functions such as ideation
and the planning and initiation of motor tasks. In contrast the cingulate motor areas
are thought to be more involved in the actual execution of the motor commands
(Dettmers et al, 1995). The results of Stephan et al (1999) support these functional
distinctions as their two patients were knowledgeable about what they had to do and
had some idea of how to do it, but could not transform this knowledge into
appropriate performance. Thus, this study suggests that the ventral medial wall areas
may be preferentially involved with basic facilitatory and inhibitory processes. In this
study, the functions of the ventral medial wall areas would entail coordination of
bimanual movements by means of stabilising in-phase and anti-phase patterns
between the two sides, and enabling decoupling of the two hands during movements
of one hand only.

Studies such as the one reported above are slowly starting to provide quite specific
evidence for the functional roles of different brain areas in bimanual coordination.
The next section of this literature review will consider studies which have been
carried out on patients with either callosal sections (i.e., “split-brain patients”), or
acallosal subjects.

Preilowski (1972; 1975) used a task that required the simultaneous use of the left and
right hands to draw a diagonal line. One hand was used to control a crank that moved
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a plotter in the vertical plane and the other hand operated the crank in the horizontal
plane. Preilowski (1972) studied two patients with anterior commissurotomy and
reported two major findings. First, even after much practice, they were unable to
demonstrate the same speed and accuracy of performance as normal subjects in the
bimanual control of the cranks. Thus it was inferred that the anterior corpus callosum
normally participates in transferring corollary motor information between the
hemispheres. This inference was supported by the fact that the patients performance
was similar to that of normal controls who performed the bimanual task in a delayed
feedback condition. The second major finding was that when patients were required to
trace a line that required the left hand to function at twice the speed of the right hand
to control the plotter, they exhibited large deficits in performance. Preilowski
interpreted this finding in terms of the anterior corpus callosum’s role in transferring
inhibitory control by the right hemisphere over the dominant left hemisphere.
However, this particular conclusion is somewhat speculative as patients with sections
elsewhere along the corpus callosum were not examined and tasks in which the right
hand had to move with twice the speed of the left were not studied. This result does
however support the idea of information sharing across the hemispheres via the
corpus callosum being a vital component of bimanual coordination. Furthermore the
findings support the possible control for bimanual movements as being similar to that
in figures 2e(ii) and 2e(iii) which stress some form of mutual utilisation of motor
plans by both hands.

Patients with total commissurotomy show lasting deficits in bimanual coordination.
Severe impairments 5-10 years after surgery have been observed on tasks requiring
interdependent bimanual movements (e.g. the crank task described above) and in
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tasks requiring rapid and alternating bimanual tapping. Interestingly, such deficits are
in contrast to patients’ ability to perform bimanual movements that are synchronised
and symmetrical. Moreover, the patients’ deficits in asynchronous bimanual
movements have only been observed in those tasks that are unlearned. Skills which
are well practised before surgery (e.g. tying shoe laces, buttoning clothes, striking
matches and bicycling) show little if any impairment (Sperry, 1968). This is a very
interesting finding as it suggests that some form of consolidation of motor memories
(including for bimanual tasks) may take place in which well learned, perhaps
automatic, tasks may be represented at lower levels. Another similar finding is the
finding in the animal literature that damage to various frontal lobe motor structures
such as the SMA, does not necessarily impair the performance of well learned tasks
but does severely impair the acquisition of new motor tasks. The reasons for this are
as yet unclear and the functional roles of both the SMA and the corpus callosum are
yet to be fully specified via experimental research.

Other studies of bimanual coordination in patients with callosal lesions include those
of Jeeves et al (1988), Milner and Kolb (1985) and Tuller and Kelso (1989). The
study by Jeeves et al (1988) makes good comparison with the study of Preilowski
(1972), since unlike the latter author, Jeeves et al (1988) used a patient with the
anterior part and the posterior part of the callosum intact. The patient, who was a
child, had the central one-third of the corpus callosum cut at the age of six. Jeeves et
al (1988) found that the patient reached a relatively normal level of performance after
practice and suggested that this null result confirms Prelowski’s earlier suggestion
that the anterior part of the corpus callosum is the crucial part for bimanual
movement.
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In comparing the studies of Preilowski (1972) and Jeeves et al (1988) a limitation of
neuropsychological studies is highlighted. It can be concluded that the corpus
callosum is important for bimanual coordination in humans, however, the problem
remains that lesioned patients cannot be “tailored” to fit exactly with the experimental
question(s) being asked. Hence, it is often difficult for these types of studies to go
beyond rather gross explanations of a particular phenomenon. That is, with lesion
studies, researchers have to study the patients that they have access to, and it is not
always possible to find a patient with a specific and sufficiently localised lesion
appropriate for testing the experimental hypothesis.

Tuller and Kelso (1989) examined two patients with total commissurotomy (although
one had some residual fibres in the splenium and rostrum). The subjects had to tap
with the left or the right hand when a light in the left or right visual field appeared.
The lights flashed either in-phase or out-of-phase or somewhere between these
extremes, such that their tapping was either simultaneous, sequential or asynchronous.
Normal subjects exhibit the highest stability when taps are either in-phase or out-ofphase. The two split-brain patients showed even greater preference for these patterns
and were most stable in the in-phase (simultaneous) pattern of tapping. However, their
coordination was disproportionately poor when the tapping was asynchronous and
sequential. Both these conditions require the transfer of large amounts of corollary
motor and sensory feedback information, since, presumably, each hemisphere must be
informed of the current output and position of each of the hands. The findings with
commissurotomy patients have also been extended to subjects with agenesis of the
corpus callosum. Again, these findings support the idea that control and coordination
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of bimanual actions is achieved via some kind of information sharing across the
hemispheres (as outlined in figure 2e(ii) and 2e(iii)).

The idea of corollary discharge has been known for some time in the field of motor
control. The basic principle is that, since each hemisphere has contralateral control of
the limbs, when motor commands are sent to one limb by one hemisphere, concurrent
information may be sent to the appropriate structure in the opposite hemisphere. This
is so that the motor system as a whole knows the current state of
programming/execution. This concurrent information has been termed corollary
discharge. It is as yet unclear at which level this transfer of motor information takes
place, and it is also not known exactly what the information that is transferred is made
up of. Even so, the idea is useful in helping us to understand how the brain may
integrate neural information from multiple sources in the coordination of bimanual
skills.

The studies discussed thus far suggest that the corpus callosum is highly involved
with bimanual coordination tasks and that the more complex the task the greater are
the deficits in performance exhibited by callosal patients. However, it is difficult, on
the basis of the results considered so far to go any further than this in terms of
functionally specifying more exact roles for different parts of the corpus callosum.
This is in large part due to the fact that it is difficult to find patients with very precise
callosal lesions. The type of tasks that have been employed by experimenters
examining bimanual coordination range from the use of two hands to control a
manipulandum, to the tapping of concurrent identical or different rhythms with the
fingers of the two hands. An interesting result from these type o f studies is that both
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patients with SMA lesions and with lesions of the corpus callosum show largest
deficits when the two hands have to perform dissimilar movements. Further research
is certainly needed to further specify the exact roles of these brain structures in the
control and coordination of bimanual movements.

A very interesting study conducted by Franz, Eliassen, Ivry and Gazzaniga (1994)
examined the performance of callosotomy patients and normals on bimanual
coordination tasks. The tasks required subjects to use both hands in a coordinated
fashion to draw copies of presented targets. The results of the study showed that
temporal coupling was intact in callosotomy patients. This was apparent as these
patients could draw different spatial trajectories with each hand but these trajectories
shared their timing characteristics. These results radically indicate that the structures
specialised for spatial control of bimanual movements may be located in each
hemisphere and may rely on the corpus callosum in order for spatial coupling to be
achieved. Since the callosum is absent in patients, this coupling is weak and they are
able to successfully draw different spatial patterns with each hand. However, these
results also suggest that timing information may not be generated in the same place as
spatial information, as the bimanual movements of the patients were locked in time
but unlocked in space.

More recently. Guise, Pesce, Foschi, Quattrini, Papo and Lassonde (1999) studied the
ability of both callosotomised and acallosal patients to acquire various visuo-motor
skills. In the study, the authors compared eleven adult patients with matched normal
controls. The task that subjects had to perform was a modified version of a serial
reaction time task developed by Nissen and Bullemer (1987). The skill acquisition
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task involved bimanual or uni-manual key-pressing responses to a sequence of 10
visual stimuli that was repeated 160 times. The authors aimed to assess whether split
brain and acallosal subjects were able to leam this procedural task in its standard
interhemispheric mode of presentation. After adapting this paradigm to unilateral
learning, the second aim of the authors was to assess if callosally deprived subjects
could transfer the skill acquired within one hemisphere to the other untrained
hemisphere. After the experimental learning trials, the authors administered a
declarative memory task to assess explicit knowledge of the sequence. Results
showed that split brain patients and acallosal subjects showed no visuo-motor learning
when bihemispheric integration was required, whereas they could leam the skill when
only one hemisphere was involved in the task. Subjects were also unable to
demonstrate transfer of learning from one hand to the other after they had
successfully acquired a sequence uni-manually. However, even without the ability for
interhemispheric transfer of procedural learning, some of the acallosal and
callosotomised patients were able to leam the sequence explicitly.

Although the findings of Guise et al (1999) provide support for many previous
studies, there have been some other authors who have reported the absence of
disconnection deficits in acallosal individuals (Jeeves, 1965; Lassonde et al, 1988).
These “null” findings with acallosals have been attributed to cerebral plasticity, which
would allow for the employment of other neuronal stmctures in interhemispheric
communication. The results of Guise et al (1999) suggest that cerebral plasticity may
be limited when a motor component is involved. This is evident from the fact that one
of the patients that they studied underwent callasotomy in early childhood and was
previously found not to be impaired on a cross localisation task (Lassonde et al.

87

Chapter 2: Literature Review

1991). However the patient did show the visuo-motor deficits described above in the
Guise et al (1999) study.

It may be that the type of compensatory mechanism of congenital acallosals and those
who had early callosal sections is more effective in the transfer of sensory information
than for motor information. It has been suggested that if this were the case, then it
might be because the cortical regions that are involved in motor function (i.e.,
structures in the frontal lobes) do not reach their functional maturity before puberty
(Huttenlocher, 1990). This is in contrast to the regions that mediate the sensory
modalities (Chiron et al, 1997). The full maturation of the frontal lobes may take
place after completion of the critical period for callosal plasticity. This would account
for the apparently limited adjustment to callosal absence in motor control tasks.

The Guise et al (1999) study demonstrates quite strongly the importance of the corpus
callosum in tasks requiring interhemispheric transfer of motor information. A strong
part of this study was that the authors examined not only the ability to leam a
bimanual task but also the extent to which a unilaterally acquired motor sequence
could be transferred such that the same task is performed with the contralateral hand.
They clearly showed that acallosal subjects and split-brain patients were hugely
impaired in these abilities.

A point of further interest in this study was that most of the subjects had the anterior
commissure still intact. It is known that this part of the callosum relates to the basal
ganglia which have strong projections to the SMA (Pandya and Seltzer, 1986).
However, all the patients had absence of the anterior part of the corpus callosum and
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showed deficits in the experimental tasks. This suggests that the connections between
the anterior cortices are essential for transfer and integration of visuo-motor learning.

Thus it would appear that the contribution of anterior cortical connections is important
for the acquisition of a bimanual visuo-motor skill. In addition, the frontal cortex has
strong connections to the striatum, which, in turn, projects to the internal part of the
globus pallidus. The globus pallidus projects to the thalamic nuclei which then project
back to the frontal area of origin (Heilman and Watson, 1991). Evidence suggests that
the integrity of these structures as well as that of the cerebellum is essential in order
for unilateral visuo-motor learning to take place (Pascual-Leone et al, 1993). The
findings of Guise et al suggest that for transfer of unilateral learning to take place, the
corpus callosum must also be intact to connect the two separate neural loops. Guise et
al’s results specifically suggest that the anterior part of the corpus callosum may
connect these two otherwise independent loops. Thus any absence of this part of the
callosum will result in poor ability to transfer a unilaterally acquired visuo-motor skill
and impairment of the ability to integrate visuo-motor information during the
acquisition of a bimanual motor skill. The fact that the loops are independent is
supported by the findings that unilateral visuo-motor learning is still possible with
lesions of the anterior part of the callosum.

In sum, research conducted using patients with callosal deprivation suggests that the
transfer of corollary motor and sensory feedback information is affected by callosal
section. More specifically, the anterior portion of the callosum seems to be most
associated with impairments in bimanual coordination. Loss of feed-forward transfer
of motor commands has not been proposed to account for the observed bimanual
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impairment because long-term commissurotomy patients can perform well-leamed or
symmetrical bimanual movements. This suggests that one hemisphere can direct
bimanual movement or that well learned tasks are located at lower levels in the brain,
such as perhaps the cerebellum. Furthermore, if the control of bimanual movement
was achieved via the two hemispheres sending specific signals from separate sites, it
would be very difficult to control the temporal phasing of each signal such that the
two limbs could move in a coordinated fashion. Thus, the bulk of the studies
considered in this section suggest that it is probably callosal transfer of corollary
motor and sensory information that is most important for coordinating new and
asymmetrical bimanual movements (Geffen et al, 1994). This suggestion fits very
well with figure 2e(iii) presented earlier in this chapter.

2.13 Studies o f Bimanual Coordination in Patients with Parkinson’s Disease

Clinical observations have shown that Parkinson’s disease patients have problems
coordinating their upper limbs in both simultaneous and sequential movements. These
observations suggest that the basal ganglia, which are impaired in Parkinsonian
patients, may be critically involved in bimanual coordination.

Of the few studies investigating the performance of Parkinsonian patients on
bimanual tasks, most have found that these patients have a deficit in performing two
manual operations either simultaneously or sequentially. These studies (e.g., Lazarus
and Stelmach, 1992) used a different task for each hand, such as squeezing an object
or tapping a pattern with one hand, and drawing triangles or transferring beads with
the other. Typical problems exhibited by Parkinson’s disease patients are slow
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movement times and longer pauses between movements compared to normals.
Interestingly, there have been three studies which have shown that Parkinson’s
disease patients are not impaired on tasks which require the same movement to be
made with each hand simultaneously (Cohen, 1970; Stelmach and Worringham, 1988;
Brown et al, 1993).

A study by Verschueren et al (1997) found that when an external visual cue was given
to Parkinson’s disease patients whilst they performed a continuous bimanual flexionextension with 90 degrees phase difference between the arms, they performed as well
as normal control subjects. However, upon removal of the visual cue, the control
subjects’ performance continued to improve, whereas the Parkinson’s disease
patients’ performance drifted towards the more stable in-phase and anti-phase
movements. This result highlights the role that the basal ganglia together with the
SMA play in movement initiation in a self-initiated context. It is interesting to note
that Parkinson’s patients could do the task well under visual guidance. This is perhaps
because this situation may rely more heavily on lateral premotor areas and not the
SMA (e.g., Passingham, 1985).

In another study by Johnson et al (1998), the ability of Parkinsonian patients to
perform in-phase and anti-phase movements was tested in an attempt to further
unravel the role of the basal ganglia in bimanual coordination. In this study sixteen
Parkinson’s disease patients and matched control subjects performed a bimanual
cranking task at different speeds (1 and 2 Hz) and phase relationships. The authors
found that all subjects could perform the in-phase task at both fast and slow speeds.
However, the Parkinson’s disease patients were unable to perform an asymmetrical
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anti-phase movement in which the rotation of the cranks differed by 180 degrees, at
either speed. The fact that the patients were better able to perform the in-phase
movements with the presence of an external cue supports previous suggestions that
the basal ganglia are involved in movements that are internally determined (Georgiou
et al, 1993, 1994).

Thus, the basal ganglia circuit described previously appears to have some function in
the coordination of bimanual movements. This finding highlights the complexity of
bimanual movements as it increases the number of central structures that are known to
contribute to the coordination of such movements. It also increases the problems of
researchers who are attempting to distinguish the functional roles of various central
structures involved in bimanual coordination.

Results from studies that have used patients with Parkinson’s disease to study
bimanual coordination may be somewhat limited in their efficacy for understanding
the mechanisms of bimanual coordination. This is because in many studies
Parkinsonian patients are able to perform simultaneous identical movements of the
two hands, but are impaired on the performance of anti-phase movements. This deficit
could be due to the well known effect that Parkinson’s disease has on sequential
movements. Hence, it is not surprising that patients who are generally impaired on the
performance of sequential motor tasks are also impaired on sequentially organised
bimanual movements.
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Thus far, in this review of neuropsychological studies concerned with bimanual
coordination we have considered, frontal lobe patients, acallosal and callosotomised
patients and patients with Parkinson’s disease.

2.14 Bimanual Coordination studies carried out on normal Human subjects

The final section of this literature review will consider bimanual coordination studies
that have been conducted on normal human subjects.

“A sequence o f voluntary movements performed by one limb is often involuntarily
altered when another movement has to be carried out simultaneously by the
contralateral limb

This was the opening sentence of the landmark paper by Leon Cohen in 1970. Cohen
(1970) went on to describe the experiment that he had performed to investigate why
this simple observation may occur. In the experiment subjects were required to
perform flexions and extensions of one wrist and then make an additional movement
when cued with the contralateral wrist. Cohen measured the EMG activation in the
relevant musculature. Cohen also included numerous other conditions that some
subjects had to perform. These included isometric movements instead of dynamic
ones, passive movement of the contralateral hand instead of voluntary movement, and
so on.

The results of the study clearly showed that alternating movements of one upper limb
were affected when another movement was performed with the other upper limb. All
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modifications of alternating actions began at or shortly after the initiation of
contralateral movements. Furthermore, an EMG pattern consisting of an unbroken
rhythm with overlying extraneous activity was not observed. Cohen’s results strongly
suggest that the observed problems of performing two different movements with each
hand are due to interference between motor commands at the central level and are not
due to other more peripheral factors such as effects of simultaneous motor unit
recruitment between the two movements.

In his paper, Cohen went on to talk about how corollary discharge (Teuber, 1960) is
thought to accompany efferent motor commands, and how the process of transfer of
corollary information to other central structures, sub-serving sensory functions, is
thought to be specific to voluntary movements. He claimed that this idea supported
his observations that, when the contralateral movement was performed passively (i.e.,
the subject’s hand was moved by the experimenter), the ongoing movement was not
affected. This suggests that afferent signals from the passively moved limb do not
compete with those from the actively moving limb. Hence, Cohen quite strongly
suggested that the effects of bimanual interference may be due to some form of
competitive process between afferent signals from the two limbs. Cohen’s paper
represented a good experimental design and answered a fundamental question arising
from the simple observation of bimanual interference. The literature to follow this
classic study would now focus on the possible central mechanisms underlying
bimanual coordination.

As early as 1939 the tendency of the nervous system to generate only one temporal
pattern when moving different parts of the body had been described (Von Holst,
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1939), There is a strong tendency in bimanual movements for the two hands to start
and stop in synchrony. As described previously in this review, when bimanual
movements are being performed in-phase, or with the same temporal pattern, no
interference effects are observed between the movements being performed. However,
when the two hands are required to move with different phases or temporal patterns,
interference has been observed.

A study by Scholz and Kelso (1989) nicely demonstrated the tendency of the two
hands to synchronise. The task used in the study was a finger oscillation task in which
subjects had to cycle their index fingers at the same frequency adopting either an inphase coordination mode (simultaneous flexion and extension of both index fingers)
or an anti-phase mode (one finger extends while the other flexes). The authors found
that the anti-phase mode was typically less stable than the in-phase mode and that the
anti-phase mode could not be maintained beyond a critical frequency at which
spontaneous transition to the in-phase mode was made. These findings strongly
suggest that the two hands may be under considerable common control in such a way
that they ultimately become strongly coupled in the in-phase mode. The fact that the
transition appeared to be frequency dependent is also very interesting and suggests
that there may be a common timer which brings the hands into unison at some critical
frequency.

In order to understand the timing elements of bimanual coordination, Lang et al
(1990) carried out an EEG study to investigate the activity of the SMA, which is
known to show activity related to the initiation of complex timing tasks, during the
bimanual tapping performance of different rhythms by musicians.
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In the study, subjects started by tapping one rhythm and then joined in with a second,
temporally different or temporally identical rhythm, which they tapped with the
opposite hand. Results indicated that when tapping bimanually the same rhythm, MI
in both cortices showed surface negativity. However, when the subjects were tapping
different temporal patterns with each hand, in addition to activation of both cortical
MI areas, the centro-mesial cortex was activated. In a previous study, Lang et al
(1988b) had also shown that there was additional centro-mesial negativity in a
sequential bimanual task as compared to a simultaneous bimanual task. Lang
postulated that this additional centro-mesial negativity could be due to the fact that in
a sequential as opposed to a temporally different bimanual task, signals for movement
initiation must be dissociated between the two sides. That is, movement initiation on
one side is associated with inhibition on the other and vice-versa. Thus this
simultaneous suppression and activation of opposite sides could be the role of
structures such as the SMA which is largely contained in the centro-mesial cortex.
Thus, in the present study, Lang et al concluded that the SMA may have the function
of controlling the initiations of movements in a difficult sequence that have to fit into
a very precise timing plan. As a further point of interest, the authors also found that
the activation of the centro-mesial cortex preceded actual performance of the difficult
rhythm by about 4 seconds. Thus, it seems that the preparatory set differs between the
two tasks.

In another study by Stephan, Binkofski, Posse, Seitz and Freund (1999), fMRI was
used to investigate the cerebral structures involved in bimanual coordination. In the
study six healthy subjects were required to perform four different sets of movements.
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These were a) unimanual index fmger-thumb opposition movements with the right
hand, b) the same movements with the left hand, c) bimanual finger-thumb opposition
movements with both hands in-phase and d) the same bimanual movements
performed in anti-phase. Effort was made by the experimenters to counter any effects
of subjects performing the movements at different rates. This was done by using an
external pacing stimulus (1 Hz) while subjects performed the task lying in the scanner
but with no scanning taking place, and immediately thereafter starting scanning whilst
asking subjects to continue at the previously experienced frequency. No external
pacing signal was employed during acquisition of the data. The authors found that
midline activity was lateralized to the left side during right handed movements, but to
both sides during left handed movements. In the in-phase bimanual condition, activity
resembled the combined activity patterns of the two unimanual conditions.
Specifically this activation included right and left hemispheric activations of the
primary sensorimotor cortices and predominantly left-sided medial frontal activity. In
contrast, in the anti-phase bimanual condition there was a clear increase in activity in
both right and left frontal midline areas and in right hemispheric, mainly dorsolateral
premotor areas.

The authors concluded that, because activation of frontal midline areas was not
exclusively present in bimanual conditions, activity in these areas is not necessarily
specific for bimanual movements. This suggestion casts doubt on the role of the SMA
being critical for bimanual coordination.

Whereas there have been many studies examining bimanual coordination, the vast
majority have employed artificial laboratory tasks and have not examined more
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ecologically valid everyday tasks. However, a recent study by Perrig, Kazennikov and
Wiesendanger (1999) attempted to redress this imbalance. The authors examined the
time structure of a goal directed bimanual drawer task and its dependence on task
constraints. The bimanual task that was used in this experiment was an adapted pull,
pick and reinsert task of the type previously employed in studies with primates (e.g.,
Kermadi et al, 1997). Subjects had to pull open a small drawer with one hand and
maintain it in the open position against a closing force while the other hand reached
for the drawer to pick up and reinsert a small peg with a precision grip.

Subjects performed the task under a number of different experimental conditions. The
normal condition was when there were no constraints imposed by the experimenter
and subjects simply performed the task. Subjects also participated in a condition in
which visual guidance was prevented by wearing a blindfold and in another condition
in which the pulling hand was loaded by adjusting the drawer closing force from 1.5
to 8 N. Further conditions in which subjects performed comprised one in which the
thumb and the index finger of the pulling hand were anesthetized and a mimicked
split brain condition in which subjects only had to perform the picking with the right
hand while the experimenter performed the reach and pull sequence. In all conditions,
the timing at which each movement was made was recorded.

The results showed that, in all subjects, the hands were well synchronised at the goal
with high intermanual correlation in reaching the goal (event times of drawer opening
and grasping the peg). This high correlation persisted when subjects were blind-folded
and was not dependent on movement speed or the highly variable timing of the
individual hands. Unilateral loading of the pulling hand and anaesthesia of the left
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index finger and thumb (used for grasping the drawer handle) significantly increased
the pull-phase. Interestingly however, a compensatory slowing of the picking hand
accompanied this slowing of the left hand and thus temporal goal-invariance was
preserved. Furthermore, in the mimicked split brain condition, all subjects changed
their strategy by delaying movement onset of the picking arm so that it started its
movement at about the time that the experimenter’s hand approached the drawer
handle. Subjects were able to time their right arm movements so that they picked up
the peg in near synchrony with the drawer being opened by the experimenter.
However, the correlation coefficients between the hand of the experimenter and the
hand of the subject were significantly lower as compared to bimanual performance by
the subject alone. This finding is very interesting as it indicated that factors other than
vision alone contribute to coordination.

The authors interpreted their results as showing that a barrage of multi-modal sensory
signals generated in the leading arm may be transmitted centrally to re-parameterise
the non-disturbed arm.

What are the possible mechanisms that could account for the online “subconscious”
compensatory adaptation of the non-disturbed arm? The fact that the compensation
was immediate strongly favours a predictive feed-forward type of control in this task.
Does this control mechanism operate with respect to preservation of goal-invariance
or is it based on lower level effector specific considerations?

Tresilian and Stelmach (1997) carried out two experiments in order to examine the
organisational principles of unimanual and bimanual reach-to-grasp movements. In
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the first experiment subjects had to perform a unimanual and a bimanual reach-tograsp task. In the unimanual task they were required to reach for and grasp an object
between the finger and thumb of the reaching hand. In the bimanual task they were
required to reach for the object with both hands but had to grasp the object between
the index finger pads of both hands. During both tasks data related to the kinematic
patterns of the movements were recorded. For the unimanual trials the parameters that
the researchers examined ranged from the aperture between the thumb and index
finger pads as a function of time, and transport length (distance moved by wrist) to the
transport tangential speed. For the bimanual trials they examined such parameters as
wrist aperture, and other measures including tangential speeds of both wrists.

The results showed that both the unimanual and bimanual reach-to-grasp movements
were performed in a similar fashion by all subjects (despite differences in the
biomechanics of subjects’ effector systems). That is, the pattern of aperture
preshaping and transport was qualitatively almost identical.

In the second experiment, the investigators manipulated the grasp surface area of the
objects. They found that movements were adapted to the new task constraints very
similarly in both the unimanual task and the bimanual task. The authors claim that
their results support the notion that there is an effector independent level of
organisation that governs the coordination of movements during performance of
reaching and grasping tasks.
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2.15 Transformations and Asymmetries

Sadato, Yonekura, Waki, Yamada and Ishii (1997) used PET to study the rCBF
during different bimanual movements. They compared bimanual movements in which
both hands do the same thing (mirror movements), to bimanual movements in which
the hands perform different tasks. Based on previous literature, which suggests that
the default state for bimanual control produces in-phase identical movements, Sadato
et al used the different task demands of the different movements as a means of
comparing the associated rCBF. The results showed that activation of the posterior
SMA (SMA-proper) and the right dorsal premotor area was significantly greater
during the condition in which different tasks were performed with each hand than in
the mirror movement condition.

The SMA activation found by Sadato et al supports previous work. In particular,
Sadato et al’s results support a hypothesis of SMA function put forward by Chan and
Ross (1988). These authors suggested that the SMA maybe responsible for non
mirror transformation of motor programs originating in the left hemisphere before
execution by the primary motor area in the right hemisphere. This idea is supported
by other studies which have shown that the left hemisphere may be dominant for
motor programs (De Renzi et al, 1980; Jason, 1985). Furthermore, a study by Haaland
et al (1987) showed that patients who had suffered left sided strokes showed greater
impairment of simple movements than complex ones, whereas patients who suffered
right sided strokes did not. Haaland et al (1987) speculated that this was perhaps
because the left hemisphere is more dominant than the right for open loop pre
programmed control.
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Another study has shown that, on a bimanual circular tracking task, the right hand
leads the left hand by approximately 25ms (Viviani et al, 1995). Because this delay is
somewhat compatible with intercallosal transmission, the mechanism responsible for
setting and maintaining rhythm may be located in the left hemisphere, with the
opposite hemisphere receiving time keeping information through an interhemispheric
connection.

In support of the above findings are the results of a trans-cranial magnetic stimulation
(TMS) study in which it was found that transient disruption of the SMA disrupted the
performance of parallel sequential finger movements and converted them to mirror
movements (Pascual-Leone et al, 1994). The authors concluded that the SMA was
required for the synchrony of bimanual movements and for the bimanual coordination
of parallel movements.

Another interesting finding from the work of Sadato et al (1997) is that the right
dorsal premotor area (PMd) was also activated in the non-mirror bimanual movement
condition. Since the PMd receives dense cortical input from the SMA, Sadato et al
tentatively suggest that the right PMd may integrate information such as sequence of
finger movements from the SMA to fit the left finger movements into that of the
counterpart.

Further evidence for the sort of hemispheric asymmetries discussed above comes
from a recent study by Viviani, Perani, Grassi, Bettinardi and Fazio (1998). In this
study, the authors used PET measuring rCBF to investigate cerebral activity during
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symmetrical, rhythmical hand rotations. They found that, in normal right handed
adults, portions of the motor and premotor areas were more active in the left than in
the right hemisphere. Interestingly, the converse pattern was found in left-handers.
These results suggest that handedness correlates with an underlying latéralisation of
some motor functions. Furthermore, the authors speculated that the observed
asynchrony between hands is due to the inter-hemispheric transfer of pacing signals
originating in only one cerebral hemisphere.

Whilst much of the literature concerning bimanual movements has focussed on the
contribution of frontal lobe motor structures such as the SMA, it is likely that the
functional coupling between the premotor and sensori-motor areas of the two
hemispheres is important for the precise timing and execution of bimanual
movements. A recent study by Andres, Mima, Schulman, Dichgans, Hallett and
Gerloff (1999) assessed the functional coupling between brain regions during
bimanual skill acquisition. The study was designed to focus on learning related
changes of interhemispheric coupling in the sensori-motor system. The method used
to determine the inter-regional coupling in this experiment was task-related coherence
(TRCoh) analysis of oscillatory activities in different brain regions.

The main finding of the study was that there was a significant increase in
interhemispheric TRCoh in the early stages of bimanual skill acquisition.
Interestingly, interhemispheric TRCoh was also present during acquisition of uni
manual skill but with much lower magnitude. After bimanual training,
interhemispheric TRCoh decreased again, falling to levels similar to those in uni
manual skill acquisition. The authors suggest that their results offer a potential
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explanation of the finding that callosotomy patients often find it difficult to leam new
bimanual skills, but are able to perform old or well learned bimanual skills. Hence,
this study suggests that the corpus callosum may not be necessary for the performance
and coordination of bimanual skills but is more important for relaying important
movement related information during skill acquisition.

A recent study by Jancke et al (2000) used fMRi to examine cerebral activity related
to bimanual coordination in various tapping tasks. Subjects were required to tap either
unimanual sequences or bimanual sequences of varying difficulty.

Subjects tapped out a bimanual tapping task in which they had to execute two taps of
one hand for every single tap of the other hand. They also tapped out rhythms in
which the hands tapped out the same rhythms as in the bimanual task, but alone (i.e.,
right-hand rhythm only and left-hand rhythm only). Hence there were six conditions,
as subjects were required to perform all three tapping tasks with each hand doing the
double and single taps.

The results indicated that the somatosensory motor cortex (SMC) was more active in
the hemisphere contralateral to the hand executing the double tap (that is, the hand
which was moving the most). No hemispheric specialisation effects were seen. The
authors also found that a given SMC showed similar levels of activity for bimanual
and unimanual tapping tasks.

However the activity in a given supplementary motor area (SMA) was somewhat
greater in the bimanual tasks than in the unimanual tasks. Furthermore, the SMA
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exhibited asymmetrical activation. Lastly, the authors found that there was a clear
rate-effect in the SMC that manifested as a greater activity in this region for faster
tapping rates. This was not found to be the case for the SMA.

The implications of this study seem to be that the SMA is indeed somewhat
specialised for bimanual coordination and that it may have a preference for the right
(or dominant?) hand. This suggestion would be in keeping with several other studies
that have found the left hemisphere to be more involved in motor control than the
right. However, as with many studies examining bimanual coordination, this study
suffers from the fact that it did not employ a goal-directed ecologically valid bimanual
task. As such it is very difficult to draw any firm conclusions regarding the role of the
SMA in bimanual coordination from this experiment.

This literature review has highlighted the current state of the field with regard to
internally generated and externally generated actions and bimanual coordination.
These two areas constitute the two types of Psychomotor Combinations of Action that
are the focus of this thesis. Particular attention has been paid to the literature
concerning the neural correlates of internally generated and externally triggered
actions and it has been pointed out that the findings from studies on monkeys (e.g.,
Passingham et al, 1989) are not heavily supported by the neuroimaging literature
obtained with human subjects (e.g., Jahanshahi et al, 1995; Jenkins et al, 2000;
Cunnington et al, 2002). In particular, the idea that there exist two independent
premotor systems in the human brain that are functionally specialised for internally
generated (SMA) and externally triggered (PMA) actions has been seriously
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challenged. However, an outstanding question relates to the interaction between the
production of internally generated and externally triggered actions.

Whereas information about both types of action is known (e.g., the
Bereitschaftspotential precedes internally generated actions but not externally
triggered actions), more light needs to be shed on the behavioural and neural
processes involved when both types of action processes co-occur. The first two
experiments reported in this thesis are designed to address these issues. In the first
experiment a paradigm is used that allows for the examination of the behavioural
consequences of making subjects engage in preparation for internally generated
actions with the possibility that an imperative stimulus will occur to which they have
to respond as fast as possible. The key question in Experiment 1 is related to the
compatibility of internally generated and externally triggered modes of action
production. As well as examining the behavioural consequences of this interaction,
experiment 1 uses Electromyography (EMG) to establish whether these two modes of
response production produce similar motoric outputs and whether making the two
action production processes interact changes the respective motor outputs. The results
of Cunnington et al (2002) show that the SMA is activated earlier for internally
generated actions than for externally triggered actions. It will be interesting to
establish whether this central difference in the onset of motor preparatory processes
leads to greater EMG in internally generated actions than in externally triggered
actions. Experiment 2 in chapter 4 uses the same paradigm to investigate the neural
activation underlying these two classes of action. From previous work in this area (see
table 2.1 for summaries of studies), it seems likely that these two classes of action will
activate similar networks of motor structures in the brain. The new question and
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potential extension to existing knowledge in chapter 4 is related to the neural
processing underlying the interaction of internally generated and externally triggered
modes of action production.

With respect to the second Psychomotor Combination of Action studied in this thesis,
in which different motor outputs of the hands are bound at the Psychological level, the
main findings from this literature review can be summarised as follows. In bimanual
coordination tasks there often appears to be interference between the control of the
two hands (e.g., Marteniuk & MacKenzie, 1980). This most typically produces
interference when the hands have to perform different actions concurrently (e.g.,
patting head and rubbing stomach simultaneously) and apparent co-control when the
hands perform the same action (e.g., making identical two handed reaching
movements). This type of interference has been studied via a number of different
paradigms and a notable study by Cohen (1970) suggested that this interference
probably occurs at the central level at the generation of motor commands stage of the
action production process. This type of interference between the hands has most
commonly been studied using tapping or finger oscillation tasks. Factors that affect
the apparent preference of the motor system for simultaneous identical movements
have been identified using a variety of paradigms but the use of tasks in which the
hands are required to perform different spatio-temporal patterns has been rare. A
landmark study by Brinkman (1984) suggested that the SMA is critical for successful
bimanual coordination in which the two hands must perform different actions to
achieve a goal. Since this study a number of studies have been performed to examine
whether the SMA is likely to be important for this role (e.g., Kermadi et al, 1997;
Rouiller et al, 1994; Jancke et al, 2000). Most studies have supported the idea that the
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SMA has a functional role in bimanual coordination but the tasks used in the vast
majority of human experiments have required people to make similar motor outputs
with some instructed phasic relationship. The neuroimaging studies that have been
performed (e.g., Jancke et al, 2000) have yielded interesting results but have been
constrained by the scanning environment in their complexity and ecological validity.
Hence one aim of this thesis is to further investigate the role of the human SMA in
bimanual coordination using an ecologically relevant coordination task. Experiment 3
in Chapter 5 addresses this issue by applying repetitive transcranial magnetic
stimulation (see chapter 5 for technical details) to subjects and measuring the various
timing measures in their performance of a bimanual coordination drawer task. Since
repetitive transcranial magnetic stimulation is thought to have an inhibitory effect on
the area where it is applied, it should produce a behavioural deficit in the bimanual
coordination task. An additional brain area that is thought to play a role in the timing
of movements is the cerebellum (see chapter 6 for details). There has been very little
work done on the cerebellum with regard to its potential role in bimanual coordination
tasks. Experiment 4 in chapter 6 attempts to use the technique of transcranial
magnetic stimulation to investigate whether the cerebellum has any special role in
bimanual coordination.

It is apparent that there are two main themes in the bimanual coordination literature as
reviewed in this thesis. On one hand the question of the function of the SMA has been
outlined and on the other, the behavioural consequences of different combinations of
effector movements have been highlighted (e.g., Kelso, Southard & Goodman, 1979).
Hence, in the final experimental chapter of this thesis emphasis is placed on the
factors that affect behavioural measures of bimanual coordination. In chapter 8, an
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attempt will be made to integrate the work reported in this thesis and discuss it in the
light of the literature reviewed in this section and experimental chapters.
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C hapter 3
Experiment 1: Internally Generated and Externally Triggered Motor Actions;
Are they the same?

3.1 Introduction

Actions are perhaps the most important part of an animal’s repertoire because it is
only through actions that meaningful interactions with the environment can be
achieved. There are many types of action and these are influenced by factors arising
in the environment and from within the animal itself. Thus, our actions must be
decided in the context of both external events, our goals for the future, and the history
of our own performance.

Reactions are movements that rely substantially on external events such as when a
stimulus occurs. Fortunately, reactions have been widely studied and have revealed
much about motor control processes (Schmidt, 1982; Meyer, Osman, Irwin, David &
Yantis, 1988). However, there is another type of movement that has not been as
widely studied as reactions. This is the self-initiated, “internally generated”, or
“willed” action which is not dependent on external prompting for its execution, but
instead is performed as a result of some internal preparatory process. This type of
movement is of great practical and philosophical importance. Practically, we all
believe that we can make a movement whenever we feel like it. However the idea of
intention and free-will has not been fully understood, either physically, or meta
physically. We do not know how intentions arise, how they may be represented in the
brain or whether they are only conscious processes. Part of the reason for the apparent

110

Chapter 3:Internally Generated and Externally Triggered Motor Actions: Are they the same?

lack of empirical work in this area stems from the problems involved in precisely
examining “free-will”. Firstly, how do we operationalise such a concept in an
experimental setting, and secondly, how do we measure it?

Human responses range from immediate reactions to imperative stimuli to seemingly
spontaneous actions performed in the absence of obvious external stimulation.
However, this latter type of movement can also be thought of as a highly delayed
response to a previously perceived stimulus. Hence it is not easy to simply classify a
movement as internally generated or externally triggered. That is, the distinction
between internally generated and externally triggered actions is not absolute. Instead,
the important consideration is that the degree of intention/reaction may differ between
various movements. However, even without this discrete classification, there is some
evidence to suggest that there are two premotor systems involved in the production of
movements according to whether they are mostly internally generated or mostly
externally triggered (Goldberg, 1985; Okano, 1986; Passingham, 1987, 1993;
Jahanshahi, 1995). Even though the two proposed premotor systems may not be
mutually exclusive entities, the suggested functional specialisation of the two systems
provides us with a convenient starting point for investigating internally generated and
externally triggered movements.

Most motor actions, including both internally generated and externally triggered
movements, share the final common pathway from the motor cortex (M l) to the
effectors. However, several premotor areas project to Ml and these premotor
structures have been found to be activated differentially, depending upon whether an
action is internally generated or externally triggered. Firstly, results obtained with
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monkeys (Macca fascicularis, Macca mulatto) have shown that the supplementary
motor area (SMA) directs actions on the basis of proprioceptive cues concerning the
animal’s own state. Secondly, the arcuate premotor area seems to direct actions on the
basis of visual cues about the outside environment (Passingham, 1987). Anatomically,
the arcuate premotor area lies on the lateral surface of the cortex and the SMA on the
medial surface. These findings support other work which suggests that the SMA is
specifically involved in the retrieval of motor memories for the initiation of self-paced
movements (Tanji, 1994). Further work with monkeys also suggests that the SMA
and PMC are functionally specialized areas, with the former being more involved in
movements that are internally generated and the latter in actions that are externally
guided (Halsband, Matsuzaka and Tanji, 1994)

Whereas the evidence for the existence of two functionally specialized premotor
systems in monkeys is quite strong, functional imaging work suggests that the
dichotomy may be less sharp in humans. In one study, using human subjects
measurements of rCBF showed that several areas were involved in the production of
internally generated actions as compared to a rest condition (Jahanshahi et al, 1995).
Areas included the dorsolateral preffontal cortex (DLPFC), SMA, anterior cingulate,
the lateral premotor cortex, parietal area 40, insular cortex, the thalamus and the
putamen. No area was specifically activated for externally driven actions as compared
to internally generated actions. The DLPFC was much more active in the case of
internally generated movements than for externally triggered movements, but was still
active in both classes of action. These results support the idea of a medial premotor
system, including the SMA, that is involved in the production of volitional, internally
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generated actions. They do not however support the notion of a fiinctional
dissociation between the SMA and lateral premotor area.

If such a functional specialisation exists, what might be the relationship between these
two premotor systems in humans? That is, what is the effect of forcing a subject to
change from their internal preparations to move, to an externally driven mode of
response production? A number of types of interaction are plausible. One possibility
is that the two premotor systems are independent, in which case, changing the context
from internally generated to externally triggered would comprise a complete change
in the premotor structures involved in movement production. Another possibility is
that the two premotor systems are facilitatory. This would mean that, if one is
preparing an internally generated movement and is suddenly forced to make an
identical but externally triggered response, there should be a facilitatory effect on RT
as compared to an SRT condition. It may also be expected that in this situation some
physiological characteristics of the response such as the underlying muscle activation
will be affected. A third possibility is that the two premotor systems are inhibitory. If
this were true, one would expect higher RTs when a subject is forced to switch from
their internal preparations to an external mode of response production, and perhaps a
change in some of the physiological attributes of the response. Recent work by
Haggard & Astor (unpublished study) has used RT type paradigms to investigate
internally generated and externally triggered movements. These authors found that,
during a “truncation” condition, when preparation for a voluntary (internally
generated) action was interrupted by an SRT stimulus, RT was delayed as compared
to a straightforward SRT condition in which subjects simply responded to a response
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stimulus. This result is interesting because the motor action (a simple key press) that
subjects made was physically identical in both conditions.

Truncation provides a direct means of examining the effects of changing the context
in which a movement is produced. Hence, in the above study it was shown that
changing the context of an action from being mostly internally generated to being
mostly externally triggered delays the action’s execution. These results generate at
least two interesting questions. Firstly, why does this delay in action execution occur?
Secondly, does truncation affect any other properties of the action other than its
latency? One possible partial answer to the first question is that subjects are caught in
a situation in which they have to switch from their internal preparations to an
externally driven mode. However, this in itself is an interesting phenomenon: that the
motor system treats apparently identical motor outputs as two different tasks simply
on the basis of the context in which they are performed. If this were the case, does this
switch relate to a switch from the medial to the lateral premotor system? And if so, at
what point in the movement production process does this switch occur? Assuming
that there are indeed two specialized premotor systems, it would be extremely
interesting and important to determine the degree to which they are independent from
one another, or the degree to which they can interact with each other. Figure 3a(i) (iii) illustrates schematically the idea of internally generated action, externally
triggered action and truncated action in which subjects must switch from an internal
mode of response production to an external mode.
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Figure 3a (i) A purely externally triggered action. Characterised by a lack o f
preparation due to uncertainty about when the response w ill be required.
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Figure 3a (ii) An internally generated action. In this situation the motor
preparation builds up towards some threshold level before the response is
released. The action is based on internal processes and is not a response to an
imperative stimulus to move.
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Figure 3a(iii) Truncated reaction. In this situation the subject starts preparing
an internally generated response. This preparation may be interrupted by an
external stimulus to produce the same response. If this interruption occurs the
subject must make the response immediately. In the event that the subject
produces the internally generated response before the external stim ulus, the trial
ends and the next trial begins. Hence truncation produces two types o f trial,
internally generated trials in which the response is made prior to the external
stim ulus, and truncated reactions in which the subject must switch from an
internal mode o f response production to an external one.

One possible limitation to the previous work done in this area is that it has used RT as
the sole dependent measure to make inferences about psyehomotor processes in
internally driven and externally triggered movement production. In addition, it has not
examined the physiologieal attributes of internally generated and externally triggered
motor actions. Without examining this aspect o f movements, it is impossible to
attribute any differences in central activation solely to the context in which the
movement is made (i.e., internally generated or externally triggered). Lastly, using RT
as the only measure, it is somewhat difficult to make comparisons between these
conditions because RT simply cannot be measured directly in an internally driven
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movement situation. Indeed, using RT only the effect of the “internal generation”
system on RTs of the “externally triggered” system can be measured. Hence, other
dependent variables are required to enable researchers to further understand the
processes involved in internally generated and externally triggered movement
production.

Examination of the degree to which a response is actually made may provide a useful
means of studying motor outputs made in different contexts. Muscle activation
measured via electromyography (EMG) is a measure that can be recorded in both
internally generated and externally triggered actions. The underlying EMG activation
of an action reflects the size of the motor signal sent to the effector from the motor
area(s) of the brain. It is also an important physiological characteristic of simple
motor responses that may be affected by truncation. Hence, in the present study
electromyography (EMG) is used to record the electrical activity in the muscle(s)
producing the response.

The present experiment sought to further our understanding of internally generated
and externally triggered motor actions. There were two main aims of this experiment.
Firstly, to build on previous work on internally generated and externally triggered
actions by examining the peripheral physiological (EMG activity) characteristics of
these two types of motor output. The second aim is to investigate the effects of
truncation on the peripheral physiological and physical measure of EMG and also RT.
It is hoped that this will shed more light on; 1) the existence of two specialized
premotor systems in humans and 2) the existence of a relationship between the two
systems and the nature of any such relationship. In the present experiment it is
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possible to make predictions based on at least two lines of evidence. Firstly, it has
been suggested that internally generated actions involve greater motor preparation
than externally generated actions (e.g., Jahanshahi et al, 1995 and see figure 3a of this
chapter). Secondly, it is known that motor preparation for a volitional movement
occurs in the premotor areas of the brain and that these premotor areas have strong
connections to Ml and also to the spinal cord itself (Kandel, Schwartz & Jessell,
1995). Thus, greater levels of EMG activity in the prime muscles involved in the
internally generated key press are expected, as compared to the externally triggered
key press. The exact nature of the EMG pattern in truncated actions will depend on
what the relationship (if any) between the proposed medial and lateral premotor
systems is. In addition, with respect to the behavioural effects of truncation, previous
work using a similar paradigm has revealed a robust RT cost of intention (Astor-Jack
& Haggard, in press). Therefore, we predict that RT will be increased when subjects
are forced to switch from an internal mode of action production to an external mode
in the truncation condition as compared to a simple externally triggered condition.
Finally, the implications of our results will be discussed in the light of the current
literature on internally generated and externally triggered movements.
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3.2 Methods

3.2.1 Subjects

12 right-handed subjects aged 25.8±3.4 years took part in the experiment. Subjects sat
at a desk in a quiet room, with their right index finger resting on the end of a force
sensitive lever. Each subject performed 5 practice and 28 “real” experimental trials in
each of three conditions. The order of conditions was counterbalanced across subjects.

3.2.2 Task Details

The three experimental conditions comprised an internally generated movement
condition, an externally triggered movement condition and a truncation condition. In
the externally triggered movement condition, a simple reaction time paradigm was
employed. After the experimenter had warned the subject of the start of the trial using
a “trial starts” instruction, a tactile stimulus in the form of a finger tap to the back of
the neck was delivered. The intensity of the imperative stimulus was registered via a
force sensitive resistor that was attached to the back of the subject’s neck. The
stimulus was delivered in such a way that subjects had no prior information about
when they would be required to respond (i.e., the experimenter was out of view
during experimental trials). The interval between the experimenter’s verbal warning
and delivery of the tactile stimulus, (i.e., fore-period) varied randomly between 3 - 1 0
seconds. Subjects were instructed to respond with a right index finger press as fast as
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possible upon sensing the stimulus. The subject’s key press ended the trial and after a
short inter-trial interval the experimenter indicated the beginning of the next trial.

In the internally generated movement condition, subjects were instructed to make the
same right index finger press at a time of their ovm choosing. The only constraint was
that they had to try and randomly vary their movement such that it occurred within a
3-10 second range. This is the same time range that the imperative stimulus was
delivered within in the externally triggered movement condition. In the internally
generated condition there was no external imperative stimulus of any kind.

Lastly, in the truncation condition subjects were asked to initiate and prepare an
internally generated voluntary press with the right index finger at a time of their own
choosing. Subjects were particularly instructed not to act in a stereotyped or rhythmic
manner. A tactile stimulus was delivered at a random time during the trial, as in the
externally triggered condition. Subjects were instructed to respond to the tactile
stimulus as fast as possible with a right index finger press. Thus, subjects could make
either an internally generated or an externally triggered press, according to whether or
not the stimulus occurred before their internal process of preparation had produced the
movement. In either case a press with the right index finger signified the end of trial.

In the truncation condition, to ensure that it was possible to interrupt the internal
preparation with a tactile stimulus subjects were instructed to “make their responses
randomly within about 3 -1 0 seconds after the onset of the trial”. This 3-10 second
range corresponds to the range of times from which the delivery times of the tactile
stimulus were sampled. Thus, on some trials subjects made their internally generated
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response prior to delivery of the tactile stimulus. These trials were termed intentional
truncation trials. On most other trials, the tactile stimulus was delivered prior to
subjects making their internally generated response and subjects reacted to this
stimulus. These trials were termed reactive truncation trials. In this way the truncation
condition resulted in two sets of trials (internally generated and reactive truncation).
These subdivisions of the truncation condition were treated as two conditions for
purposes of analysis. On a small number of remaining trials, subjects made the
response very soon after delivery of the tactile stimulus. As we were measuring
reaction times with respect to EMG onset, any response made in less than 75ms after
the stimulus was excluded from the analysis. To test for the effects of truncation,
reactive truncation trials were compared to trials in the externally triggered movement
condition and intentional truncation trials were compared to trials from the internally
generated movement condition.

3.2.3 Data Analysis

In the analysis of the EMG signal the experimenter first rectified the data. Thereafter
the experimenter interactively selected the onsets and offsets of the rectified EMG
trace and integrated the waveform between these limits. This procedure was thought
to be a representation of the amount of electrical activity in the first dorsal
interosseous muscle. In particular, means and standard deviations for each subject in
each condition were calculated. Thereafter, full statistical analysis of the rectified
electromyographic (EMGrect) activity in the right first dorsal interosseous muscle
was performed. In addition, in all trials involving response to a tactile stimulus,
reaction time (RT) was measured. Reaction times were calculated as the difference
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between the time at onset of “response specific” EMGrect activity and the time at the
onset of the tactile stimulus. EMGrect activity was measured using surface Ag/AgCl
electrodes.

3.3 Results

One subject’s data was excluded firom the analysis because there was a large amount
of skin artifact in the raw EMG signal. The data from the remaining 11 subjects was
analyzed. The present experiment comprised a 2 X 2 factorial design with the factors
of type o f movement (internally generated or externally triggered), and truncation
(truncated or not truncated).

Figure 3b shows typical (median) trials for one subject. Raw EMG and stimulus
intensity traces are displayed.
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Figure 3b: Median Trials showing raw EMG and stimulus data

Internally Generated Median Trial

Externally Triggered Median Trial

EMG in a Typical Internally Generated
Action (median trial)
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3.3.1 Main Effects o f Type o f movement

Graph 3.1 shows the rectified EMGrect activity in the first dorsal interosseous for
internally generated and externally triggered movements. A repeated measures
ANOVA confirmed that there was a main effect of type o f movement on EMGrect
activity (rectified and integrated signal) with internally generated movements
generating significantly greater EMGrect activity than externally triggered
movements (F (1,10) = 5.210, p = .046). The standard deviations for subjects’
EMGrect measures were analysed in a separate ANOVA with the same design. This
analysis revealed that there was also a main effect of the type o f movement factor on
the variability of the EMGrect activity. Graph 3.2 shows the standard deviation in the
EMGrect activity in the two classes of movement. It is clear that the variability was
higher for the internally generated movements as compared to the externally triggered
movements. This difference was highly significant (F (1,10) = 13.540, p = .004). A ttest revealed that EMGrect activity in IG actions was of a significantly longer
duration than EMGrect activity in the ET actions (T(10) = -2.21, p = .026).
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■ Externally T riggered
□ Internally Generated
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Graph 3.1 EMGrect Activity in Externally Triggered and Internally Generated
Actions. E rror bars are SE.
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Graph 3.2 Variability in EMGrect in Internally generated (IG) and Externally
triggered (ET) key presses. IG EMGrect Variability was significantly higher
than ET EMGrect (see test for statistics).

3.3.2

Main Effects o f Truncation

U nivariate analysis o f variance revealed that there were no significant m ain effects o f
truncation on the EM G rect activity in the first dorsal interosseous (F (1,10) = 1.088, p

= .322y

126

Chapter 3.'Internally Generated and Externally Triggered Motor Actions: Are they the same?

In addition there were no significant effects of truncation on the duration of EMGrect
activity during either IG (T(10) = 1.80, p = .101) or ET actions (T(10) = 0.39, p =
.706).

3.3.3 Interactions between the factors: Type o f movement and Truncation

There were no significant interactions between the two factors of type o f movement
and truncation with respect to EMGrect activity (F (1,10) = 2. 951, p = .117).

3.3.4 Reaction Time (RT) Analysis

An important question of this study is related to the possible interaction between the
two proposed premotor systems for the production of internally generated and
externally triggered movements. The truncation condition was specifically designed to
make subjects switch from their internal preparations to an externally triggered mode
of response production. To analyze the effects of this switch on the response we
compared reaction times (RTs) in the externally triggered movement condition with
the reactive trials from the truncation condition. RT was defined as the difference
between the time at the onset of response related EMGrect activity and the time at the
onset of the imperative stimulus delivery. Any RTs less than 75ms were classed as
anticipations as opposed to reactions and were excluded from the analysis. Similarly
any RTs greater than 1000ms were classed as missed trials and were not analyzed.
Statistics were performed on the trimmed RTs. A t-test revealed that truncation
caused RTs to be on average 54.7ms longer than RTs in the externally triggered
movement condition (T(10) = -2.227, p < .05). Graph 3.3 shows the RTs in the
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reactive trials in the truncation condition and the externally triggered m ovem ent
condition.

□ Externallly Triggered
■ Reactive Truncation

^

0. 35

9

10

11

Subject

Graph 3.3 Reaction Times in the Externally Triggered Action Condition and
Truncation Conditions. E rror bars are SE.

3 .3 .5 Taking accou nt o f Stim ulus Intensity

Since, in the reactive trials the tactile stim ulus w as delivered by the experim enter, it
was possible that the trial-to-trial stim ulus intensity differed. This is a potential
shortfall o f the present experim ent. However, as stim ulus intensity w as know n for
each trial (registered via a force sensitive resistor), in order to discount the possibility
that the results w ere affected by possible trial-to-trial variation in stim ulus intensity
we perform ed statistical testing. Stim ulus intensity was linearly regressed w ith the
dependent variable in question. This was done for each condition and subject. W e
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then used the slopes from the regressions as new dependent variables and performed
t-tests to test for differences between the two sets of pairs. It is interesting to note that
there were no significant differences between the relationships between stimulus
intensity and the EMGrect (T(10) = -0.67, p = .518). Furthermore, there were no
significant differences between stimulus intensities in the simple reaction time (ET)
condition and the truncated reaction time conditions which may have led to the
differences in the RTs in these two conditions (T(10) = 1.18, p = .264).

3.4 Discussion

Internally generated finger presses elicited significantly greater EMGrect activity in
the first dorsal interosseous than did externally triggered finger presses. Truncation
caused reaction times to be significantly longer than the simple reaction times in the
externally triggered action condition. However, there was no effect of truncation on
the EMGrect activity underlying the action. With regard to the stimulus used in the
present experiment, it should be noted that even though post-hoc analysis revealed
that there was no difference in the stimulus intensity between conditions, future
studies should avoid the pitfall of possible variation in stimulus intensity by
employing a stimulus of a known fixed intensity in all conditions. Another point that
is worthy of mention concerns the analysis of the EMG data obtained in this
experiment. Since the experimenter interactively selected onsets and offsets of EMG
activation after the data was collected, to avoid experimenter bias analysis should
have been processed blind. Future studies using this type of interactive approach to
data analysis should ensure that the experimenter processes the data blindly or at the
very least gets the data checked blindly by another individual so that an estimation of
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inter-rater reliability can be calculated. Without this procedure experimenter bias
cannot be ruled out as a potential confounding influence on the results obtained.

In the discussion of the present experiment it is worth noting the potential problem of
different numbers of trials in experimental conditions. There were four blocks of trial
types analysed in this experiment. They were simple externally triggered trials, simple
internally generated trials, truncated internally generated trials and truncated
externally triggered trials. Both types of truncation trial arose in the single truncation
block of this experiment. Because this block contained the same number o f trials as
the two simple blocks (internally generated and externally triggered) there are
approximately half the number of trials in each of the truncated conditions (as
compared to the simple conditions). That is, the number of experimental
measurements contributing to the mean (as used in the ANOVA) in the truncated
conditions was approximately half as many as in the simple conditions. This situation
is not ideal in classical experimental design. Therefore, if the experiment were to be
run again it would be wise to run twice as many truncation trials so that the
discrepancy is reduced.

The scientific conclusions from the present experiment are based on a standard
method of statistical inference, the ANOVA. The ANOVA is applied to mean values
not to raw data values. Because the mean is a robust estimator (Boneau, 1960) there is
no reason to believe that the statistical inferences in the present work are unreliable.
Indeed, from the central limit theorem we know that if the population which we are
studying is itself normal then the sampling distribution of the mean will be normal
regardless of the number of observations in the sample. Furthermore, as Howell
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(1997) points out, in the worst case scenario where samples are drawn from a
markedly skewed population, samples of 30 or more maybe required before the means
closely approximate a normal distribution. In the present experiment the means put
into the ANOVA were derived from samples with well over 100 observations (even in
the condition with the smallest number of trials). Hence the samples in our experiment
should be good approximations of the normal distribution. Furthermore it is generally
thought to be the case that unequal sample sizes are most problematic when there is
reason to suspect heterogeneity of variance (Howell, 1997). This is not the case in this
experiment.

Finally, with regard to the actual ANOVA conducted on our condition means. Each
was based on data from 11 subjects. Hence there were no unequal numbers in the
ANOVA itself and Mauchly’s test of sphericity was not significant suggesting that the
data met the assumptions of the test.

3.4.1 Internally Generated and Externally Trissered Motor actions

The quantitative differences mentioned above were strongly apparent in the EMGrect
signal produced during the movements. The EMGrect in IG motor actions was
significantly higher than the EMGrect activity produced in ET motor actions. One
explanation for this difference could be the amount of motor preparation involved in
both types of action. It has been suggested that motor preparation does not occur to
the same extent in actions that are externally generated as those that are internally
generated (Jahanshahi et al, 1995). Hence the higher EMGrect activity in the IG
condition could be due to a higher amount of pre-motor processing probably
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involving the SMA as part of the medial pre-motor system which has been suggested
to be involved with volitional, internally generated motor actions (Jahanshahi et al,
1995; Passingham, 1987; 1993).

An interesting event related potential (ERP) study investigating IG and ET actions
was carried out recently by Thut et al (2000). These authors observed identical surface
potential configurations for both IG and ET actions but found differences in the
duration of these potentials, with SMA being activated for longer than more lateral
premotor areas for IG actions and the opposite for ET actions. Our data are in line
with this finding since the longer duration of SMA activation in the IG condition in
their experiment seems to carry through to our difference in EMGrect duration. Given
the fact that activity in premotor and motor cortex is related to the activation of
muscles it seems that the differences found in central duration in Thut et al’s
experiment carry through and perhaps produce the longer EMGrect durations found in
this experiment. Duration effects could be due to differences in motor preparation
between the two types of movement. Therefore, a possible explanation for the larger
amount of EMGrect activity in IG actions could be that pre-motor efferent leakage
occurs, causing muscles to become activated some time before actual motor
commands are dispatched from M l. To investigate this possibility, recording of
muscle activity in both IG and ET motor actions is necessary, with recording starting
long before movement initiation. Alternatively, it is possible that the longer
preparation in IG actions produces longer Ml activation which produces the longer
EMGrect durations that were found.
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The fact that the two classes of action were quantitatively different may be
problematic for studies that compare IG and ET actions (e.g., Jahanshahi et al, 1995).
This is because, any change in a dependent variable which occurs as a result of an
action being produced either in an IG context or an ET context has two possible
explanations. The difference may be because there is indeed a difference between the
psychological representations of the two classes of action. In the case of the present
study this could be the two qualitatively different premotor systems thought to be
involved with IG and ET actions. The second, and confounding explanation, is that
the movements are simply quantitatively different from each other. It has in the past,
seemed logical to assume that an IG key press and an ET key press are qualitatively
different, but quantitatively similar. However, the present results cast doubt on this
assumption and suggest that the two types of action may differ in both respects.

Results reported by Jahanshahi et al (1995) showed that no brain area was exclusively
activated in ET motor actions, but that all areas activated in production of IG actions,
except for DLPFC, were activated to a lesser extent. This is consistent with the
findings of Dettmers et al (1996) who showed that rCBF increases logarithmically as
the force of a response increases. Our data shows that IG motor actions are probably
more forceful (based on greater EMGrect activity) than ET motor actions, and this
provides a plausible explanation for the findings of Jahanshahi et al (1995). Thus, it is
quite possible that IG and ET actions are actually produced by the same central
structures but that these structures are simply less active in production of ET actions.
The role of the DLPFC could be attributed to the working memory load involved
when subjects have to produce IG motor actions in a non-stereotyped fashion (Barch
et al, 1997). This process presumably requires subjects to hold information regarding
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the latency at which they made their last response. More work is needed to examine
these issues further. Future studies on IG and ET actions should consider using
EMGrect activity as a covariate.

3.4.2 Truncation

Truncation was examined to investigate whether the proposed IG and ET pre-motor
systems are related to each other and, if so, in what way? Consider a subject preparing
an IG motor action, presumably engaging the medial pre-motor system, who is then
externally prompted to produce the same motor action. Can the lateral pre-motor
system, which is thought to be involved in production of actions driven by external
events, take advantage of the fact that the IG pre-motor system is already preparing to
make the action? If the two systems can indeed “share” motor preparation, one would
expect that the reaction times in the reactive trials of a truncation condition would be
faster, or at least similar, to the reaction times in a straightforward ET motor action.
The results in this study show the RTs in the truncation condition to be, on average,
55 ms longer than those in the ET condition. There were no significant effects of
truncation on the EMGrect of responses and no significant differences in stimulus
intensity were found that may have contributed to the increased RTs in the truncation
condition.

It is possible that the RT cost of intention found in the present experiment is due to
factors other than the experimental manipulation that involved subjects in preparing a
volitional key press with the possibility of having to make a reactive key press to an
external stimulus. One of these potentially confounding factors is the time at which
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the imperative stimulus occurs in a trial (i.e., the length of the foreperiod in a trial).
The possibility of different foreperiods in the truncated externally triggered trials and
the simple externally triggered trials was investigated in a previous study in this
laboratory (Astor-Jack & Haggard, in press). The authors conducted an experiment in
which subjects performed the truncation condition first and then a simple externally
triggered condition in which the foreperiods obtained in the preceding truncation
block were replayed in random order. Even though the foreperiods used in both
blocks were identical, the authors still found a significant RT cost of intention,
suggesting that the effect is not due to differences in foreperiod length.

This previous work suggests that the robust RT cost of intention is probably not due
to foreperiod effects

The increased RTs suggest that, if there is a switch from one motor system to the
other, it takes time. IG and ET actions each have a distinctive physiological pattern.
These patterns are preserved in the truncation condition but a delay in the production
of the action is inserted. However, these results could also be explained in terms of
one set of central structures comprising a single motor system that is only capable of
engaging in one of these movement processes at a time and that there is a “switch
cost” when the system tries to engage in the other motor process.

Taken in conjunction with the other results in this study, it appears that studies which
have suggested that the functional dichotomy between lateral and medial premotor
systems may not be as sharp in humans as it is in monkeys may be correct (e.g.,
Jahanshahi et al, 1995; Thut et al, 2000). It still remains for the switch-cost
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manifested in increased RTs in the truncation condition to be explained. Some may
argue that this switch cost is simply akin to a system overload effect in which the
(single?) system can only engage in so much processing at once, without incurring
time delays. Further work must address the underlying causes of this delay in
responding when subjects are forced to switch from IG to ET modes of response
production.

In summary, we have shown that, i), muscle activation in the primary agonist
producing right index finger key presses is significantly higher in internally generated
actions than in externally triggered actions, and ii), that truncation causes actions to be
delayed but does not alter the physiological characteristics of those actions. These
findings provide strong physiological evidence supporting previous studies suggesting
that increased brain activation in IG actions may reflect greater levels of motor
preparation and that the dichotomy between the medial and lateral premotor systems
in humans may not be as clear cut in humans as it is in monkeys. This may be due to
the more highly evolved brains of humans and the increased interconnectivity
between different brain areas as compared to monkeys. On a more methodological
note, the present results also provide a cautionary message to authors interested in
examining the differences in these two types of movement as the actions may differ
both quantitatively and qualitatively. Finally, the mechanism by which responses are
delayed by truncation should be examined, preferably using central measures such as
fMRI and EEG techniques.
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Chapter 4
Experiment 2; Neural Systems contributing to internally generated and
externally triggered motor actions; A study using event related fMRI

4.1 Introduction

The previous chapter examined the physiological and physical properties of internally
generated and externally triggered actions and investigated the effect of truncation on
the time taken to respond to a tactile stimulus. The present chapter uses the technique
of functional magnetic resonance imaging to investigate the neural processes
underlying internally generated and externally triggered actions.

The study of human action is of fundamental importance as actions provide the basis
for functional interactions with the world. It may be useful to consider human actions
as lying on a continuum ranging from speeded reactions to external stimuli, or
externally triggered (ET) actions, to self-initiated, freely willed or internally generated
(IG) actions. In reality it seems improbable that human actions are ever solely reactive
or uniquely internally generated in nature but that certain actions may belong more or
less to one of these classes of action.

The general evidence for the distinction between internally generated and externally
triggered action was presented in the previous chapter. The current chapter will
attempt to highlight the functional imaging literature in more detail.
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Over recent years, research evidence arising in the animal domain prompted many
researchers to investigate the possibility that the human brain contains functionally
specified regions for the control of ET and IG actions respectively. Among other
theoretical ideas, this possibility stimulated researchers to examine IG and ET actions
in humans using functional brain imaging techniques. Early work by Roland (1980)
found that the human SMA was more activated with IG rather than ET actions.
However, since then many studies have suggested that the functional specificity of the
lateral and medial premotor areas may not be absolute in humans. That is, the two
systems may not be independent, as appears to be the case in the monkey brain.

One such study used human subjects and measured rCBF with Positron Emission
Tomography (PET) (Jahanshahi et al 1995). The results of this study clearly suggest
that the functional specialisation of the medial and lateral premotor areas with respect
to IG and ET movement production is less sharp in humans than in monkeys. These
results have been discussed in detail in the literature review and Chapter 3 of this
thesis and the reader is referred back to these sections for more details of the study.

Other studies have found similar results. For example in an extension of Jahanshahi's
(1995) study, Jenkins et al (2000) found that both IG and ET right index finger
extensions produced activation in the SMA proper, both rostral and caudal fields.
However the activation of these mesial frontal areas was greater for IG actions than
for ET actions, and the increase in rostral SMA activation was bigger than that of
caudal SMA activation in the IG condition. Thus it was concluded that the rostral
SMA is more involved in motor preparation and the caudal SMA is more involved
with actual movement executive processes. This finding fits well with other studies

138

Chapter 4: Neural Systems contributing to internally generated and externally triggered motor actions:
A study using event related fM RI

that have found the more anterior parts of the SMA-proper to be involved with motor
planning and motor imagery, as compared to the posterior regions of the SMA-proper
that are involved with motor execution (e.g., Stephan et al, 1995; Tyszka et al, 1996).
In addition, Jenkins et al (2000) found confirmatory evidence for Jahanshahi's (1995)
finding that DLPFC was activated in the IG actions but not ET actions. This exclusive
activation probably reflects the fact that in the IG condition there was a working
memory load component as subjects had to hold temporal information about previous
movements in mind during preparation for subsequent actions.

Another study examined the possible functional specialisation of mesial frontal and
lateral premotor areas with respect to IG and ET actions, this time using event related
potentials (Thut et al, 2000). These authors found that there were no differences in the
areas of activation in IG and ET actions but that lateral premotor areas were active for
a longer duration than mesial areas for ET actions and vice-versa for IG actions.

Thus, evidence from neuroimaging with human subjects suggests that medial frontal
areas and lateral premotor areas are not as specialised for IG and ET actions as they
seem to be in the monkey brain.

Over the past few years, the substantial amount of research that has been conducted in
this area has dispelled the idea that there are two independent systems for IG and ET
actions. However, there seems to have been a lack of research attention examining the
pattern of brain activity corresponding to switching from an intentional mode of
action production to an externally triggered mode of response production. That is.
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what happens in the brain as subjects are forced to switch between making IG actions
and ET actions. The present study was designed to examine exactly this issue.

Consider a subject preparing to make an IG finger flexion, who is suddenly prompted
by an auditory tone to make the same key press. What would we expect the reaction
time (RT) to the auditory tone to be, as compared to a straightforward reaction made
to the same tone when the subject is not intending to make the same movement? In
fact, we have shown in a number of studies that the RT goes up in this type of
situation by approximately 55ms (see previous chapter for details; Astor & Haggard,
in press). However, if the brain was already preparing to make the movement
intentionally, why do we not observe a reduction in RT? It appears that the brain
treats these two motorically identical movements as different tasks based on the
context in which they are produced. If this is the case then presumably there will be
pattern of brain activity corresponding to the contextual shift from IG to ET involving
changes in the relative activations in medial and lateral frontal areas.

Thus, in the present study we investigated, using event related fMRi, the brain
activation associated with forcing subjects to switch between IG and ET response
modes. Thus we asked two related questions. Firstly, what are the brain areas
involved in the preparation of an internally generated action and the preparation for
responding to an external stimulus? And secondly, what is the effect on the brain
activity associated with making an IG movement whilst knowing that an ET response
maybe required, as compared to just making a simple IG action with no possibility of
being prompted to make an ET response? Based on previous neuroimaging results
(e.g., Jahanshahi et al, 1995; Jenkins et al, 2000; Cunnington et al, 2001) it was
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predicted that a network of brain areas including both lateral and medial premotor
areas, basal ganglia and cingulate motor areas would be activated in both internally
generated and externally triggered actions. It was hypothesised that a visual “trial
starts” cue would activate areas in the occipital lobe that form part of the visual
cortex. In line with previous work that has found increases in the activation of brain
areas related to the modality of an imperative stimulus (e.g., Chawla, Rees & Friston,
1999) it is further predicted that during the process of expectancy there will be
activation in brain areas related to auditory processing since subjects are preparing to
respond to an auditory stimulus. In particular primary auditory cortex should be
activated as in previous studies (e.g., Belin et al, 1999). Previous work using the
truncation paradigm (e.g., Astor-Jack & Haggard, in press) has raised the possibility
that the brain treats intentional and reactive processes as separate tasks. If this is the
case then, when subjects are intending but also expecting an external stimulus, there
should be activations in brain areas related to dual task performance and cognitive
control. Specifically, previous studies have found activation in the preffontal cortex
and the anterior cingulate cortex (MacDonald et al, 2000). Hence we expect these
areas to be active in the present experiment. In addition, based on the results from the
previous chapter it was predicted that there would be an RT cost of intention when
subjects are required to switch from an internally generated mode of action production
to an externally triggered mode of action production. We discuss our results with
respect to other neuro-imaging studies that have looked at IG and ET actions and the
brain mechanisms subserving them.
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4.2 Methods

4.2.1 Subjects

12 right-handed subjects (7 female and 5 male) aged 27.6+8.4 years took part in the
experiment which comprised four blocks of trials. The order of blocks was
counterbalanced across subjects.

4.2.2 Conditions

The four experimental blocks comprised an internally generated movement block, an
externally triggered movement block and two blocks of truncation trials. These trial
types were based on those used in the previous chapter. In the externally triggered
movement block, a simple reaction time paradigm was employed. After the subject
had been notified that the trial had started via a visual “trial starts” cue on a computer
screen in their view an auditory stimulus in the form of a beep was delivered through
a set of headphones. The interval between the trial starts visual cue and delivery of the
auditory stimulus, (i.e., fore-period) varied randomly between 3 - 1 0 seconds.
Subjects were instructed to respond with a right index finger press as fast as possible
upon hearing the auditory stimulus. The subject’s key press ended the trial and after a
short inter-trial interval the subject was notified of the beginning of the next trial,
again via a visual cue. In the internally generated movement condition, subjects were
instructed to make the same right index finger press at a time of their own choosing.
The only constraint was that they had to try and randomly vary their movement such
that it occurred within a 3-10 second range. This is the same time range that the
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imperative stimulus was delivered within in the externally triggered movement
condition. In the internally generated condition there was no external imperative
stimulus of any kind. Lastly, in the truncation blocks subjects were asked to initiate
and prepare an internally generated voluntary press with the right index finger at a
time of their own choosing. Subjects were particularly instructed not to act in a
stereotyped or rhythmic manner. An auditory stimulus was delivered at a random time
during the trial, as in the externally triggered condition. Subjects were instructed to
respond to the auditory stimulus as fast as possible with a right index finger press.
Thus, subjects could make either an internally generated or an externally triggered
press, according to whether or not the stimulus occurred before their internal process
of preparation had produced the movement. In either case a press with the right index
finger signified the end of trial.

In the truncation condition, to ensure that it was possible to interrupt the internal
preparation with a tactile stimulus subjects were instructed to “make their responses
randomly within about 3 -1 0 seconds after the onset of the trial”. This 3-10 second
range corresponds to the range of times from which the delivery times of the auditory
stimulus were sampled. Thus, on some trials subjects made their internally generated
response prior to delivery of the auditory stimulus. These trials were termed
intentional truncation trials. On all other trials, the auditory stimulus was delivered
prior to subjects making their internally generated response and subjects reacted to
this stimulus. These trials were termed reactive truncation trials.

All subjects were trained on the task outside the scanner first in order to ensure that
they fully understood what was required of them. During all conditions, event times
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were not synchronised with respect to the scan times. In the externally triggered
blocks, the time between successive trials was around 14.4 s (taken from a typical
session) with a range from around 14-14.5 s. In the internally generated blocks time
between trials was around 17.6 s with a range from around 14-29.25 s, depending on
when the subject made their volitional key press. In the truncation blocks there was a
mixture of externally triggered trials and internally generated trials with similar
timings features. A typical period of intention in an internally generated trial was
around 6.6 s with a range of 3.9 - 9.3 s. Similarly for the process of expectancy in the
externally triggered trials the typical duration was around 6.6 s with a typical range of
3.9-9.3 s. Hence the temporal characteristics of all blocks were similar and typical
block length was around 331.8 s or 5.5 minutes. For further details of the conditions
in this experiment and the concept of truncation, see figures 3a (i) - (iii) in the
previous chapter.

The analysis of the behavioural data in this experiment comprised comparing the
reaction times in the simple externally triggered movement condition and the
truncated externally triggered condition (as in chapter 3). The RT’s from these two
conditions were compared in order to validate previous work which has shown that
truncation causes RT’s to increase significantly, suggesting that the neural processing
underlying intention and reactivity may be different.
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4.2.3 Functional Imasins

Data were acquired with a 2-T Magnetom Vision whole-body MRI system (Seimens,
Erlangen, Germany) equipped with a head volume coil. XI-weighted anatomical
images and contiguous multislice T2-weighted echoplanar images (128 X 128 pixels)
were obtained. Volumes were acquired continually every 3.9 seconds (TR = 3.9).
Each volume comprised 40 slices (slice thickness 2mm) There were 100 scans in a
session of which the first five constituted “dummy” volumes acquired in order to
allow for XI equilibration effects. These dummy scans were discarded.

4.2.4 Imase Processine

Image and statistical analyses were performed using statistical parametric mapping
(SPM99). All functional volumes were realigned to the first functional volume to
correct for InterScan head movement and then resliced using a bi-linear interpolation
in space. To correct for their different acquisition times, the signal measured in each
slice was shifted relative to the acquisition of the middle slice using a sine
interpolation in time (Henson et al, 1999). Each volume was normalised (Friston et al,
1995a) to a standard EPI template volume, based on the Montreal Neurological
Institute reference brain (Evans et al, 1994), using non-linear basis functions. Finally
the data were smoothed with a Gaussian kernel of 10 mm full width at half maximum
to compensate for residual variability after spatial normalization.
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4.2.5 Im asins Data Analysis

In the present experiment predictions regarding the brain activation under certain
conditions were made and the analysis was performed with this in mind. However, it
is important to outline how the analysis would have differed had there been no a priori
predictions. In particular the procedure that SPM uses for correcting for multiple
comparisons in experiments in which no a priori predictions were made will be
discussed. Thereafter justification for the approach taken in the present experiment,
especially in regard to the use of corrective procedures for multiple comparisons, will
be given.

As described by Frackowiack, Friston, Frith, Dolan & Mazziotta (1997), SPM does an
analysis of variance at each and every voxel entirely independently. First SPM obtains
the scan data for each voxel for each of the scans in the analysis. In order to ascertain
how well the model used fits the data, separate t-tests are performed for every voxel in
the brain for each contrast performed. For example it might be expected that voxel
activation values increase if a certain effect of interest (e.g., process of intention) is
present. The t-test establishes whether there is sufficient evidence to reject the null
hypothesis, which assumes that the effect of interest has no relationship to the activity
in the particular voxel being analysed. For example in a comparison of listening to a
sound against rest, the null hypothesis would be that there are no differences between
the scans in the listening condition and the scans in the rest condition. A null
hypothesis such as this implies that the Z scores for the comparison between listening
and rest will be similar to another set of numbers from a random normal distribution.
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In a typical SPM Z map there may be 200000 or more Z scores (Brett, 1999). Since
there are so many Z scores, even if the null hypothesis is true there will be some Z
scores that will appear to be significant at standard statistical thresholds for the
individual Z scores (e.g., p<.05 or p<.01). This leads to an increased likelihood of a
type 1 error, (i.e., wrongly rejecting the null hypothesis).

In SPM the multiple comparison problem is the problem of selecting the statistical
threshold at which confidence can be taken that the remaining peak Z scores are too
high to be expected by chance. In classical non-imaging experiments the multiple
comparison problem is often solved by using a Bonferroni correction in which the p
value threshold for accepting a test as being significant is alpha / number of tests.
Thus for a SPM Z map with 200000 voxels and a standard alpha of .05 we would end
up with a p value of .05/200000 = .00000025! Whereas the Bonferroni procedure is
widely used in standard experiments, in brain imaging it turns out to be much too
conservative and can end up increasing the likelihood of a type II error (wrongly
accepting the null hypothesis). The reason that the Bonferroni correction is too
conservative is that it assumes that observations are independent. In imaging however
the Z scores at each voxel are highly correlated with their neighbours. This correlation
is a consequence of the image being smoothed with a Gaussian Kernel (of 10 mm
FWHM in the present experiment), and intrinsic smoothness in the signal.

To test for the significance for an activation intensity in a SPM, there are two
important things to consider. These are the number of RESETS in the image and the
Euler characteristic (EC). A RESET is a “resolution element” and is defined as a
block of pixels of the same size as the FWHM of the smoothness of the image. The
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number of RESELS depends on the number of pixels and the FWHM. In order to test
for significance for an activation, the probability that the maximum value in the map
is greater than a given threshold t under the null hypothesis must be assessed (Poline,
Holmes, Worsley & Friston, 1997 in Frackowiak et al, 1997). To approximate this
probability Worsely et al (1992) used a geometrical characteristic called the Euler
characteristic (EC). The EC of an image is a property of the image (equivalent to the
number of activated areas) after it has been thresholded at a certain Z. Mathematical
procedures show that, if the number of RESELS in the image are known the EC can
be estimated for any given threshold. Hence if x is the Z score threshold that gives an
expected EC of .05, then, if we threshold our image at x, we can expect that any blobs
that remain have a probability of less than or equal to .05 that they have occurred by
chance (Brett, 1999). This is the type of procedure that SPM employs to correct for
multiple comparisons and it provides strong control over type 1 errors at the voxel
level (Poline et al, 1997 in Frackowiak et al, 1997). It is also more appropriate than
the Bonferroni procedure as it takes into account the dependence inherent in the data
(Frackowiack et al, 1997).

The above discussion has considered the issue of correcting for multiple comparisons
in SPM. However, just as is the case in other types of experiment, it is possible and
conventional to report uncorrected p values if specific predictions regarding which
areas of the brain will be active in certain conditions are made. There are many
studies that have been published which have reported uncorrected p values as a
consequence of having made predictions on which areas of the brain would be active
under certain conditions (e.g., Rugg, Henson & Robb, 2003; Grezes, Armony, Rowe
& Passingham, 2003; Morcom, Good, Frackowiak & Rugg, 2003). In the present
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experiment a priori predictions were made based on findings from previous literature
and hence uncorrected p values were used. As is often the case when reporting
uncorrected p values we report at a threshold of .001. Therefore, only activations that
remained at this threshold were reported in the thesis. Once activations that survive
this thresholding are known it is possible to verify the brain areas by the use of a
neuroanatomical brain atlas (e.g., the Talairach Demon). In addition, in the present
experiment brain areas were verified with the help of a specialist neuroanatomist. In
this way, only areas that were expected to be active by prior prediction are reported
and activations that fall outside these predictions are discarded.

To summarise, in the present experiment it is argued that the use of uncorrected p
values is justified as we had made a priori predictions based on previous studies as to
the brain areas that we expected to be activated in various experimental conditions.
Finally, the procedure used in the present work is in line with other studies in the
literature that have used uncorrected p values.

However, even with the justification provided above, caution should be exercised in
making definitive claims regarding the statistical significance of contrasts performed
in brain imaging experiments. This is because, since imaging is still in its infancy as
an experimental technique, methods for dealing with and analysing imaging data are
relatively new and are still being optimized.

The data in the present experiment were analysed using SPM99. To test for the effects
of interest we used a conventional analytical approach. We modelled a number of
effects of interest. These were the start of each trial, the waiting period in each trial
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(either intention or expectancy or in the truncation condition, both) and the
movements made by the subject (either an internally generated key press or an
externally triggered key press). The case of externally triggered movements where an
auditory beep preceded the key press, was modelled as a single event since the beep
and movement always co-occurred and the onset asynchrony was short and relatively
constant (between approximately 200-400 ms, typical reaction times).

In the truncation blocks two types of trial could occur. Either subjects could produce
an internally generated key press or they could have their internal preparation
interrupted by a beep to which they responded as fast as possible. In either case the
key press determined the end of the trial. These two types of trial were separately
modelled with the former being classified as a “truncated internally generated action”
and the latter being classified as a “truncated externally triggered action”.

This process yielded a total of 18 effects of interest and regressors representing each
of the effects of interest were constructed in the model. The starts of trials, beeps
followed by movements (externally triggered actions) and volitional key presses
(internally generated actions) were modelled by delta functions (stick functions). In
contrast, the waiting periods within each trial (either intention, expectancy or both
together) were modelled as boxcars since their duration was drawn out in time
(typically between 3-10 seconds). The SPM modeling of various events was informed
by the underlying motor processes that are thought to occur in the preparation and
execution of internally generated and externally triggered actions as outlined in the
model of motor processes given in chapter 1. Figure 4a(i) -(iii) illustrate how the
different effects of interest were modelled.
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Figure 4a (!) Modelling an
Internally Generated (IG) trial

Trial starts: modelled as
stick fiinction

time
Intention: modelled
as a boxcar

IG key press: modelled
as a stick function

time

time
Figure 4a(ii) Modelling an Externally
Triggered (ET) trial
Trial starts: modelled
as stick function

Expectancy: modelled as
a boxcar

ET key press and beep: modelled
together as a stick function

time

time

time
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Figure 4a (iii) Modelling a truncation trial. Intention and expectancy occur
together and response ends up being made either in an IG or ET mode

IG key press: modelled
as a stick function

time
Trial starts: modelled as
stick function

time
Intention: modelled
as a boxcar

time

Expectancy: modelled
as a boxcar

time

ET key press: modelled
as a stick function

time

152

Chapter 4: Neural Systems contributing to internally generated and externally triggered motor actions:
A study using event related fM R i

The regressors (trials starts, intention, expectancy, externally triggered actions and
internally generated actions) were then convolved with a canonical haemodynamic
response function and combined into a design matrix along with four additional
regressors modeling session effects (since sessions were not acquired continuously).
Parameter estimates were then produced for each of these regressors on an individual
subject basis. Planned contrasts were then formed. Specifically these were “the
process of intention”, “the process of expectancy”, “intention verses expectancy”,
“expectancy verses intention”, and “truncated intention verses intention”. These
contrasts were chosen with respect to our specific aims. Firstly, we aimed to verify the
findings of previous work with respect to the brain activation of internally generated
and externally triggered actions. Secondly we aimed to investigate the effects of
having to switch between modes of response production. As well as these hypothesis
driven contrasts of interest we also examined the brain activity when subjects were
presented with a visual “trial starts” cue in order to check the validity of our
modelling approach.

These subject specific contrasts were entered into a second level random effects
analysis which allowed us to make inferences about the population from which
subjects were drawn. Statistical parametric maps were made in order to ascertain the
validity of the null hypothesis. Since we had anatomically constrained predictions
based on previous studies (see introduction, e.g., Jahanshahi, 1995; Jenkins, 2000) we
reported uncorrected p values at p < .001.
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4.3 Results

3 subjects exhibited excessive head movement in the scanner and thus their data was
excluded from the analysis. The behavioural and brain imaging data of the remaining
9 subjects were then analysed.

4.3.1 Analysis o f the Behavioural Data

As in the previous chapter, an important question of this study was to examine the
effect that truncation had on reaction times. The truncation condition was specifically
designed to make subjects switch from their internal preparations to an externally
triggered mode of response production. To analyze the effects of this switch on the
response we compared reaction times (RTs) in the externally triggered movement
condition with the reactive trials from the truncation condition. RT was defined as the
difference between the time at which the subject pressed the key and onset of the
stimulus to move, in this case a beep. Any RTs less than 75ms were classed as
anticipations as opposed to reactions and were excluded from the analysis. Similarly
any RTs greater than 1000ms were classed as missed trials and were not analyzed.
Statistics were performed on the trimmed RTs. A t-test revealed that truncation
caused RTs to be on average 47 ms longer than RTs in the externally triggered
movement condition (T(8) = -2.680, p = .028). Hence the findings from the previous
chapter were confirmed. An important difference between the stimuli presented this
experiment and the previous experiment is that they were presented in different
modalities (auditory in the present work and tactile in the previous experiment).
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Nevertheless the effect seems to be robust. Graph 4.1 shows the reaction time data in
both conditions across subjects.

G raph 4.1 Reaction time in externally triggered and truncated externally
triggered conditions (error bars are SE). Note that all but 2 subjects had greater
mean reaction times in the truncation condition than in the simple externally
triggered action condition.
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4.3.2

Irnasins D ata - Start o f each trial via a visually presented signal

In this section of the results tables and figures showing areas of activation are shown.
Figures are restricted to those activations that are of most interest in the current
experiment.
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In order to confirm that the imaging and modeling procedure that was used was
reliable the brain activation at the beginning of each trial was examined. The
beginning of each trial started with a visual prompt in which the words “trial starts”
were presented to subjects on a computer monitor as they lay in the scanner. Table 4.1
shows the brain areas that were activated at this time for the whole group of subjects.

Table 4.1 Brain areas activated at the start of the trial (p< .001 uncorrected).
Note that the visual activity confirms that our model and imaging procedure was
suitable.

AREA

COORDINATE

ZSCO R E

Right Primary visual

12

-62

16

4.11

Left prestriate

-44

-74

-18

4.45

Right prestriate

46

-74

-16

4.24

Left fusiform gyrus

-16

-72

-12

3.48

Right fusiform gyrus

28

-66

-6

4.26

Left infero-temporal

-40

-52

-24

3.61

30

-58

-18

4.90

-60

-60

2

3.38

48

-64

8

3.27

cortex

cortex
Right infero-temporal
cortex
Left middle temporal
gyrus
Right middle temporal
gyrus
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Right superior temporal

56

-38

14

4.17

20

-66

34

3.67

34

-74

26

3.41

-58

2

22

3.27

Left premotor cortex

-58

2

36

3.78

Right premotor cortex

56

4

46

3.70

sulcus
Right parieto-occipital
sulcus
Right posterior intraparietal sulcus
Left ventral precentral
sulcus

Table 4.1 shows that there was considerable activation in visual areas at the start of
each trial. Figure 4b shows this result on a sagittal section.
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Figure 4b. Activation in the visual cortex and left infero-tem poral cortex (cross
hairs) when subjects were presented with a visual “trial starts” signal at the start
o f the trial.

4.3.3 Brain Activation whilst P reparim to make an Internally Generated Response

In the internally generated action condition, the period between the start o f the trial
and the time at which the subject pressed the key was considered to be a period of
intention. During this period subjects are intending to make an internally generated
key press. Table 4.2 shows the brain areas that were active during this period of
intention.
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Table 4.2. Brain areas that were active during the period preceding an internally
generated action (p< .001 uncorrected).
AREA

COORDINATE

Z SCORE

Left posterior SMA

-2

-20

58

3.83

Right posterior SMA

18

-22

66

4.56

Right pre-SMA

2

6

58

3.63

Cingulate motor cortex

0

-2

50

3.19

Left dorsal premotor

-30

2

60

3.52

Left superior frontal sulcus

-18

32

34

3.45

Right superior frontal

36

36

38

3.72

22

8

-4

3.33

cortex

sulcus
Right putamen

Areas that were active included bilateral SMA, right pre-SA, cingulate motor cortex,
left dorsal premotor cortex, bilateral superior frontal sulcus (Dorso lateral preftontal
cortex -DLPFC), and the right putamen. All of these areas are implicated in motor
preparation.

4.3.4 Brain Activation whilst vreparins to make an externally trissered response.

During the externally triggered action condition a trial starts cue was presented to
subjects and thereafter between 3-8 seconds later a beep occurred. When the beep
occurred subjects had to respond as fast as possible with a key press. Because, during
the period leading up to the response subjects were expecting a tone, this period was
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classified as being a period of expectation. Brain areas that were active during this
period included auditory areas, the anterior portion of the SMA, the putamen
bilaterally as well as contralateral dorsal premotor cortex. Table 4.3 shows the brain
areas that were active during this period.

Table 4.3. Brain areas active during period when subjects are expecting a beep
(p<.001 uncorrected)

AREA

COORDINATE

ZSCO R E

Left primary auditory

-44

-34

12

3.51

-50

-18

4

3.80

-40

-54

2

3.46

48

-42

16

4.10

Left frontal operculum

-28

26

4

4.16

Left anterior SMA

-12

-6

60

3.59

Left dorsal premotor

-18

-16

58

3.35

24

42

28

3.71

Left putamen

-22

-2

2

4.08

Right putamen

32

4

-2

3.93

cortex
Left superior temporal
cortex
Left superior temporal
sulcus
Right superior temporal
sulcus

cortex
Right superior frontal
sulcus
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Figure 4d. Brain activation during preparation o f an internally generated action
(top figure) and preparation to respond to an auditory tone (bottom figure)
activated a similar set o f brain structures. Here the SMA can be seen to be active
in both periods.
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4.3.5 Brain activation in yreparins to make an internally senerated key press versus
prevarins to respond to a beev

Interestingly there were no significant differences in the brain activation when
subjects were preparing to make an internally generated action or preparing to
respond to a beep conditions. However, it is notable that the SMA was active
bilaterally when subjects were preparing to make an internally generated movement
but not when they were preparing to respond to a beep. In addition, during preparation
of an internally generated action the pre-SMA was active but it was not active during
preparation to respond to a beep. As stated previously, when the two conditions were
contrasted directly, the different activations observed for the conditions alone did not
remain and there were statistically no differences between preparation of internally
generated actions and externally triggered actions. This issue will be considered in the
discussion.

4.3.6 Brain activation in preparing to respond to a beep versus preparins to make an
internally senerated key press

Brain activation in the preparation to respond to a beep and the preparation to make
an internally generated key press was contrasted and it was found that there were no
significant differences in the activation observed. This is the case even though when
these preparatory periods were examined individually there was considerable
activation in auditory areas during preparation to respond to a beep but not when
preparing to make an internally generated action. This result is considered in the
discussion in more detail. In both periods, the SMA was activated. Figure 4d shows
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activation in the SMA for the period preceding an internally generated action and the
period preceding an externally triggered action.
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Figure 4d. Brain activation during preparation o f an internally generated action
(top figure) and preparation to respond to an auditory tone (bottom figure)
activated a similar set o f brain structures. Here the SM A can be seen to be active
in both periods.
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4.3.7 Brain activation when subjects are preparins an internally senerated action
with the Dossibilitv o f havins to respond to a tone with the same response

The truncation condition was designed to force subjects to shift their mode of action
production from an internally generated mode to an externally triggered or reactive
mode. The condition involved subjects in preparing to make an internally generated
action (key press) within 3-10 seconds after the onset of a trial starts stimulus.
However, during this period it was possible that a beep could interrupt their internal
preparation and make them respond with the same key press immediately. In the cases
that subjects made their internally generated key press before the auditory beep the
trial was termed a truncated internally generated trial as it comprised an internally
generated response but with the possibility of an auditory beep. In addition, the
condition in which subjects made a simple internally generated response was
characterized by there being no possibility of an auditory beep. As we were interested
in the effect of expectancy of a possible beep on the process of intention we
contrasted the period preceding the action in the internally generated condition and
the truncated internally generated condition (i.e., the period of intention without and
with the possibility of having to respond to an auditory beep). Table 4.4 shows the
brain areas that were active in this comparison.
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Table 4.4. Brain areas that were active when subjects prepared to make an
internally generated action with the possibility of having to respond to an
auditory beep (p<.001 uncorrected).

AREA

COORDINATE

ZSCORE

Right superior frontal

22

4.26

48

20

sulcus
Right anterior cingulate

10

34

-6

4.54

Left postcentral sulcus

-32

-38

56

3.96

Right caudate

22

-6

18

4.06

sulcus

Brain areas that were active in this situation, in which a possible switch from
internally generated response production to externally triggered response production
included right superior frontal sulcus right anterior cingulate sulcus and the right
caudate. The activation in the superior frontal sulcus is shown on a coronal section in
figure 4e.
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Figure 4e. Activation o f superior frontal sulcus when there was a possibility o f a
switch

between

internally

generated

response

production

and

externally

triggered response production. This is the activation in contrast between
truncated intention and pure intention.
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4.4 Discussion

One potential pitfall of the present imaging experiment and indeed many other
neuroimaging studies is that experimental designs are based on the subtractive method
and the concept of Pure Insertion,

In neuroimaging studies images of cognitive processes are often derived by
comparing brain activations of subjects performing an experimental task with brain
activations of subjects performing a control task (Sartori & Umilta, 2000). The two
tasks are thought to differ only in that one task involves a specific processing stage of
interest. Any differences in brain activation are therefore considered to be related to
the addition of this processing stage. This subtractive logic has been used in the
present experiment. For example, in order to ascertain the processing underlying
simultaneous preparation to make and internally generated action and anticipation of
having to make the same action in response to a beep, the brain activation in the
truncation condition was compared to the activation in the simple internally generated
action condition. Specifically, the activation in the simple internally generated
condition was subtracted from the activation in the truncation condition, and the
remaining activation was considered to reflect the “extra” process of preparing for the
possibility of a switch to a reactive mode of action production.

This methodology is known as the subtractive method and is a special application of a
method developed by Bonders (1868, cited in Sartori et al, 2000), Bonders
investigated latencies in three different tasks of differing complexity. In task A a
simple RT was measured in which subjects responded with a key press in response to
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an electrical stimulus delivered to the foot. In task B a choice RT task was performed
in which subjects had to press a key with the hand on the same side as the foot that
they perceived the stimulus to be delivered to. In task C a go/no go paradigm was
used in which electrical stimulation was applied either to the left or right foot and
subjects had to respond only to certain preselected stimuli (Ulrich, Mattes & Miller,
1999). Bonders argued that Task C was identical to task A except that it required the
additional process of stimulus discrimination. Similarly, he thought that the go/no go
task and the choice RT task were identical except that the latter includes the additional
process of response selection. A clear prediction of Bonders’ approach would be
additive effects on RT when the processing difficulty of each individual stage is
manipulated independently. As has been pointed out recently by Sartori et al (2000)
what became apparent after extensive use of this logic was that the various RT
components were in fact not additive. That is, the more complicated RTs were not
simply the summation of the times required by their components.

The subtractive method rests on the assumption of Pure insertion. This concept is
general and applies to any measures of processing, not just RT. Pure insertion states
that a process can be inserted into a series of other processes without changing them
and that a process can be isolated by comparing tasks that contain that process with
other tasks that do not. However, it is possible that adding a particular process of
interest to a task has an unintended effect of changing the other processes in the task.
In this case, the assumption underlying cognitive subtraction is violated and it
becomes difficult to draw any firm conclusions about the experiment in the absence of
other supporting evidence. This is known as the fallacy of pure insertion. An example
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of the fallacy of pure insertion is a study by Umilta, Nicoletti, Simion, Tagliabue and
Bagnara (1992). They required subjects to perform a discrimination task by pressing
with either the left or right hand depending on whether a stimulus was presented on
the left or right side of a fixation cross. In a second condition they required subjects to
perform the same task and do a verbal judgement task on the stimuli (i.e., it was a
dual task condition). The authors found that the response for the left-right
discrimination was slower for the dual task than for the single task condition. This
illustrates that task components do not necessarily remain unchanged when an
additional task is added.

Another example of the use of subtractive logic in brain imaging comes from a study
by Ramnani, Toni, Passingham & Haggard (2001). In their imaging experiment the
authors assumed that activity related to separately performed finger and arm
movements would be additive when the movements were performed together in a
coordinated fashion. The authors found that there was extra activity in the coordinated
task that was not present when the two movements were performed separately. They
concluded that this extra activity reflected the neural correlate of coordinating the two
movements into one fluid action. However, their interpretation rests entirely on the
concept of pure insertion being correct. It is possible that the extra activity was related
to changes in the way that the individual movements were controlled when they were
performed together.

In the present experiment we assumed that the processes of intention and expectancy
were the same whether occurring alone or in the presence of the other. Again, this
assumption rests on the assumption of Pure insertion and as such should be

170

Chapter 4: Neural Systems contributing to internally generated and externally triggered motor actions:
A study using event related fMRI

interpreted with caution. Indeed, until more alternative designs for imaging
experiments are developed that are not subject to the fallacy of pure insertion, it is
recommended that this fallacy is borne in mind when interpreting the results of
experiments such as the one reported in this thesis.

At the start of each trial when the words “trial starts” were presented visually to
subjects on a computer monitor activation in visual cortex was observed. This result
confirms that the methodology of the present study was appropriate as it was possible
to observe specific, relevant and functional activation in areas known to be involved
in visual processing (Petersen, Fox, Snyder & Raichle, 1990). It is interesting that
there was also activation found in the ventral limb of the left precentral sulcus which
is on the posterior border of Broca’s area and hence may be an indicator that subjects
were reading the words to themselves as the trial started (Passingham, personal
communication). The activation observed in left premotor cortex may be due to the
fact that subjects knew they were going to have to make an action and hence were in
some form preparing to move.

In the internally generated action condition, subjects were required to make an
internally generated action within 3-10 seconds after the onset of the “trial starts” cue.
The time elapsed between the presentation of the trial starts cue and the time at which
subjects made their internally generated key press was defined as a period of
intention. During this period subjects were preparing to make an internally generated
action. This condition constitutes a laboratory approximation of a freely willed”
action. Brain activation during this preparatory period was found in the SMA
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bilaterally, the right pre-SMA, cingulate motor cortex, bilateral superior frontal
sulcus, left premotor cortex and the right putamen.

This result is consistent with previous studies using PET in which activity was
observed in the SMA, cingulate motor cortex, premotor cortex, the dorso-lateral
prefrontal cortex (DLPFC) and the putamen for internally generated actions (e.g.,
Jahanshahi et al, 1995; Jenkins et al, 2000). Although the present study did not find
activity in the DLPFC, there was activity in prefrontal areas bilaterally (superior
frontal sulcus). The SMA activations along with the activation in the putamen is
entirely compatible with the suggested role of these regions in the initiation of
internally generated action (e.g., Tanji, 1994). The berietshaftspotential (BP) is a
robust psychophysiological correlate of preparing an internally generated action and is
observed in the 1-1.5 s preceding initiation of a voluntary movement. Jahanshahi et al
(1995) concluded that the SMA probably contributes to the early component of the
BP and hence, our observation of SMA activity in the period preceding initiation of
an internally generated response provides further support for this suggestion. In
addition, the only other event related fMRI study that has investigated the brain areas
involved in self-initiated and externally triggered actions found activity in the preSMA and suggested that this activity was related to early processes associated with
the preparation for voluntary movement (Cunnington et al, 2002). The fact that preSMA activity was also found in the present study confirms Curmington et al’s finding
and supports the role of the pre-SMA in motor preparation.

In the externally triggered action condition, subjects were required to respond as fast
as possible in response to an auditory beep, which occurred randomly between 3-10
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seconds after the presentation of the trial starts cue. In both the internally generated
and the externally triggered action conditions the action that was made was a right
index finger key press. The time elapsed between the presentation of the trial starts
cue and the time at which the auditory beep prompted subjects to make a key press
was defined as a period of expectancy. During this period subjects were preparing to
respond to the auditory beep. It is noteworthy that the auditory beep and the action
succeeding it were treated as a single event in the analysis of the data, as the temporal
resolution of fMRI does not justify treating these two events which are very close
together in time (200-400 ms approx) as separate events. Brain activation during this
period of expectancy was found in auditory cortex and associated areas (see table
4.3), left anterior SMA, left premotor cortex, right superior frontal sulcus and the
putamen bilaterally. Interestingly, although when examined individually the periods
of intention and expectancy did reveal that auditory cortex was activated in
expectancy but not intention, this difference was not statistically significant. This is
shown by the fact that when expectancy was contrasted with intention there were no
auditory areas that were active in the difference. The reasons for this are unclear, but
it is possible that there was low level activity in auditory areas in the internally
generated action condition and that this was not strong enough to show up in the
analysis of this period alone. However, this is somewhat speculative and it must be
conceded that the reasons for this result remain unclear.

The fact that some areas that were active during preparation for an internally
generated action were also active during preparation to respond to an auditory tone
supports previous work that has found a similar network of activation in self-initiated
verses externally triggered actions (Jahanshahi et al, 1995; Jenkins et al, 2000;
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Cunnington et al 2002). One region of activation for the period of preparation to
respond to an auditory tone that was not active during preparation to make an
internally generated action was the auditory cortex. In the present study there was
activation in primary auditory cortex as found in a study by Belin et al (1999). The
activation of auditory areas during the period in which subjects are preparing to
respond to an auditory stimulus is extremely interesting and provides support for a
limited number of studies which show an increase in baseline activation of areas
related to the modality being used to perceive the stimulus. For example, in a recent
study by Sakai & Passingham (2003), in which subjects were preparing to do a task
with letters, activity was observed in superior temporal cortex (auditory association
cortex). This has been taken as evidence of a task set, or the brain’s preparation to
perform a certain task, including attention to the specific stimuli which instruct the
task (e.g., Corbetta & Schulman, 2002). Indeed Sakai et al (2003) suggest that the pre
stimulus activity may reflect perceptual sets which are preparatory signals that
facilitate detection and analysis of stimuli. Further, in a study by Chawla, Rees &
Friston (1999) increased activation was found in V5 when subjects expected moving
stimuli and in colour perception areas when subjects expected coloured stimuli. In the
present work the activation in auditory areas strongly suggests that subjects are
preparing for an auditory stimulus which instructs a certain response. Hence the
activation observed in the present study is consistent with previous reports of
modality specific activation prior to stimulus delivery. It seems that the brain prepares
for the task ahead sometime before the imperative stimulus to perform the task occurs.

In the truncation condition subjects started preparing to make an internally generated
key press with the possibility of a having to switch to a reactive response if the beep
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occurred prior to them making their internally generated key press. In some truncation
trials subjects made their internally generated key press before the auditory beep and
this action ended the trial. These trials were termed truncated internally generated
trials. In other trials subjects’ internal preparation was interrupted by the beep and
they made externally triggered actions in response to the beep. These trials were
termed truncated externally triggered trials. These two trial types were grouped and
analysed separately.

The truncated internally generated trials were contrasted with the pure internally
generated trials in order to investigate the effect of preparing to make an internally
generated response with the possibility of having to switch to an externally triggered
response. Results showed that the brain areas activated when subjects prepared an
internally generated key press with the possibility of having to make a switch if the
beep occurred included the right superior frontal sulcus, right anterior cingulate
sulcus, left postcentral sulcus and the right caudate. Some studies have found
prefrontal activation, including the dorso-lateral prefrontal cortex and the superior
frontal sulcus in relation to cognitive control (MacDonald et al, 2000). In their
experiment, MacDonald et al required subjects to prepare to make the counterintuitive
response of reporting the colour of the ink in a Stroop task (as opposed to reading the
word). MacDonald et al argue that when the subjects are preparing to report the
colour of the ink they must inhibit the more “natural response” of reading the word.
This process requires what they term “cognitive control”. MacDonald et al state that
“Cognitive control has frequently been operationalised as the provision of top down
support for task relevant processes; for example a representation of the attentional
demands of the task can be used to bias processing in favour of task relevant stimuli
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and responses and thereby establish the appropriate stimulus-response mapping”. In
our task, subjects are preparing an internally generated action with the possibility of
having to switch to an externally triggered mode of response production. It is likely
therefore that subjects are partially anticipating an auditory stimulus (as would be
expected from the activation of primary auditory cortex in the pure expectancy
condition). This anticipation may reflect a biasing toward the detection of the external
stimulus and thus constitutes a high degree of cognitive control. Whereas there was no
auditory activation in the truncated internally generated condition, the activity in the
superior frontal sulcus is possibly related to the high degree of cognitive control
required in this condition. Furthermore, the present study also found activation of the
anterior cingulate sulcus which has also been implicated in cognitive control
(MacDonald et al, 2000). Furthermore, the fact that there was activation in the caudate
strongly suggests that the brain was engaged in preparation for two possible tasks.
The caudate forms a part of the basal ganglia which are vital for the initiation of
voluntary movement and it is primarily a reduction in the output of the basal ganglia
that accounts for the deficits in movement initiation as seen in Parkinson’s patients
(Bear, Connors & Paradiso, 2001). Hence it appears that in the truncation condition
brain areas involved in both possible components of the task were active. That is, the
caudate was active, reflecting preparation to initiate an internally generated action and
the superior frontal sulcus and the anterior cingulate sulcus were active reflecting the
biasing of preparatory processing to the potential delivery of an external stimulus to
move.

The reaction times from the truncated externally triggered trials were compared to
those from the pure externally triggered trials to investigate the effect of having to

176

Chapter 4: Neural Systems contributing to internally generated and externally triggered motor actions:
A study using event related fM RI

switch from an internally generated mode of response production to an external one.
The reaction time data showed that when subjects were forced to switch from their
preparation to make an internally generated action to producing an externally
triggered action there was a RT cost of some 47 ms. This RT cost is termed the “RT
cost of intention”. This RT cost of intention is entirely consistent with the idea that
subjects switch from their internal preparations to an external mode of response
production and that this switch takes time. The RT cost of intention has proved to be a
robust result over several experiments (e.g., Astor-Jack & Haggard, in press).

In sum, preparation to make an internally generated action and preparation to respond
to an external stimulus activate a similar set of brain structures known to be involved
in preparation to act. Auditory areas were active in the period of preparation to
respond to an auditory beep but not in the period of preparation to make an internally
generated key press. The fact that truncation causes an increase in RT and is
correlated with neural activity in areas known to be involved in cognitive control,
suggests that identical motor responses made in different contexts are treated as
separate tasks by the brain. The exact nature of the switch between preparation to
make an internally generated action and an externally triggered action is not yet clear,
but all the available evidence supports the idea that the brain switches between task
sets, depending on the absence or presence of an imperative stimulus to move, even if
the response to be made is identical in both tasks. Further, the brain seems to prepare
for a possible switch during the period of uncertainty during which the exact task
specifications are not fully available. Psychological studies tend to focus on task
switching in the sense of switching the stimulus response mappings of particular
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tasks. This study has shown that similar brain regions are responsible for the switch
between different sources for action.
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Chapter 5
Experiment 3: Assessing the effects of rTMS to the Supplementary Motor Area
on Bimanual Coordination

5.1 Introduction

Of the many motor actions that human beings routinely perform, those actions
involving the coordination of two hands are perhaps the most characteristic. Everyday
tasks such as buttoning shirts, tying shoelaces, zipping up coats etc, all require the
precise cooperation and coordination of both hands. Despite the fact that tasks
involving the precise cooperation of the two hands are of extremely high utility in
everyday situations, surprisingly little is known about the brain areas involved in such
behaviours.

One cortical structure that is thought to be important in the coordination of bimanual
movements is the supplementary motor area (SMA). The SMA has been extensively
studied in primates, primarily by means of ablation/lesion studies. It has been strongly
suggested that the primate SMA participates in the preparation, initiation and
execution of simple limb movement (Brinkman & Porter, 1979; Tanji, 1994;
Passingham, 1987; 1993) as well as in the control of complex coordinated movement
sequences and bimanual acts (Brinkman, 1984). Other studies have suggested a
similar role for the SMA in humans (e.g., Roland, 1980; Gerloff et al, 1997). The
possible role of the SMA in bimanual movements has been further supported by
anatomical studies showing that the SMA has particularly numerous and powerful
callosal connections with motor cortical areas in the opposite hemisphere, notably
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with the homologous SMA (Rouiller et al, 1994). An interesting observation in
studies which have suggested SMA involvement in bimanual coordination tasks is
that the SMA appears to be most active when the two hands have to perform different
motor actions. For example, in Brinkman’s (1984) classic study, monkeys had to
perform a bimanual task in which they pushed with one hand and cupped with the
other. A full description of Brinkman’s (1984) experiment was provided in chapter 2
(please refer back to this section for more detail).

Whereas work investigating the role of the SMA in human bimanual coordination has
generally used simple tapping tasks (e.g., Jancke et al, 2000), some work from the
animal domain has examined the role of the SMA in more functional bimanual
coordination tasks. Single unit recordings performed during monkeys’ performance of
a bimanual pull and pick drawer task have shown that the SMA contains more
neurons specific for bimanual activity than the primary motor cortex (MI) (e.g.,
Kazzenikov et al, 1999). Other authors have also recorded from single neurons in the
SMA of monkeys and found that many are active during pull and grasp tasks (e.g.,
Kermadi et al 1998). This type of drawer task has also been extended to humans and
has been found to be a good task for investigating functional bimanual coordination
(e.g., Perrig et al, 1999). Hence in the present study a drawer task inspired by the pull
and pick tasks previously used with monkeys was used.

Recently, the human SMA has been divided into two main parts, the SMA proper and
the pre SMA. The SMA proper is situated between the vertical line transversing the
anterior commisure (VCA line) and the vertical line transversing the posterior
commisure (VCP). The pre-SMA lies rostral to the VGA line. In addition the SMA
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proper has recently been subdivided into the caudal SMA and the rostral SMA with
the former area being located in the caudal half of the SMA proper and the latter area
lying in the rostral half of the SMA proper (Vorobiev et al, 1998).

It has been suggested that the SMA proper is active when self-initiated movements
are made (e.g., Ikeda et al, 1999; Dieber et al 1999) and that it contains arm and leg
fields (Fink et a l , 1997). In contrast, the pre-SMA appears to be more important in
motor selection and cognitive aspects of motor planning. However, with respect to
bimanual coordination, functional imaging evidence has revealed the pre-SMA to be
active during the performance of bimanual piano sequences (Jancke et al, 2000). This
result is slightly at odds with the more common idea that pre-SMA fulfils a planning
role. However, the general consensus appears to be that the rostral parts of SMA
proper and the pre-SMA are more involved in motor preparation and complex motor
tasks whereas the caudal part of the SMA-proper is more involved in actual motor
execution. This belief is consistent with current evidence regarding the connectivity of
the different parts of the SMA. Area F3 in the primate brain is believed to be
analogous to the SMA-proper in man and has been found to have both corticospinal
and corticobulbar projections. In contrast area F6 which is the primate equivalent of
the pre-SMA has been found to have only corticobulbar projections (Rizzolatti et al,
1996a). Furthermore, intracortical microstimulation experiments have found that
approximately 80% of stimulation sites in SMA-proper evoke movements whereas
only 20% of stimulation sites in the pre-SMA are excitable and require much higher
stimulation than SMA-proper sites (Luppino et al, 1991). Having said this, not all
evidence supports this idea and some studies have failed to detect a temporal
dissociation between the relative activations of the pre-SMA and the SMA proper

181

Chapter 5 .-Assessing the ejfects o f rTMS to the SMA on Bimanual Coordination

with respect to movement execution and have even gone as far as to suggest that the
preparatory process for movement starts simultaneously in pre SMA and SMA proper
(Yazawa et al, 2000). Hence, to date the exact functional specificity of the various
parts of the human SMA remains unclear.

One technique that may be useful for examining the cortical structures involved in the
control and coordination of functional bimanual movements is repetitive transcranial
magnetic stimulation (rTMS). When applied in trains of repetitive stimuli delivered to
the same cortical region, rTMS appears able to modulate cortical excitability beyond
the duration of the train itself. Depending on stimulation frequency, cortical
excitability can be decreased or increased (Maeda et al., 2000b; Pascual-Leone et al.,
1998). Stimulation intensity and train duration, in addition to the stimulation
frequency, seem to play a critical role in the direction (suppression or enhancement)
of cortical excitability (Modugno et al., 2001), and there are notable inter-individual
differences in the effects which may also vary depending on the cortical region
targeted (Maeda et al., 2000a). Nevertheless, it appears that slow (1 Hz) rTMS of the
motor cortex can decrease cortico-spinal excitability (Chen et al., 1997; Maeda et al.,
2000b) primarily by affecting intracortical facilitation (Romero et al., 2001). Applied
to other cortical regions, slow rTMS appears to similarly decrease excitability in the
targeted cortical region of interest (ROI) leading to measurable behavioural effects
(Hilgetag et al., 2001; Kosslyn et al., 1999; Mottaghy et al., 2001; Robertson et al.,
2001; Shapiro et al., 2001; Theoret et al., 2001). Applied in this fashion, rTMS can be
used to modulate cortical excitability while task performance is tested before and after
the rTMS application and behavioural results compared. One may think of this as an
“off-line” application of rTMS, which has the advantage that task performance is not
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affected by non-specific disruptions due to TMS (such as muscle contractions,
rhythmic clicking noise, etc.)

It has been demonstrated that single pulse TMS delivered over the SMA can elicit
errors in the execution of memorised sequences of saccades (Muri et al, 1994). More
recently, rTMS has been used to study the role of the SMA in motor control by
Gerloff et al (1997). In this study the authors showed that high frequency rTMS
affects the organisation of sequential finger movements of varying complexity. The
results showed that stimulation over SMA induced accuracy errors only in a complex
sequence, while stimulation over the motor cortex induced errors in both the complex
and more simple sequences. These results suggest that the SMA is involved in the
organisation of complex movement sequences.

In the study of motor control and coordination variability is a critical dependent
measure and its importance should be noted. Since motor skill is partly defined by
consistency of performance, it follows that good, skilled performance implies
invariant performance. Hence, disruption of skilled performance may lead to changes
in average performance and/or an increase in the variability of performance.
Therefore, the aim of the present study was to investigate the effect of applying rTMS
over an area of cortex overlying the rostral parts of the SMA on both the mean and the
variability of performance on a goal directed bimanual drawer task. Aspects of the
task whose variability could be affected by rTMS to SMA include, among others, the
relative timing between the events of each hand in the task and increased variability in
the time of the first movement in the sequence. Since there are currently no studies
that have used a similar task in conjunction with rTMS, it is hard to be sure precisely
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how the rTMS may affect the consistency of performance. However, based on
research evidence in which SMA damage has led to impaired bimanual coordination
(e.g., Brinkman, 1984), and assuming that rTMS applied to the SMA does indeed
create a virtual temporary lesion of this area, it is predicted that behavioural deficits
will be demonstrated in the bimanual aspects of the task.

5.2 Methods

5.2.1 Subjects

9 right-handed male subjects with no reported motor deficits participated in this
experiment. The mean age of subjects was 29.6 (±3.7) years. The study was approved
by the institutional review board and informed consent was obtained from all subjects
prior to participation in the study.

5.2.2 The Task

Subjects were required to perform a bimanual task comprising opening a drawer,
catching a ball and then reinserting the ball into the drawer through an aperture just
big enough for the ball to pass through. The apparatus for the task consisted of a
spring-loaded drawer into the right hand side panel of which was cut a small hole just
big enough for a ping-pong ball to fall through. Just inside the drawer a cardboard
ramp was attached such that, with the drawer in the closed position a ping-pong ball
placed on the ramp was held in place by the outer panel of the drawer housing. Upon
pulling the drawer open, this simple ramp caused the ping-pong ball to fall out of the
side of the drawer as soon as the drawer was opened enough for the hole to be fully
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exposed. Hence the ping-pong ball fell out of the drawer under gravity. In the task
subjects were required to pull the drawer open with their left hand. As soon as the
drawer was open enough to fully expose the hole cut into the side of the drawer the
ping-pong ball started to fall and subjects were required to catch the ball using their
right hand. This part of the task requires the precise coordination of both hands since
the action of catching the ball with the right hand is completely dependent on the
previous and ongoing action of the left hand opening the drawer. In order to maximize
the temporal coupling of the actions of the hands subjects were instructed not to move
their right hand to the location where the ball would drop to and simply wait for it.
They had to time the movement of the right hand so that it arrived at the location just
in time to catch the falling ball. After catching the ball, subjects were required to
deposit it back in the drawer through an aperture just big enough for the ball to pass
through, which was cut into the top of the drawer. Having deposited the ball through
the aperture, subjects had to close the drawer gently (i.e., not by letting it spring back
into the closed position) and return both hands back to their starting positions. The
drawer had an open back which enabled the experimenter to replace the ball on the
ramp as soon as the drawer returned to the closed position. The task clearly requires
the hands to perform different motor actions in order to achieve a functional goal and
as such should involve considerable SMA activation. Fig. 1 illustrates the actions
performed by each hand in the task on a time line.
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Figure 5a The experimental task. The successive actions of both hands are shown
along a time-line.
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5.2.3 Expérimental Conditions

The experiment comprised a repeated measures design with the independent variable
of site/type of rTMS stimulation. The three levels of this independent variable were as
follows: Supplementary motor area (SMA), primary motor cortex (MI), and sham
stimulation.

30 trials of initial training were carried out and all subjects could consistently perform
the task by the end of this training. This training was carried out to reduce the
contribution of learning effects during the course of the experiment proper. In the
actual experiment, subjects completed the task in three separate conditions. These
were the sham condition, the SMA stimulation condition and the MI stimulation
condition. The order of conditions was counterbalanced across subjects so as to
eliminate order effects and consisted of 30 trials performed consecutively, with a 2
second pause between trials. The time taken for all 30 task repetitions was much
shorter than the period over which rTMS was applied. To allow for wash out of
previous rTMS, there was a 10-minute break between conditions. This time has been
shown to allow excitability to return to baseline levels for motor cortex (Chen et al,
1997).

5.2.4 rTMS Procedures

A trained physician was present for all stimulation sessions. For all testing sessions
both the subject and the experimenter wore protective earplugs to prevent possible
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transient threshold shifts induced by exposure to the loud acoustic artefact generated
by the discharge of the TMS coil (Counter et al., 1990; Wassermann, 1998),

5.2.5 SMA and Control Site Localisation

Based on the fact that the SMA lies anterior to the leg representation in motor cortex,
the localisation procedure for the SMA was as follows. First, the optimal scalp
position for induction of motor evoked potentials in the right tibialis anterior (TA)
muscle was identified and assumed to represent the leg motor area in the primary
motor cortex. For this purpose, the TMS coil was centred over the mid-sagittal plane.
Once this area had been identified, the coil was moved rostrally, along the midsagittal line, to a point on the scalp where the TA MEP was just lost despite applying
TMS at maximal stimulator output intensity. For this purpose, the coil was moved in
steps of 1 cm and the TA responses checked at each new position by applying up to
10 single TMS stimuli. The TMS coil was then moved one more centimetre anterior
of this point and that position was assume to overlie the rostral parts of the human
SMA proper.

In order to rule out non-specific effects of rTMS, such as the scalp sensation or the
click associated with the stimulator discharge, accounting for behavioural effects on
the bimanual task, two control conditions were used. In one condition, sham rTMS
was applied to the same scalp position (presumed site of rostral part of SMA proper).
For this purpose the 8-shaped coil was angulated away form the scalp and placed at a
90 deg angle such that no magnetic field effects arose in the cortical area of interest.
In a second control condition, rTMS was applied over the vertex, with the coil centred
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over the Cz electrode position (according to the 10-20 system). This control position
is called M l, since it overlay the leg motor area in some subjects. Given the tangential
orientation of the coil, we assume that in this case current was induced bilaterally in
the leg and trunk motor area. However, at the intensity applied in the present study,
no MEPs in the TA were induced by rTMS in this position in any of the subjects.

5.2.6 Stimulation Parameters

All stimulation employed a Magstim 70mm Figure of Eight coil with pulses generated
by a 2.2T Magstim Super Rapid Biphasic Stimulator (Magstim Corp. Wales, UK). For
stimulation to SMA and MI the coil was held with the handle pointing directly in the
occipital direction parallel to the interhemispheric fissure. The type of stimulation
used was rTMS with a frequency of IHz applied to the cortical region of interest for 5
minutes immediately prior to performance of the experimental task. After pilot testing
which took into account the comfort of subjects and the unwanted effects of stimulus
spread from SMA to primary motor areas, the intensity of rTMS stimulation used was
set to 110% of the motor threshold of the left first dorsal interosseous. Motor
threshold was determined following the recommendations of the International
Federation for Clinical Neurophysiology (Rossini et al, 1994). The EMG signals
were preamplified (bandpass, 20Hz to 2KHz), digitized (sampling rate 5 KHz) and
recorded using a Dantec Counterpoint Electromyograph (Dantec Medical, Medtronic,
Minneapolis, MN). Motor threshold was determined as the lowest output intensity
that induced 5 out of 10 MEPs of 0.5mV peak to peak amplitude
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5.2.7 Dependent Measures

Throughout the experiment the timings of various aspects of the actions comprising
the drawer task were recorded for off-line analysis. This data was collected via micro
switches (and light gates for the ball falling measure) which were mounted on the
apparatus. Specifically, the following times were recorded: The time at which the left
hand started moving, the time at which the right hand started moving, the time at
which the left hand opened the drawer, the time at which the right hand deposited the
ball through the aperture in the top of the drawer, the closing of the drawer by the left
hand and the returning of the hands to their original starting positions.

The dependent measures in this experiment were time intervals. These time intervals
were obtained by calculating the time difference between successive component
actions in the movement ensemble. For example the “start time of the right hand - the
start time of the left hand” (LRO) time interval was calculated by subtracting the start
time of the left hand from the start time of the right hand. Intervals were classified as
unimanual if they represented time differences between action within a particular
hand and as bimanual if they represented time differences of actions between the
hands. A repeated measures ANOVA was then performed on the mean and the
standard deviation of these calculated intervals to establish whether rTMS to the SMA
had any significant effect. The dependent measures in this experiment were time
intervals. These time intervals were obtained by calculating the time difference
between successive component actions in the movement ensemble. For example the
“start time of the right hand - the start time of the left hand” (LRO) time interval was
calculated by subtracting the start time of the left hand from the start time of the right
hand. Intervals were classified as unimanual if they represented time differences
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between action within a particular hand and as bimanual if they represented time
differences of actions between the hands. A repeated measures ANOVA was then
performed on the mean and the standard deviation of these calculated intervals to
establish whether rTMS to the SMA had any significant effect. There were six
intervals of interest altogether and these can be seen in table 5.1

Table 5.1 Intervals between components of the task - One tightly coupled
bimanual interval in which object manipulation was involved is in bold italics.
The classification used here is based on whether an interval is measure between
actions of different hands or between actions of the same hand.

INTERVAL NAME

EVENTS BETWEEN

INTERVAL

WHICH THE INTERVAL

CLASSIFICATION

WAS CALCULATED
LRO

RH start time - LH start time

BIMANUAL

DOTS

Time at which Drawer was

UNIMANUAL

Opened - LH start time
DOBD

Time at which Ball Dropped

BIMANUAL

- time at which drawer
opened
RSDO

R H start time -Tim e at

BIMANUAL

which Drawer was Opened
LSF

Total Movement Time of LH

UNIMANUAL

RSF

Total Movement Time of RH

UNIMANUAL
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5.3 Results

One subject was unable to follow the experimental instructions and so was excluded
from the analysis. All the remaining subjects were able to achieve the goal of the task
in all conditions and rTMS did not produce any gross noticeable errors in
performance. Subjects were good at the task and were successful on the vast majority
of trials. On 4 trials overall the ball was dropped (i.e., the trials were unsuccessful).
These trials were not analysed. Thus, on the whole, goal invariance was maintained.

5.3.1 Main Ejfects o f rTMS on mean interval duration

There were no main effects of rTMS on any of the 6 dependent measures described
above. Table 5.2 shows the means for all the intervals in all three rTMS conditions.

Table 5.2 Mean time (SD) in seconds of intervals. Note that there was no effect of
rTMS on any of the mean interval durations (values in brackets are standard
deviations across subjects).

CONDITION

EFFECT

INTERVAL

Ml

SHAM

SMA

LRO

0.07 (0.10)

0.08 (0.11)

0.11 (0.17)

F(1.12, 7.83)* =
1.602
(p=.246)

DOTS

0.52 (0.07)

0.52 (0.07)

0.55 (0.06)

F (2,14) = 1.150
(p=.345)
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DOBD

0.98 (0.06)

0.98 (0.07)

0.95 (0.07)

F (2,14) = 0.765
(p=.484)

RSDO

0.43 (0.13)

0.43 (0.15)

0.43 (0.15)

F (2,14) = 0.005
(p= .995)

LSF

2.69 (0.21)

2.74 (0.25)

2.76 (0.38)

F(2,14) = 0.202
(p=.819)

RSF

2.48 (0.36)

2.46 (0.42)

2.52 (0.62)

F(2,14) = 0.087
(p=.917)

* Greenhouse-Geisser corrected. This is a correction for violations of Mauchly’s test
of sphericity and makes the ANOVA F test result more conservative (Kiimear &
Gray, 1997).

5.3.2 Main Effects o f rTMS on the standard deviation (index o f variability) o f the
calculated interval durations

There was a significant main effect of rTMS on the RSDO interval, F (1.132, 7.925) =
6.693, p = .030 (Greenhouse Geisser corrected). Two planned comparisons were
carried out to establish the exact nature of this result. Table 5.3 shows the standard
deviations for all the intervals in all three rTMS conditions. Statistical testing
confirmed that the high variability values for SMA stimulation in the LRO interval
made this apparently large effect unreliable across subjects (in fact it was due to a
single subject). In contrast, the effects on the variability of the RSDO interval were
reliable and manifested in 6 out of 8 subjects. Although RSDO was the only interval
that was significantly affected by rTMS to SMA it is interesting to note that the size
of the effect in the other main bimanual interval was bigger (e.g., DOBD, p=.127) that
that in any of the unimanual intervals (e.g., LSDO, p=.731).
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5.3.3 Planned Comparisons

Due to our directional hypothesis that rTMS to SMA would impair bimanual
coordination, one tailed t-tests were performed. They revealed that rTMS to SMA
resulted in a significant increase in the variability of the RSDO interval as compared
to rTMS to M l, t (7) = -3.324, p = .007 and sham rTMS, t (7) = -1.955, p = .046.

There were no other significant main effects of rTMS on any of the other intervals of
interest as outlined above.
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Table 5.3 Standard deviation (seconds) of intervals. Only the variability in the
RSDO interval was significantly higher in the SMA condition as compared to
both the MI and the sham stimulation conditions.

CONDITION

EFFECT

INTERVAL

Ml

SHAM

SMA

LRO

0.04 (0.03)

0.04(0.03)

0.13(0.28)

F(l,7)*= 0.938
(p=.365)

DOTS

0.12(0.15)

0.09(0.04)

0.16(0.22)

F(2,14) =0.320
(p=.731)

DOBD

0.11(0.06)

0.09(0.04)

0.13(0.08)

F(1.2,8.55)* =2.404
(p=.156)

RSDO

0.06(0.02)

0.07(0.03)

0.09(0.04)

F(1.13,7.92)* =6.693
(p=.030)

LSF

0.03(0.12)

0.31(0.14)

0.24(0.10)

F(2,14) = 0.800
(p=.469)

RSF

0.30(0.12)

0.33(0.12)

0.25(0.12)

F(2,14) = 1.255
(p=.315)

* Greenhouse-Geisser corrected. This is a correction for violations of Mauchly’s test
of sphericity and makes the result more conservative (Kinnear & Gray, 1997).

The higher variability of the RSDO interval in the SMA stimulation condition is
clearly shown in graph 5.1.
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Graph 5.1 Group Standard Deviation Data (error bars are SE) for the RSDO
interval.
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5.4 Discussion

rTMS did not significantly disrupt any of the unimanual intervals studied. However,
rTMS anatomically localised such that it was probably overlying the rostral part of
SMA proper did produce a significant increase in variability of a critical bimanual
interval, RSDO. In contrast, neither sham rTMS or rTMS over the vertex, presumably
affecting the primary leg and trunk motor area produced any such disruption to
bimanual coordination.

In the study of motor control and coordination good performance is often indexed by
highly consistent behaviour. Indeed this is one of the major characteristics of skilled
performance (Schmidt & Lee, 1999). Hence, an experimental intervention which
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disrupts a particular feature of skilled performance may produce a decrease in the
consistency of that performance. We found an increase in variability in a dependent
measure that we consider to be a critical index of bimanual coordination which
suggests that rTMS over SMA can disrupt skilled bimanual performance. It was
interesting that the mean interval times were not significantly changed by rTMS to the
SMA. Indeed, the mean interval duration, whether it be a unimanual or a bimanual
interval is fairly irrelevant to the issue of coordination. For example, a person walking
at a fast pace or a slow pace is still walking in a coordinated fashion. In this
experiment, the more important measure is in fact the consistency of the bimanual
intervals, which are very important for successful task performance.

One possibility with rTMS is that it may cause the motor system to adopt a
suboptimal strategy for the task, which in turn may lead to more variable
performance. To establish whether or not a different strategy was indeed adopted to
achieve the goal of the task would require the use of spatial measures, including
movement kinematics. However, the purpose of this study was to examine the effect
of rTMS on the temporal coordination of the hands. A spatially oriented experiment
would be a logical extension of the present work.

Moreover only the RSDO bimanual interval was affected by rTMS. This may be
explained by the fact that, out of all three bimanual intervals examined, the RSDO
interval was the one on which goal attainment most depended. That is to say if
subjects did not catch the ball, the goal of the task would not be achieved. The RSDO
interval required the right and left hands to be exquisitely coupled together in time.
Furthermore, it was also the interval in which external objects (the drawer handle and
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the ping-pong ball) were manipulated in a very tightly coupled manner. The question
as to why the second bimanual interval (time at which ball was dropped - time at
which drawer was opened (DOBD)) was not affected can perhaps be answered by
considering that this segment of the task was not as tightly bound in time as the ball
could be deposited back into the open drawer at a time of the subjects’ own choosing.
Whereas, in the RSDO interval, the precise temporal coordination of the two hands
was paramount as if the ball was not caught, the goal of the task would not be
achieved.

It has previously been suggested that the more rostral parts of the SMA are implicated
in complex tasks (e.g., Deiber et al, 1999). Hence, if rostral parts of the SMA proper
were indeed targeted then these parts would presumably be involved in this complex
aspect of the task involving two hands performing different motor actions closely in
time and manipulating external objects. This explanation does not shed any light on
the possible differential roles of the SMA in complex tasks verses bimanual tasks and
this maybe considered as a limitation of the present experiment. The main emphasis
of this experiment was on the differential involvement of the SMA in unimanual and
bimanual aspects within a certain task and as such the issue of task complexity per se
was not one that was directly examined here. Hence, this experiment did not
independently vary “bimanuality” and complexity. It may be the case that the
involvement of the SMA increases with task complexity, but to tease this role of the
SMA apart from its role in bimanual coupling of tiie hands would require using a
different experimental design. This is something that should certainly be investigated
in future studies.
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In fact, a critical issue of the present experiment is whether rostral parts of SMA
proper were indeed affected by rTMS. Certainly, the effects of rTMS on bimanual
coordination were specific for a certain scalp position, since vertex TMS did not lead
to any behavioural disruption. Nevertheless, it is conceivable that rTMS exerted
effects on pre-motor and preffontal structures bilaterally and relatively little effect on
SMA given its distance from the scalp surface. However, this is unlikely to be the
case. First, an 8-shaped coil was used oriented in such a manner that the effects on
brain convexity areas should have been minimized. Second, given the coil
orientation, if structures in the brain convexity would have been affected, right and
left hemisphere would have been asymmetrically affected, hence inducing differential
effects on right and left hand performance which was not detected. Third, prior
studies on TMS to SMA have used similar approaches and found results consistent
with disruption of SMA, not prefrontal/premotor activity. Finally, the fact that the
location of the TMS coil was based on the identification of the scalp area from which
TMS induced responses in the TA muscle suggests that TMS did indeed reach deep
into the inter-hemispheric fissure.

Although from the anatomical localisation procedure used for targeting the SMA it is
probable that rTMS was applied to a scalp position overlying the rostral SMA, it
should be borne in mind that it is not certain that only the rostral SMA was affected.
That is, in our study there is no direct evidence that this location overlay the SMA in
our subjects. In addition, even if it were possible to claim with certainty that rTMS
was directed over the rostral SMA, it is not possible to claim that the rostral SMA (or
even the rest of the SMA) was the only brain area affected by the stimulation. This is
because rTMS could have disrupted the functioning of various brain areas that are
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connected to the rostral (and other parts of the) SMA. This type of spread of rTMS
has been previously reported by Pans, Jech, Thompson, Comeau, Peters & Evans
(1997). These factors should be borne in mind when interpreting the results of the
present rTMS experiment.

Even though a significant increase in the variability of the most tightly coupled
bimanual interval was found, it must be noted that the role of SMA in this type of
action may be even more important than as revealed in this study. This is due to the
fact that the SMA lies deep in the medial areas of the frontal cortex and as such it may
be somewhat difficult to disrupt using rTMS at intensities that are comfortable for
subjects.

It is probable, although not certain that we targeted rostral parts of the SMA proper.
The resolution of TMS may perhaps also have caused some stimulation of pre-SMA.
Nonetheless, our results provide clear evidence for the role of this portion of the
human SMA in the coordination of the two hands. The specific effect of rTMS on the
RSDO interval provides further support for the notion that the SMA is highly
involved in aspects of bimanual motor acts in which the activity of the two hands is
decoupled motorically, but bound at the task level. Indeed, in the classic study carried
out by Brinkman (1984), monkeys were unable to decouple the motor actions of the
two hands after lesioning of the SMA and actually started using the hands in a mirror
type fashion in which they attempted to retrieve food lodged in a hole in a perspex
plate by pushing with both hands as opposed to pushing with one and cupping with
the other. This suggests that the SMA may have been critical for inhibiting the hands
from performing the same action when the goals demand different motor actions of
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each hand. Our result also showed disruption to an aspect of the task in which the two
hands performed different actions closely in time and manipulated external objects.

In the study of bimanual coordination, it is often tempting to limit experiments to
standard laboratory tasks such as bimanual tapping. However, in such tasks the motor
outputs of the hands are the same, the motor activity of the two hands is not bound by
a single goal and the actions performed are not object orientated. In the present
experiment we have shown that more complex tasks in which the two hands perform
different motor actions that are bound by a single functional goal can be used to study
bimanual coordination. In addition, we provide some of the first evidence that rTMS
applied to a scalp position believed to overlie the SMA can significantly disrupt the
coordination of the hands in the performance of such tasks. Future work should
perhaps move more towards complex real world tasks and away from tightly
constrained laboratory tasks.

A key feature of our experiment is that it employed an ecologically relevant goaldirected bimanual coordination task, the use of which is not common in the bimanual
coordination literature. Our result suggests that rTMS over the rostral parts of the
SMA, but not necessarily affecting only the rostral SMA, plays a role in the aspects of
bimanual tasks, which involve tight temporal coordination between the different
actions of the two hands.
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Chapter 6
Experiment 4; Assessing the effects of rTMS to the lateral cerebellum on
bimanual coordination

6.1 Introduction

A critical feature of skilled bimanual motor performance is consistency in timing of
various subcomponents of a movement ensemble. We have shown in the previous
chapter that rTMS delivered to the supplementary motor area increases the variability
of a critical bimanual interval in the task. In this chapter, we attempt to further
investigate the issue of temporal coordination and its neural substrates in the same
bimanual coordination task employed in the previous chapter.

A movement ensemble can be considered as the coordinated combination of many
simple movement components. As pointed out by Ramnani et al (2001) it is likely that
the seamless integration of many simple movement components involves the
coordination of both spatial and temporal parameters. In our study we are concerned
with the timing of actions of one hand with respect to the other. It is important to note
that our bimanual task requires stable relative timing of the hands and not necessarily
the stability of the actual times at which the events of each hand occur. That is, the
difference (the latency) between the actions of one hand and the actions of the other is
more important for coordination than the times at which the hands perform each
action relative to say, the imperative stimulus to move. Hence, as in the previous
chapter, our dependent measures are time differences or intervals. Much previous
work looking at cerebellar involvement in timing has used tasks in which the motor
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response is held constant and the pattern of tapping is altered and associated changes
in cerebellar activation are measured (e.g., Ramnani et al, 2001). In our bimanual
coordination task the motor actions required by each hand in order to achieve the goal
are different, but for optimum performance the temporal coupling of the actions of the
two hands should remain relatively stable.

One brain structure thought to be involved in the coordination of action is the
cerebellum (Mauk, Medina, Nores & Ohyama, 2000). A key question however, is
whether the cerebellum is involved in coordination of actions involving proximal and
distal muscles, such as in our bimanual coordination task. A study by Ramnani, Toni,
Passingham & Haggard (2001) used PET to measure the rCBF associated with
performing a coordinated arm and finger movement. The authors also measured rCBF
in both the arm and the finger movements separately. In their analysis they added
together the separate activations of the finger and arm movements and compared this
combined activation to the activation associated with the coordinated arm and finger
movement. They found that there was a residual activation in the cerebellum and
concluded that the cerebellum is engaged during the coordination of movement, over
and above the control of constituent movements. This study clearly suggests that the
cerebellum is involved in coordination tasks employing both proximal and distal
effectors. In our task, as well as having to coordinate the movements of distal and
proximal effectors within a limb the motor system must also temporally coordinate
the activity between the limbs. Hence, it is probable that cerebellar involvement is
high in our coordinated bimanual task. Let us consider the critical component of the
task in which the two hands must be well coupled in time. Subjects must reach
forward with their left hand and open a drawer. This is essentially a reaching and
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grasping task involving both proximal and distal muscles. Upon opening the drawer a
certain distance they must intercept and catch a falling ping-pong ball with their right
hand, again an action which involves both proximal and distal muscles. They are
instructed to avoid simply positioning their hand where the ball will fall before
opening the drawer. In this way their right hand action must be temporally coupled
with their left hand action such that the ball is not dropped. An interesting question is
how might this process of events unfold and is the cerebellum involved in
coordinating the movement components together?

At this point it is worth noting that the cerebellum exerts its influence on ipsilateral
effectors in contrast to primary motor cortex which exerts its control contralaterally
(e.g., Ramnani et al, 2001). In our consideration of the lateral cerebellum it is
instructive to highlight that the reason that the lateral cerebellum exerts ipsilateral
effects is due to a “double crossover” in the cortico-pontine-cerebellar loop. Briefly,
the projections from motor areas terminate (via the pontine nuclei) mostly in the
contralateral hemisphere of the cerebellum (e.g., Glickstein et al, 1994, in Ramnani et
al, 2001). Connections from the lateral cerebellum (via deep cerebellar nuclei) then go
on to contact contralateral frontal motor areas via the ventrolateral thalamus. From
these frontal motor areas, descending projections again cross at the level of the
medulla and form the corticospinal projections that produce movement. Hence the
cerebellum influences motor control primarily ipsilaterally.

Much research evidence suggests that the cerebellum maybe involved in the
representation of time in motor control. Ivry et al (1988) have demonstrated that
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patients with unilateral cerebellar lesions exhibit a higher variability when tapping
rhythms with the ipsilesional hand as compared with their non-impaired contralateral
hand. This finding suggests that there exist separate timing systems for the two sides
of the body. So in our bimanual task, if this is true then the timings of the actions of
each hand would be generated separately and then somehow combined in order to
form a coordinated motor output. Other studies also suggest that the cerebellum is
involved in timing and motor control. Nixon & Passingham (1999) have shown that
permanent lesions of the cerebellum prevent automatisation of motor sequences. Lu et
al (1998) have reversibly inactivated specific portions of the cerebellum and found
that this impairs the execution of previously learned motor sequences. They also
noted that this effect was specific to the limb ipsilateral to the cerebellar lesion
suggesting that the sequence represented in the cerebellum was effector and sequence
specific. This finding further supports the possibility that in the present bimanual
coordination task, elements of the right hand and left hand sequences of action are
stored in the right and left cerebellum respectively and that these elements are
somehow brought together in a coordinated fashion.

Consistent with these findings is evidence from a neuroimaging study in which
cerebellar activation has been shown when two movements must be coordinated
together in time (Ramnani et al, in press, cited in Ramnani & Passingham, 2001).
Other studies support the notion that the cerebellum is involved in the timing of motor
responses (e.g., Ivry & Keele, 1989; Keele & Ivry, 1990). Neuropsychological
evidence further suggests that there are different roles for the lateral and medial
cerebellum in motor control. Ivry, Keele & Diener (1998) found that patients with
lateral cerebellar lesions showed impaired timing related performance and that
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patients with medial cerebellar lesions showed a greater impairment in the motor
component. These authors suggest that the lateral cerebellum is the primary neural
substrate for a time keeping system involved in the temporal control of movement.

As well as being involved in timing of responses and coordination of movement
components, it has also been suggested that the cerebellum maybe the neural substrate
of internal forward and inverse models. Internal forward models are thought to predict
the next state of the effector given its current state and the motor command. Inverse
models on the other hand calculate the motor command necessary to achieve some
desired state transition (Wolpert et al, 1998). However, in our consideration of the
role of the cerebellum we do not subscribe to any one proposed role of the
cerebellum. It is however, important to realise that the cerebellum has been suggested
to be involved in motor control in a number of ways which are not necessarily
mutually exclusive. That is, if the cerebellum is the neural substrate for internal
models then one would still expect it to influence the timing of actions. As yet, it
remains unclear whether the cerebellum is indeed the neural substrate for internal
models, and as such this idea will not be the main focus of our study.

A recent study by Theoret et al (2001) has successfully used rTMS to target the
cerebellum. The authors employed stimulation at 90% of motor threshold of the left
FDI. They found that stimulating the medial cerebellum (but not lateral cerebellum,
motor cortex or sham stimulation) at 1 Hz for 5 minutes was able to significantly
increase the variability in a paced finger tapping task. Interestingly this finding is at
odds with previous claims that it is the lateral cerebellum that is involved with motor
timing (Ivry, Keele & Diener, 1998). Again, even though the experiment of Theoret et
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al (2001) was able to successfully disrupt performance on the paced finger tapping
task it sheds little light on whether the cerebellum is as involved in tasks in which
different motor actions must be coupled together relative to one another. Indeed the
results of Theoret et al (2001) are very much related to timing but not really related to
coordination. Nevertheless their result shows that it may be possible to target the
cerebellum using rTMS.

Since our experimental task involves the coordination of proximal and distal effectors
and the coordination across the two sides of the body, we are able to predict that
cerebellar involvement is likely to be high. At present, given the state of the literature
we are unable to be sure that rTMS to the cerebellum will produce any measurable
behavioural deficits in our task as it did in the simple task of Theoret et al (2001). We
have shown in the previous chapter that rTMS to the SMA can successfully disrupt
coordination in a measurable way. Therefore, the present experiment seeks to utilise
this finding to address two related questions. Firstly, we aim to determine whether
rTMS can be a useful technique for investigating the functional role of deeper brain
structures such as the cerebellum in real world movement ensembles such as our
bimanual coordination task. Secondly, if we are able to successfully target the
cerebellum with rTMS it is predicted that there will be disruptive effects to the timing
of movement elements ipsilateral to the site of cerebellar stimulation. Based on the
previous work of Theoret et al (2001) it is expected that these effects may take the
form of increased variability of ipsilateral time intervals or changes in the temporal
relationship between successive intervals of the ipsilateral hand.
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6.2 Methods

6.2.1 Subjects

6 right-handed subjects (3 male and 3 female) with no reported motor deficits
participated in this experiment. The mean age of subjects was 31.7 ± 5.2 years. The
study was approved by the institutional review board and informed consent was
obtained from all subjects prior to participation in the study.

6.2.2 The Task

Subjects were required to perform a bimanual task comprising opening a drawer,
catching a ball and then reinserting the ball into the drawer through an aperture just
big enough for the ball to pass through. The apparatus for the task consisted of a
spring-loaded drawer into the right hand side panel of which was cut a small hole just
big enough for a ping-pong ball to fall through. Just inside the drawer a cardboard
ramp was attached such that, with the drawer in the closed position a ping-pong ball
placed on the ramp was held in place by the outer panel of the drawer housing. Upon
pulling the drawer open, this simple ramp caused the ping-pong ball to fall out of the
side of the drawer as soon as the drawer was opened enough for the hole to be fully
exposed. Hence the ping-pong ball fell out of the drawer under gravity. In the task
subjects were required to pull the drawer open with their left hand. As soon as the
drawer was open enough to fully expose the hole cut into the side of the drawer the
ping-pong ball started to fall and subjects were required to catch the ball using their
right hand. This part of the task requires the precise coordination of both hands since
the action of catching the ball with the right hand is completely dependent on the
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previous and ongoing action of the left hand opening the drawer. In order to maximize
the temporal coupling of the actions of the hands subjects were instructed not to move
their right hand to the location where the ball would drop to and simply wait for it.
They had to time the movement of the right hand so that it arrived at the location just
in time to catch the falling ball. After catching the ball, subjects were required to
deposit it back in the drawer through an aperture just big enough for the ball to pass
through, which was cut into the top of the drawer. Having deposited the ball through
the aperture, subjects had to close the drawer gently (i.e., not by letting it spring back
into the closed position) and return both hands back to their starting positions. The
drawer had an open back which enabled the experimenter to replace the ball on the
ramp as soon as the drawer returned to the closed position. A schematic representation
of this task was described in the previous chapter and the reader is referred back to
this for details.

6.2.3 Experimental Conditions

The experiment comprised a repeated measures design with the independent variable
of site/type of rTMS stimulation. The three levels of this independent variable were
as follows: right lateral cerebellum, left lateral cerebellum, and sham stimulation.

30 trials of initial training were carried out and all subjects could consistently perform
the task by the end of this training. This training was carried out to reduce the
contribution of learning effects as we are not studying the role of the cerebellum
during learning. In the actual experiment, subjects completed the task in three separate
conditions. These were the sham condition, the right lateral cerebellum stimulation
condition and the left lateral cerebellum stimulation condition. The order of
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conditions was counterbalanced across subjects so as to eliminate order effects and
consisted of 30 trials performed consecutively, with a 2 second pause between trials.
The time taken for the task was much shorter than the period over which rTMS was
applied. To allow for wash out of previous rTMS, there was a 10-minute break
between conditions. This time has been shown to allow excitability to return to
baseline levels for motor cortex (Chen et al, 1997).

6.2.4 rTMS Procedures

A trained physician was present for all stimulation sessions. For all testing sessions
both the subject and the experimenter wore protective earplugs to prevent possible
transient threshold shifts induced by exposure to the loud acoustic artefact generated
by the discharge of the TMS coil (Counter et al., 1990; Wassermann, 1998).

6.2.5 Lateral Cerebellum Localisation

The lateral cerebellum was targeted by moving the TMS coil 2 cm down from the
inion landmark and 3 cm across to the left or to the right depending on whether the
left or right cerebellum was being targeted. This localisation procedure has previously
been found to roughly overlie the lateral cerebellum when structural magnetic
resonance images are used for verification purposes (e.g., Keenan et al, unpublished
study). In addition, work by Theoret et al (2001) in which both medial and lateral
cerebellum were targeted used locations that were 1 cm below, and 1 cm below and 3
cm across from the inion respectively. With this in mind it is likely that were roughly
overlying the area of interest in our study, the lateral cerebellum.

210

Chapter 6:Assessing the effects o f rTMS to the lateral cerebellum on bimanual coordination

In order to rule out non-specific effects of rTMS, such as the scalp sensation or the
click associated with the stimulator discharge, accounting for behavioural effects on
the bimanual task, a control condition was also used. In the control condition, sham
rTMS was applied to the inion. For this purpose the 8-shaped coil was angulated
away form the scalp and placed at a 90 deg angle such that no magnetic field effects
arose in the cortical area of interest.

6.2.6 Stimulation Parameters

All stimulation employed a Magstim 70mm Figure of Eight coil with pulses generated
by a 2.2T Magstim Super Rapid Diphasic Stimulator (Magstim Corp. Wales, UK). For
stimulation to the lateral cerebellum the coil was placed tangentially to the scalp with
the handle pointing dorsally along the midsagittal axis of the subjects head. The type
of stimulation used was rTMS with a frequency of IHz applied to the cortical region
of interest for 5 minutes immediately prior to performance of the experimental task.
After pilot testing which took into account the comfort of subjects the intensity of
rTMS stimulation used was set to 90% of the motor threshold of the left first dorsal
interosseous. This intensity of stimulation has been shown to successfully affect the
cerebellum (Keenan et al, unpublished study; Theoret et al, 2001). Motor threshold
was determined following the recommendations of the International Federation for
Clinical Neurophysiology (Rossini et al, 1994). The EMG signals were preamplified
(bandpass, 20Hz to 2KHz), digitized (sampling rate 5 KHz) and recorded using a
Dantec Counterpoint Electromyograph (Dantec Medical, Medtronic, Minneapolis,

211

Chapter 6:Assessing the effects o f rTMS to the lateral cerebellum on bimanual coordination

MN). Motor threshold was determined as the lowest output intensity that induced 5
out of 10 MEPs of 0.5mV peak to peak amplitude

6.2.7 Dependent Measures

Throughout the experiment the timings of various aspects of the actions comprising
the drawer task were recorded for off-line analysis. This data was collected via micro
switches (and light gates for the ball falling measure) which were mounted on the
apparatus. Specifically, the following times were recorded: The time at which the left
hand started moving, the time at which the right hand started moving, the time at
which the left hand opened the drawer, the time at which the right hand deposited the
ball through the aperture in the top of the drawer, the closing of the drawer by the left
hand and the returning of the hands to their original starting positions.

In this experiment there were several intervals of interest, five of which have been
documented in the previous chapter. In the present experiment we expected the effects
of rTMS to the lateral cerebellum to manifest most strongly in the ipsilateral hand to
the stimulation site. As a result of this expectation we calculated additional unimanual
time intervals for each hand. This was done so that in the analysis we could examine
the correlation between pairs of timing intervals within each hand. In order to do this
analysis a minimum of two pairs of unimanual intervals are necessary (a pair for each
hand). Hence, we defined two new intervals as “time at which left hand returned to
start position - time at which left hand closed the drawer” and “time at which the right
hand returned to the start position - time at which right hand dropped the ball.” In
addition to these two extra unimanual intervals for the correlational analysis we also
defined another unimanual interval for conventional analysis (as in the previous
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chapter) as “time at which ball is dropped -RH start time. This interval replaced one
of the bimanual intervals from the previous chapter. Hence, the main reason for
defining a greater number of unimanual intervals in the present experiment as
compared to the previous one was the prediction that cerebellar rTMS would
primarily affect within (ipsilateral) hand time intervals.

Since we were concerned with the effect of lateral cerebellar rTMS on the timing of
the subcomponents of the movement ensemble, we used a correlational analysis in
which we correlated together subcomponent intervals of the task, Fisher transformed
the correlations and then performed an ANOVA on the transformed correlations.
Further details of the analysis employed can be found in the results section.

6.3 Results

As in the previous chapter we identified various intervals of interest and performed
statistical testing on these intervals to discover whether there were any significant
differences between the rTMS conditions.

Firstly, we identified six intervals of interest. These are shown in table 6.1.
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Interval

Unimanual or Bimanual

RH start time -Time at which Drawer

Bimanual

was Opened (RSDO)
Time at which Drawer was Opened - LH

Unimanual

start time (DOTS)
RH start time - LH start time (LRO)

Bimanual

Time at which ball dropped - RH start

Unimanual

time (RSBD)
Total Movement Time of LH (LSF)

Unimanual

Total Movement Time of RH (RSF)

Unimanual

Table 6.1: Intervals selected for analysis in the present experiment. Note that
there are two bimanually classified intervals and 4 unimanually classified
intervals. Out of the 4 unimanual intervals 2 are of the left hand and 2 of the
right hand.

6.3.1 Main effects o f rTMS on mean interval duration

In order to determine whether there was any effect of rTMS on the mean interval
duration we performed a repeated measures analysis of variance on the mean interval
duration data. The results revealed that there were no significant effects of rTMS to
any of the six intervals examined (see table 6.2 for statistics).
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CONDITION
INTERVAL

Left

Right

(seconds)

Lateral

Lateral

cerebellum

cerebellum

0.02 (0.05)

0.03 (0.06)

LRO

Sham

EFFECT

0.04 (0.10)

F (2,10) = 0.863
(p = .451)

DOTS

0.5851

0.59 (0.06)

0.61 (0.08)

(0.06)
RSBD

1.58(0.13)

F (2,10) = 1.079
(p=.376)

1.58(0.18)

1.64 (0.16)

F (2,10) =1.369
(P=.298)

RSDO

0.56 (0.10)

0.56 (0.11)

0.57 (0.13)

F (2,10) = 0.081
(p=.923)

LSF

2.72 (0.21)

2.69 (0.30)

2.85 (.28)

F (2,10)= 1.976
(p=.189)

RSF

2.64 (0.29)

2.60 (0.36)

2.76 (0.34)

F (2,10) = 1.695
(p=.232)

Table 6.2 The mean interval durations in seconds (SD) for all six intervals
analysed in this experiment. There were no signiHcant effects of rTMS to the
interval durations.

6.3.2 Main Effects o f rTMS on the standard deviation o f interval duration

In order to determine whether there was any effect of rTMS on the variability of any
interval durations we performed a repeated measures analysis of variance on the
standard deviations for each interval. The results revealed that there were no
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significant effects of rTMS to the variability of any of the six intervals examined (see
table 6.3 for statistics).

CONDITION
INTERVAL

Left

Right

(seconds)

Lateral

Lateral

cerebellum

cerebellum

0.03 (0.02)

0.03 (0.03)

LRO

Sham

EFFECT

0.05 (0.04)

F (2,10) = 3.066
(p= .092)

DOLS

0.05 (0.02)

0.06 (0.04)

0.05 (0.02)

F (2,10) = 0.599
(p= .568)

RSBD

0.14(0.07)

0.12(0.05)

0.16(0.10)

F (2,10) = 0.299
(p=.74S)

RSDO

0.06 (0.02)

0.07 (0.03)

0.06 (0.02)

F (2,10) = 0.777
(p=.486)

LSF

0.24 (0.14)

0.16(0.05)

0.26 (0.10)

F (2,10)= 1.134
(p=.360)

RSF

0.24 (0.14)

0.16(0.05)

0.25 (0.10)

F (2,10) =1.181
(p=.346)

Table 6.3 The Standard Deviation of each of the six intervals analysed in this
experiment. There were no significant effects of rTMS to the standard deviation
of any of the interval durations.
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6.3.3 Correlation o f intervals Analysis

In order to examine whether there was any effect of rTMS in the correlational
relationship between successive intervals we performed statistics on fisher
transformed correlations for intervals of the left hand and intervals of the right hand
respectively. The pairs of intervals correlated were, for the left hand, DOLS and
DCLR (left hand closes drawer - left hand returns to start position) and for the right
hand, RSBD and BDRR (right hand drops ball - right hand returns to start position).
A repeated measures analysis of variance was performed and revealed no significant
effect of rTMS to the correlational relationship between either of these pairs of
intervals for each hand (F (2,10)= 0.809, p = .472 and F(2,10) = 0.568, p=.584
respectively).

A further analysis of the same type was performed on pairs of intervals across the two
hands. The pairs of intervals examined were DOLS and RSBD and DCLR and
BDRR. The results revealed that there was no significant effect of rTMS on the
correlational relationship between either of these pairs of intervals of both hands (F
(2,10) =0.239, p = .791 and F(2,10) = 0.368, p=.701 respectively).

6.4 Discussion

Our results show that rTMS applied to the lateral cerebellum does not affect the mean
or the standard deviation of intervals between successive movement components. In
addition there is no measurable effect of rTMS on the correlational relationship
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between successive pairs of movement components, either within a hand or between
hands.

One of the questions we sought to answer in this chapter was whether or not rTMS
applied to the lateral cerebellum can indeed induce measurable effects on the
performance of our bimanual task. Due to the fact that the cerebellum appears to exert
influence ipsilaterally we would have expected right cerebellar stimulation to
influence the right hand and left cerebellar stimulation to influence the left hand.
Furthermore, in addition to this unimanual prediction, we were also expecting that, in
intervals defined by times between the successive actions of both hands, any
significant change in mean interval duration or variability would be entirely due to the
effect of cerebellar stimulation on the ipsilateral hand. No such effect was noted in
our analysis of the mean interval durations and the standard deviations of intervals
and therefore we cannot conclude that lateral cerebellum is a key structure in the
neural control of our bimanual task.

In addition to studying the effect of rTMS on mean interval duration and variability,
we examined key unimanual and bimanually defined pairs of intervals and the
correlational relationship between them in all three rTMS conditions. The fact that
there was no significant change in the correlations between movement pairs is
evidence that rTMS to lateral cerebellum, at least at the intensity at which we
stimulated is not capable of inducing deficits in performance in an ecologically valid
task such as ours.
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Previous studies have used finger tapping variability as a dependent measure (e.g.,
Theoret et al, 2001) and have found that rTMS to medial but not lateral cerebellum
affected this, making performance more variable compared to sham rTMS. However,
our task involved both proximal and distal musculature and as such provided the
motor system with more possible ways in which to maintain performance. It is quite
possible that rTMS to cerebellum is capable of disrupting the action of fine
musculature involved in the precise temporal control of the fingers, but that when
larger proximal muscles are also included in the task this effect is lost.

Neuropsychological studies have shown that patients with cerebellar lesions exhibit a
large increase in variability of periodic movements (e.g., Ivry & Keele, 1989, Franz,
Ivry & Helmuth, 1996). This effect has been associated with central control processes
regulating the timing of central motor commands. However, in our study we used
rTMS to attempt to create a temporary virtual lesion of the lateral cerebellum, an area
that has been implicated in motor timing before (e.g., Ivry, Keele & Diener, 1998) and
were unable to replicate the neuropsychological findings. However, there is at least
partial agreement of our result with that of Theoret et al (2001) who found no effect of
lateral cerebellar stimulation on a finger tapping task.

There are a number of conclusions that could be drawn from the present work. Firstly,
it is possible that the lateral cerebellum is not involved in the type of task our subjects
were involved in performing. Secondly, it could be the case that at the parameters that
we stimulated at, we were unable to disrupt the functioning of the lateral
cerebellum. Thirdly, it could be the case that our rTMS was ineffective for technical
reasons such as inaccurate localisation of the lateral cerebellum, the amplitude of
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Stimulation and possibly the frequency of stimulation. Furthermore, the high
variability of rTMS effects across subjects (discussed in the previous chapter) means
that our subjects may have required higher intensities of stimulation than those
reported in other studies (e.g., Theoret et al, 2001).

The second possibility also seems unlikely due to the fact that previous work has
managed to disrupt cerebellar function with stimulation parameters that were identical
to the ones we used. The third possibility seems unlikely as effects have previously
been found with localisation procedures identical to the ones we used and these were
also verified in a previous study with structural MR images (Keenan et al,
unpublished study). Since our study is original in that it is to our knowledge the first
experiment employing a complex task involving proximal and distal musculature
together with rTMS the most realistic possibility is the type of effect previously
reported for tasks involving distal muscles is lost when bigger, proximal muscles are
brought into play. Further work needs to be done in order to investigate the roles of
different parts of the cerebellum on tasks involving combinations of muscle groups.
Since our experiment was not designed specifically for this purpose we are unable to
precisely address this issue, but it may well be the case that there is differential
involvement of sub regions of the cerebellum in complex tasks.

6.5 Future Work

Finally, more studies are required that attempt to disrupt the function of
subcortical brain structures such as the cerebellum so that future researchers
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can base their interventions on a solid body of scientific literature. A systematic
approach would need to be used in which investigation of whether cerebellar rTMS
can disrupt discrete movements would be the first stage. Having established whether
or not this is type of effect is reliable across experiments and subjects, a shift in focus
to more real life continuous tasks could be made. In the light of current work on
rTMS to the cerebellum it is possible that our experiment was premature in that we
used a complex task involving continuous movements. However, in defence of the
present work, with very little existing research having been carried out in this area, it
was still an open question whether rTMS could disrupt complex skilled movements.
This experiment is one of the first few to attempt to target the cerebellum in order to
elicit behavioural deficits in this type of task.
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Chapter 7
Experiment 5; The relative effects of Perceptual and motor factors on the
Bimanual coordination of discrete tasks

7.1 Introduction

Chapters 5 and 6 examined the role of various brain regions in the coordination of two
handed movements. The present chapter maintains as its focus the issue of bimanual
coordination but is more concerned with investigating the perceptual and motoric
factors that facilitate or inhibit bimanual coordination than with the functional roles of
brain regions.

Coordination involves many processes. There are numerous studies which have
investigated the issue of coordination and several robust findings have emerged from
this literature. One of these findings will serve as the main focus of this chapter. It is
the observed tendency for the limbs to “prefer” certain coordination modes over
others. In particular it has been found that the hands are more stable in their
performance and more tightly coupled when they move inphase with each other than
when they move out of phase with each other. Typically modes of coordination in
which the limbs cycle in opposite directions (antiphase) relative to the midline of the
body, are less stable than those in which the limbs move in the same direction
(inphase) relative to the midline of the body. Furthermore such antiphase coordination
modes are subject to a phase transition as the frequency of the movement is increased.
This finding has lead authors to conclude that the inphase mode of coordination is
inherently more stable than the antiphase mode of coordination. The underlying
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question is however, why is there such an apparent preference for the performance of
simultaneous inphase movements?

It is interesting to note that in the inphase mode of coordination, in which the limbs
cycle in the same direction relative to the midline, homologous muscle groups are
active simultaneously, whereas in the antiphase mode of coordination homologous
muscle groups are activated in an alternating fashion. In addition, in the inphase mode
the limbs are moving simultaneously in the same direction with respect to the midline
of the body whereas in the antiphase mode they are moving in different directions
with respect to the midline of the body. Hence there are both muscular grouping and
spatial direction interpretations for these findings in the coordination literature. The
idea that it is the muscle activation patterns that account for the relative stability of the
different coordination modes is however not necessarily correct. There is also the
distinct possibility that it is the direction of the movements being made, not the
pattern of muscle activations that is the key to the preference of the inphase state over
the antiphase state. Indeed it has been suggested that the essential constraint on
interlimb coordination is direction dependent rather than dependent upon the manner
in which specific muscles are activated (e.g., Buchanan & Kelso 1993; Swiimen et al
1997). These authors have referred to the recent findings that the direction of motor
output is correlated with the activity of both populations of neurons and single cells in
the motor cortex (e.g., Georgopolous et al 1995).

A study by Baldissera et al (1982) supports the notion that the direction of
simultaneous movements is more important than the pattern of muscle activations per
se. In their study the authors investigated the coupling of flexion and extension of the
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right wrist with plantar and dorsiflexion of the right foot. When the forearm was in a
prone position all individuals chose a pattern of movement in which wrist extension
was coupled with dorsiflexion of the ankle (moving the foot around the ankle joint
away from the floor) and wrist flexion was associated with plantarflexion of the foot.
As the hand and foot were moving in the same direction these coordination modes
may be considered as inphase. These configurations of simultaneous hand and foot
movements were the only ones found to be stable across a range of movement
frequencies. Whereas subjects could adopt the antiphase mode of coordination in
which they moved the hand and foot in different directions at low movement
frequencies, they were unable to do so when the movement frequency increased.
Indeed as frequency increased, spontaneous phase transitions took place in which the
hand and foot readopted the inphase pattern of movement. When the experiment was
repeated with the forearm in a supine position it was again noted that simultaneous
movements of the hand and foot in the same direction were more stable than those in
which they moved in different directions. Since the pattern of muscle activation was
different from the situation in which the forearm was in the prone position it is
apparent that the greater stability for inphase movements did not depend on a
preferential coupling between specific muscles. This study suggests that coupling
between the limbs appears to be more sensitive to spatial (dependent on the direction
of movement) than anatomical (dependent on the coupling of specific muscle groups)
constraints.

However, another study has shown that muscle group dependencies are extremely
powerful and may predominate over spatial factors. In this study subjects had to
perform bimanual flexion and extension movements of the index fingers (Riek et al.
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1992). The movements were performed with each forearm in one of two positions,
neutral or fully pronated. When in the pronated position movement of the index
fingers towards the midline of the body required activation of the finger extensors,
whereas when the forearm was in the neutral position movement of the index fingers
towards the midline of the body required finger flexion. Modes of coordination in
which the fingers were moving synchronously away or towards the midline of the
body were classified as inphase modes whereas when the fingers were moving
simultaneously in opposite directions with respect to the midline, modes were classed
as antiphase. To manipulate the muscle groups which were activated in each condition
the orientation of the forearms was varied. Thus, when the left arm was in a pronated
position, and the right arm was in a neutral position, an inphase mode required that
the activations of the finger flexors of the left hand were in synchrony with the
activations of the finger extensors of the right hand and vice-versa. The authors found
that loss of stability only occurred in patterns of coordination in which there was a
coactivation of non-homologous muscle groups (e.g., flexors in the right limb and
extensors in the left limb). This outcome was independent of the direction in which
the limbs were moving. In these cases subjects made spontaneous transitions when the
limbs were either moving towards or away from the midline of the body. Subjects
however never made transitions from coordination modes in which there was
coactivation of homologous muscle groups.

Hence there is evidence that, at least in the area of bimanual coordination muscle
dependent constraints dominate direction dependent constraints with respect to
optimal coordination modes. Having said this there is also evidence from interlimb
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coordination studies the type of which has been described above in which spatial
direction of movements appears to dominate over muscle grouping criterion.

A very recent study has investigated this issue further. Mechsner et al (2001)
performed an interesting experiment in which they manipulated perceptual and
muscular factors in order to shed more light on the aforementioned preference for
mirror symmetrical movements. In their study subjects were required to oscillate
their fingers from side to side either in a mirror symmetrical fashion or in a parallel
fashion. The interesting manipulation that was used by Mechsner et al was then to ask
subjects to perform the same oscillations but with the palm of one had facing
downwards and the palm of the other facing upwards so that when subjects moved
their hands in a mirror symmetrical fashion or a parallel fashion there was
coactivation of non-homologous muscle groups.

The results of this study showed that irrespective of the muscle groupings that were
active (e.g., regardless of whether one palm was facing up and the other down), there
was always a tendency to spontaneously switch from parallel movement modes into
mirror symmetrical movement modes. In fact with the palms both facing in the same
direction this transition occurred when subjects cycled their fingers at a frequency of
just more than 1.8 Hz and when the palms were oriented opposite to one another
subjects switched at around 2.2 Hz. Thus the authors concluded that it is the
perceptual symmetry of the movements being performed regardless of muscle
groupings that is responsible for the observed preference of mirror symmetrical
bimanual movements.
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The work done in this area has been very interesting and has raised a number of
elegant results and experimental paradigms, of which the oscillating fingers paradigm
is one. However, if it is the case that the perceptuo-motor system finds coordination
modes in which there is a tendency for mirror symmetrical movements more stable
than other phase relations, then this should reveal itself across a range of bimanual
coordination scenarios. Most studies in this area have used the phase transition at
increasing frequency as a criterion for better or more stable coordination modes.
However, good bimanual coordination involves the precise temporal coupling of the
hands and as such any movement combinations which result in a departure from
precise temporal coupling of the hands may be considered as less stable than those
which always produce precise temporal coupling. Hence in the present experiment the
aim is to use a different paradigm to the finger oscillation paradigm to examine
whether it is indeed the perceptual characteristics of bimanual movements that are
dominant over the muscular or motor characteristics for good bimanual coordination.

The present paradigm involves subjects in the execution of bimanual key presses in
response to an auditory stimulus. In this type of task subjects must attempt to couple
the responses of the hands as tightly as possible together when they hear the beep. We
use as our measure of temporal coupling the difference between the times at which
each key press was made. That is, we use the inter-response interval as a measure of
bimanual coordination. In the present experiment we also manipulate the
combinations of key presses so that there is either perceptual (spatial direction)
congruency of movements or motor (homologous muscle activations) congruency of
movements. Our aims are two-fold. Firstly we aim to examine whether or not the
robust tendency for inphase movements extends to our bimanual key press task in
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which we do not use the “phase transition at increasing frequency” criterion but the
simple measure of inter-response interval. Secondly we aim to shed more light on the
debate as to whether it is perceptual factors or motoric factors that dominate the
apparent tendency for humans to prefer certain modes of coordination over others.

The equivocal nature of the literature in this area makes it difficult to make exact
predictions based on previous results. Nevertheless, some predictions are possible
based on the nature of our task. As we are employing discrete pre-programmed
responses as opposed to the more usual continuous oscillatory movements, we
anticipate a reduced role for closed loop processes in our task. The open loop nature
of the movements in the present task suggests that, if interference occurs, it will
mostly arise at the central programming level. Thus movements that are motorically
identical (i.e., are controlled by homologous areas in premotor and primary motor
areas) will display the best coordination and those that are different will display the
worst coordination. Since the direction of the movement to be made in the present
task is set prior to task initiation (by the orientation of the hands), the direction in
which the hands move in space may not play as important a role as the actual muscles
that are iimervated in the present task.
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7.2 Methods

7.2.1 Subjects

12 healthy right handed subjects participated in this study (7 male and 5 female, mean
age 25.92 ± 4.83 years). Prior to taking part in the experiment all subjects were given
written documentation and verbal explanation of what the experiment involved. All
subjects gave their written consent before taking part. Figure 7a shows the design of
the experiment.

Motor

Congruent

Incongruent

Left finger
flexion,
downward

Left finger
extension.
downward

Congruent

Perceptual

Incongruent

Left finger
flexion,
upward

Left finger
extension.
upward

Figure 7a. The experimental design. Note that the right index finger performs
downward flexions in all conditions. There were five unimanual control
conditions (see text for details).
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7.2.2 Experimental Details

7.2.3 Desisn

This experiment employed a 2X2 factorial design plus some extra control conditions.
There were two independent variables, perceptual relation and motor relation of the
two hands. Each independent variable had two levels; congruent and incongruent.
There were also five unimanual control conditions in which the left and right hands
performed the unimanual constituent movements of the each of the bimanual
conditions. These are described below in more detail.

7.2.4 The task

Subjects sat at a desk upon which was placed two serial computer mice which were
connected to a computer. The use of two brand new identical serial port mice (with
their tracker balls removed) in the present experiment was in order to optimize timing
accuracy without the need for more expensive hardware designed for timing. The
mice were placed 30 cm apart with the midpoint being at the subjects midline. The
mice could either be placed on the desk in a normal fashion where the buttons were
facing up just as in standard mouse usage. Alternatively one mouse (always the left)
could be clamped in a position such that it was upside down. A simple retort stand
was used for clamping the left mouse in position. The mice were placed at a
comfortable distance in front of each subject so that they could easily press the central
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of the three mouse buttons either by flexion or extension of the index finger,
depending on the experimental condition.

Subjects were required to perform four combinations of bimanual key presses and a
number of unimanual control conditions. In one bimanual condition subjects were
required to simply press the central mouse button by flexing both index fingers upon
perceiving an auditory beep. This condition was classed as both perceptually and
motorically congruent as the fingers moved in the same spatial direction and with
coactivation of homologous finger flexor muscles. The second condition required
subjects to maintain their right hand in the normal position in which key pressing was
done by index finger flexion. However, now they had to supinate their left hand by
rotating the forearm such that their left palm faced upwards. In this situation they had
to make left index finger extensions in order to perform the key press whilst
simultaneously making right index finger flexions. This condition was classed as
perceptually congruent since both hands were still moving in the same spatial
direction, but motorically incongruent as non-homologous muscles were being
coactivated. The third condition required subjects to again perform right index finger
flexions with the right mouse in the normal position, but now the left mouse was
clamped upside down. Subjects still had their left forearm positioned such that their
palm was facing upwards and in this situation both left and right index fingers were
required to flex to make the bimanual key press. However, the direction in which the
responses were made was different (i.e., left finger flexing up, right finger flexing
down). This condition was classed as motorically congruent (coactivation of
homologous index finger flexors) but perceptually incongruent (moving in different
spatial directions). The final bimanual key press condition required subjects to make
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upward left index finger extensions and the right index finger to make downward
flexions. Hence this condition was classified as both perceptually incongruent (fingers
moving in different directions) and motorically incongruent (coactivation of nonhomologous index finger flexors). Note that in all conditions the right hand performed
the same downward index finger flexion. Throughout the experiment it was only the
left finger responses that were manipulated.

A number of unimanual control conditions were also performed in order to investigate
any differences in response latencies between unimanual and bimanual equivalent
actions and to shed light on where any differences in inter-response interval might be
coming from. These were left index finger flexion with the mouse in the normal
position and with the mouse upside down, left finger extension, with mouse in normal
and upside down positions, right index finger flexion with mouse in normal position.
Hence, in total there were nine experimental conditions, the order of which was
counter balanced across subjects.

In each condition subjects performed 30 trials, split into two shorter 15 trial blocks.
Subjects were instructed to attend to their fingers whilst fixating centrally at a point
corresponding to their midline and being between halfway between the left and right
mouse. With this configuration it was easy for them to see both their moving fingers
during the experiment.
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7.2.5 Dependent Measures

In all bimanual conditions both the left and right reaction times were recorded. The
main index of coordination was then calculated as the difference between the left and
right responses. This inter-response interval was then statistically compared across
bimanual conditions. For the unimanual control conditions reaction times were
recorded and these were statistically compared to the reaction times of the hand in
question in corresponding bimanual conditions. For example if the left hand had a
certain unimanual reaction time for index finger extensions with the mouse in the
upside down position, this was compared to reaction time from the bimanual
condition in which the left index finger performed the same action.

7.3 Results

In order to examine the effect of different patterns of movements on the coordination
of the hands we performed statistical tests on two dependent measures. First we
compared the reaction times of the hands, both left and right in unimanual and
bimanual conditions. Second we calculated the inter-response interval between
responses of the two hands and looked for modulation of this interval induced by
changes in movement combination.
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7.3.1 Reaction Times (RT) - Unimanual and Bimanual Movement Conditions

7.3.2 Left hand

We compared the reaction times of unimanual actions of the left hand (either upward
or downward, flexion or extension) to their bimanual counterparts, and also
unimanual actions of the right hand to their bimanual counterparts (always flexion of
the right index finger). We used repeated measures analysis of variance to determine
whether there were any main effects of performing two actions simultaneously instead
of one on the reaction times of the left and right hand. The analysis revealed that there
were no significant differences in the RT’s of the left hand regardless of whether it
flexed or extended in the same direction. The fact that this almost reached
significance (F(l,l 1)= 4.28, p = .063) shows a trend toward there being a difference
between finger extensions and flexions (which is independent of movement
direction). There were also no significant differences in the left hand RT’s between
conditions in which the left hand flexed or extended in different directions (F (1,11) =
1.42, p = .259), or was combined with a right index finger flexion or was performed
alone (F (1,11) = 0.287, p = .603). Table 7.1 shows the mean (s.d.) reaction times for
the left hand during equivalent actions in unimanual and bimanual conditions.
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Movement type

Unimanual Condition LH RT

Bimanual Condition LH RT

and direction

(S.D)

(SUD)

372.39 (48.09)

369.55 (22.52)

368.88 (27.73)

376.87 (40.60)

375.49 (29.86)

370.66 (30.25)

387.78 (51.59)

381.30(40.49)

of Left Hand
Left Flexion,
Upwards
Left Flexion,
Downwards
Left Extension,
Upwards
Left Extension,
Downwards

Table 7.1 The mean reaction times (RT) and their standard deviations (SD) for
all actions of the left index finger in both unimanual and bimanual conditions.
Note that there were no significant differences between the RTs of the left index
finger on the basis of whether the context of the action was unimanual or
bimanual.

7.3.2 Risht hand

In contrast the right hand RTs were significantly affected when the left hand
performed actions concurrently (F (1,11)= 6.32, p < .0001). Sidak corrected pairwise
comparisons showed that, in particular, when the index finger of the left hand
performed a downward extension or an upward extension the RT’s of the right hand
were significantly increased (p <.0001 and p = .047 respectively). There were no
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significant differences between right hand RT’s when the left hand performed the
same movement (downward flexion) in either an upward or a downward direction (p
= .148 and p = .166 respectively). The mean reaction times and standard deviations
are presented in table 7.2 and Graph 7.1 shows this result graphically.
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Left Hand Action

Actions of

Nothing

Upward

Downward

Upward

Downward

Flexion

Flexion

Extension

Extension

No

Yes

No

Yes

Yes

Yes

No

No

387.4

387.0

394.0

405.1

372.5

23.6

42.4

38.0

44.4

34.7

P = .148

P = .166

P<.047

P<M01

N/A

LH and RH
perceptually
congruent?
Actions of
LH and RH
motorically
congruent?
Mean Right
Hand RT
Standard
Deviation
Comparison
with
unimanual
RHRTs

Table 7.2 The mean reaction times (RT) and their standard deviations (S.D) for
all actions of the right index finger in both unimanual and bimanual conditions.
The underlined p values are significantly different (Sidak corrected pairwise
comparisons) from the right hand unimanual reaction time.
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Right hand RTs by condition

(/) 390

mil

Right
Left Flexion Left Flexion
Left
Left
Flexion (U) Upwards (B) Downwards Extension
Extension
(B)
Upwards (B) Downwards
(B)
Condition

G raph 7.1. G raph showing the mean right hand reaction times for unimanual
right index finger flexion and all bimanual conditions. The letter in brackets
indicates whether the action was unimanual (U) or bimanual (B). Note that the
right index finger flexes in all conditions and labels state the simultaneous left
index flnger action. Unimanual flnger flexion has the fastest RT and the
condition in which the left hand performs an incongruent motor action in the
same spatial direction as the right index flnger flexion has the slowest RT
(condition in which the left index flnger simultaneously extends in the downward
direction)

7.3.3 Inter-resDonse Interval (IRI)

In order to investigate the possibility that motor and/or perceptual congruence/
incongruence had an effect on the inter-response interval between the hands we
performed a repeated measures analysis of variance on the calculated IRIs. The IRIs
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were calculated as LH RT - RH RT, The analysis revealed that there was no
significant effect of either perceptual congruence/incongruence or motor
congruence/incongruence on the inter-response interval. There was no significant
effect of perceptual congruence/incongruence (F (1,11) = 0.911, p = .360) or motor
congruence/incongruence although the latter almost reached significance (F (1,11) =
4.41, p = .060). In addition there was no significant perceptual
congruence/incongruence by motor congruence/incongruence interactions (F (1,11)=
2.52, p = .140).

These results are summarised in table 7.3.

Perceptual

Motor

Inter-response

Congruence

Congruence

interval (SD)

Y

Y

-10.11(8.77)

Y

N

-23.79(21.26)

N

Y

-19.17(9.89)

N

N

-23.30(16.57)

Table 7.3. Note that none of the IRIs (ms) were significantly different from each
other.

7.4 Discussion

This study examined the issue of bimanual coordination using simple index finger
responses performed under different conditions. The results revealed that, compared
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to a simple unimanual condition in which the right index finger performed flexions in
response to a beep, when the left index finger was required to perform concurrent
actions there was a reaction time cost for the right hand (RT cost). Interestingly there
was no difference between left hand RT’s in unimanual conditions and the bimanual
conditions in which they performed together with right index finger flexions. In
addition, varying the perceptual and/or motor relationships between the right and left
index fingers did not produce any statistically significant differences in the inter
response interval. However, it is interesting and wholly consistent with the right hand
RT cost result (mentioned above) that when the right and left index fingers had to
make simultaneous movements that were motorically different (i.e., employed
different muscles), but not perceptually different, there was an increase in the inter
response interval that almost reached statistical significance. It may well be that the
IRI is not as sensitive a measure as straightforward RT, but in any case the direction
of the result is in line with other results in this study.

Despite our attempts to obtain the most accurate timing possible by using serial port
mice, a cautionary note is warranted regarding the measurement of RT in the present
experiment. The reader should be aware that we did not counter balance the mouse
position over the course of the experiment. This means that it is not possible to rule
out systematic differences in the sensitivity of the mice which may have contributed
to the effects that were found. Future studies should pay particular attention to this
issue and should ensure that the mouse positions are counterbalanced so as to rule out
possible confounding effects of differences between the mice.
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The fact that there was a right hand RT cost of adding motorically different actions of
the left hand regardless of the spatial direction of movement of the left hand is a
strong finding in the present study which suggests that motor factors may well be
dominant for concurrent performance of action than perceptual factors. This idea fits
well with the results of Riek et al (1992) in which it was found that phase transitions
from modes of coordination that involve simultaneous use of non-homologous muscle
groups occurred in subjects independent of the direction in which the effectors were
moving. Our study is different from many others in this area (e.g., Mechsner et al,
2001 ; Kelso, 1984; Riek et al 1992; Carson et al 2000) as it does not use the
“measure” of spontaneous phase transitions but changes of the simple reaction time of
the right hand and the time interval between the responses of the hands. Because there
was no significant effect on the right hand RT when the left hand performed a
motorically identical action, but in a different direction or a motorically identical
action in the same direction we can be quite certain that the right hand RT cost
observed in the present study is not a simple competition for resources phenomenon
brought about simply by requiring subjects to do two things instead of one. Instead it
appears much more likely that the reason for the RT cost to the right hand when
incongruent motor actions of the left hand are performed is due to neural cross talk
between the motor centres for each hand (e.g., Heuer et al, 2001; 1998).

In this situation it may be useful to consider how the motor system might be
producing the responses of each hand. There are a number of possibilities. Firstly, the
hands could be completely independently controlled in which case there are separate
motor plans for each hand. Secondly it could be the case that there is a natural
tendency to share information about motor plans across the hemispheres such that the
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hands can make use of each others’ motor preparation. Thirdly it could be the case
that bimanual movements are represented not at the level of individual effectors but at
a higher task level in which the motor commands include a combination o f patterns of
innervation of both effectors that are just run off when the motor plan is executed.
This idea is similar to that proposed by Kelso et al (1979) who suggested that control
is simplified by task-dependent “functional grouping of muscles”.

It seems very unlikely that the first of the three possibilities outlined above is true, as
if this were the case then the interference effects we observe when subjects try and
perform different spatial patterns concurrently (e.g., patting one’s head and rubbing
their stomach) would not be apparent. Indeed it is known that some information, at
least with regard to the spatial requirements of the task being performed, is shared
across the corpus callosum. This evidence comes from experiments in which split
brain patients were found to be able to perform spatially different actions with each
hand in a temporally coupled manner (e.g., Franz, Elliasen, Ivry & Gazzaniga, 1996).
The third of the possibilities also seems unlikely as if this were the case then, in
situations in which there was no choice involved about what movement to make, there
would never be any difference in the RT as the whole movement ensemble could be
prepared prior to the imperative stimulus to move and then executed, relatively
consistently. There is also evidence suggesting that in bimanual movements,
especially trajectory formation and online adjustments, the hands are controlled
largely independently (Boessenkool et al, 2000).

Intuitively then, it seems that there is probably some form of information sharing
across the control centres of the brain for each hand. This idea is supported by the
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Strength of transcallosal connections linking the premotor and motor areas of the brain
in each hemisphere (e.g., Rouiller, 1994). The idea of neural cross talk is not new and
has previously been suggested by Marteniuk & MacKenzie, (1980), among others. It
can be seen that cross talk can be positive or negative in its effect on movements. In
the case where it is required that the two hands perform exactly the same movement at
exactly the same time, it seems desirable for cross talk to occur so that duplication of
motor commands is avoided. However, in situations in which the hands are required
to perform separate movements at the same time, cross talk would presumably be
negative as it would tend to make the hands behave in a similar fashion instead of
differently. This idea is borne out by the robust finding in bimanual tasks that
identical movements appear to share control and different movements seem to
negatively interfere with each other (e.g., patting your head and rubbing your stomach
simultaneously). Indeed in a study by Todor and Lazarus (1986) it was found that
even when children were asked to exert an isometric force unimanually, there was an
involuntary cocontraction of the contralateral effector (index finger). Furthermore, in
their study the amplitude of the involuntary contraction depended on the amount of
force exerted with the active limb.

How might the concept of neural cross talk between centres in the brain responsible
for the control of the hands help to explain the results of the present experiment? In
the case of the two hands moving in exactly the same way (homologous muscles and
the same direction) one would expect that there is a tendency for the hands to use a
common motor program, as it is presumably more efficient for the motor system to do
this than to prepare and execute two identical but separate motor plans. That is, if
there exists a motor program in the brain for index finger flexion, then it is possible
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that this program could be sent to both left and right motor areas simultaneously (i.e.,
without delay). In the case where the two hands must perform different actions it is
possible that two separate programs must be sent to each hand. However, as we have
already discussed, it is unlikely that these two motor programs can be executed
completely independently. Therefore, it seems reasonable to suggest that when the
hands must perform different actions it is necessary for there to be some form of
inhibitory process which stops the hands just using the same motor plan. It is
conceivable that this inhibitory process takes time, and that this time is reflected in the
RT cost to the right hand in our experiment. Figures 7a and b show this idea
schematically. This explanation is in line with the finding that the direction of left
index finger movement does not affect the right hand RT. This is because the
direction of movement is entirely due to the existing orientation of the hand. Since the
hand is either pronated or supinated prior to movement execution. What remains
unclear as yet is whether there is mutual interference in which motor programs for one
hand are passed to the brain control centres for the other hand and vice-versa, or
whether there is a specific direction in which such information flows.
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Motor programs
for various
movements

extension

Left Hand

Figure 7a: In this case the same motor program (for index finger flexion) is
despatched to both effectors.

Index finger
flexion

Index
finger
extension

>

Motor programs
for various
movements

Right Hand

Figure 7b: In this case different motor programs (for index finger flexion and
extension) are despatched to both effectors, dashed line represents information
flow or cross talk between the hands (which is assumed to be a natural
tendency). Cross talk must now be inhibited (lines bisecting the dashed line) in
order to reduce the tendency for the hands to do the same thing. This inhibitory
process takes time and could account for the RT cost to the right hand found in
this study.
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Previous work in the area of bimanual coordination suggests that the limb making the
more simple movement is the one that adjusts its action in order to accommodate a
more complex movement being performed concurrently with the other hand (Kelso ,
Southard and Goodman, 1979). In their study they required subjects to make bimanual
movements of different amplitudes and they found that the hand making the shorter
amplitude movement adjusted its movement time such that it arrived at its destination
at the same time as the other hand which was making a movement of longer
amplitude. They interpreted this finding as evidence for the two hands acting as a
single functional unit. The relevance of the work of Kelso et al (1979) to our results is
that we too found that only the right hand adjusted its RT when the left hand was
making simultaneous movements. Indeed, in our experiment the right hand was
always making index finger flexions in a downward direction (presumably the easiest
of all the movements made in this study). The fact that it was the right hand that
adjusted is consistent with Kelso et al’s finding that the hand making the easier (i.e.,
in their experiment, the shorter amplitude) of the two movements is the one that
compensates for addition of a concurrent movement of another limb. However, we
cannot be sure in our experiment whether the effect is due to the right hand being the
hand making the simpler movement or simply being the dominant hand. Another
experiment is warranted in which the left hand is made to make simple downward
flexion movements and the right hand then performs various congruent and
incongruent movements concurrently.

Our results show that, at least in bimanual key presses, perceptual factors do not
significantly affect the coordination of the hands, or their ability to perform
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simultaneous actions. Therefore, the idea that perceptual factors dominate motor
factors in bimanual coordination and control (as has been suggested recently by
Mechsner et al, 2001) is not correct across different bimanual movement scenarios.
Further work needs to be done to uncover the general principles of bimanual
coordination that would apply across the whole range of movement scenarios
common to everyday life.
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Chapter 8: Summary, Conclusions and suggestions for Future Work

The experiments in this thesis were concerned with different ways of combining
action. One kind of combination is when the same motor output is made in different
psychological contexts and the other kind of combination is when different effectors
produce different motor outputs in order to achieve a single goal. Chapters 3 and 4
examined the first psychomotor combination of action. Chapter 3 was very much
concerned with examining the physical properties of internally generated and
externally triggered actions and assessing the behavioural effect of switching between
these two modes of response production. Chapter 4 sought to further our
understanding of the neural processing underlying internally generated and externally
triggered actions. In order to achieve this aim, event related functional magnetic
resonance imaging (fMRI) was used. Chapters 5, 6 and 7 investigated the second
psychomotor combination of action in which different motor actions are performed by
the hands in order to achieve a single goal. Chapter 5 used the relatively new
technique of repetitive transcranial magnetic stimulation (rTMS) to assess the role of
the Supplementary Motor Area (SMA) in the timing of elements of a bimanual
coordination task. A relatively complex bimanual task was used to examine whether
rTMS could elicit measurable timing deficits. Chapter 6 sought to extend the results
from chapter 5 and examine the role of another structure thought to be involved in the
timing of motor actions, the lateral cerebellum. Finally chapter 7 changed focus in
order to investigate the organisation of the control processes involved in discrete
bimanual tasks.
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Hence, studies in this thesis have been concerned with two types of question that are
of fundamental importance in Cognitive Neuroscience. Firstly, what are the
organisational principles of brain processes underlying certain behaviours (Chapter 3,
parts of 4, and 1)1 Secondly, which areas of the brain are involved in various motor
behaviours (chapters 4, 5 & 6)? The remainder of this chapter will briefly summarise
the main findings of the studies in this thesis and relate these back to the models of
motor processing outlined in Chapter 1 of the thesis.

In chapter 3, Electromyography (EMG) was used as dependent measure to examine
the physiological attributes of key presses that were either internally generated or
externally triggered. Further, reaction time was used in a truncation condition to
assess the effects of switching between different modes of response production.

Internally generated actions were found to exhibit significantly more EMGrect
activity (EMGrect since signal was rectifed and integrated for analysis) than their
externally triggered counterparts. This result immediately throws up the possibility
that these two types of response are generally quantitatively different, a factor that
may be linked to any differences that may be found in future brain imaging studies.
Indeed in the model illustrated in figure lb, the idea that the processes associated with
internally generated action and externally triggered action are mapped onto a single
motor response is questionable. It may be that the two processes actually map on to
two quantitatively different responses.

The idea that internally generated actions are associated with higher levels of motor
preparation as suggested by Jahanshahi et al (1995) is supported by the experiment
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reported in chapter 3. Indeed the longer activation found in the SMA in self-initiated
verses externally triggered actions by Thut et al (2000) is also consistent with the idea
of more motor preparation in the former class of action.

The second interesting finding in chapter 3 was that switching between internally
generated and externally triggered modes of response production caused reaction
times to increase by more than 50ms. The truncation condition involves subjects in
preparing to make an internally generated key press with the possibility of having to
override their internal preparations and respond with the same key press if a tactile
stimulus was delivered. In externally triggered truncation trials, subjects were forced
to switch from their internal preparation to make an internally generated action to an
externally triggered mode of response production. When these externally triggered
truncation trials were compared with simple externally triggered trials an RT cost of
intention was found. This RT cost of intention is taken as evidence that the brain does
not treat internally generated and externally triggered actions as the same task, even
though the motor output required is the same. If the brain treated these two classes of
action in the same manner then it might reasonably be expected that RT in the
truncation condition would actually decrease since the movement has been pre
prepared. This is because, upon perception of the tactile stimulus the motor system
would be able to take advantage of the already higher than baseline level of
preparatory activity due to preparation to make an internally generated key press. The
fact that RT increases rather than decreases could be interpreted in at least two ways.
Firstly, it suggests that there may be two separate systems specialised for internally
generated and externally triggered actions which cannot interact and which the brain
requires time to switch between. Secondly, it is possible that there is one system for
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producing the response that is unable to do two things simultaneously and requires
time to switch between different modes of response production. The available brain
imaging data would suggest that the second possibility is the most likely one as there
has been no clear evidence of the existence of two separate and specialised premotor
systems in humans (see chapter 2 literature review for details).

In chapter 4, event related fMRI was used to investigate the issue of internally
generated and externally triggered actions and the neural activity preceding these
actions. A similar set of brain areas was found to be active in both preparation to
make an internally generated key press and preparation to respond to an auditory
beep. This result is consistent with the results of Cunnington et al (2002) and the
previous PET studies which have examined this issue (Jahanshahi et al, 1995; Jenkins
et al, 2000). This finding relates well to the model of motor processing outlined in
figure lb (chapter 1 of this thesis) as the process of intention is common to both
internally generated and externally triggered response preparation. This is particularly
clearly highlighted by the activity in the SMA which was observed in preparation for
both classes of action. Furthermore, the fact that the pre-SMA was active in the period
prior to an internally generated response but not in the period prior to an externally
triggered response is consistent with the idea that there are higher levels of motor
preparation involved in internally generated actions. This evidence fits well with the
idea that the pre-SMA is a higher level motor area than the more posterior portions of
the SMA which are thought to be more involved with motor execution (e.g., Vorobiev
et al, 1998). The activation of medial and lateral premotor areas in both internally
generated and externally triggered actions is taken as evidence against the existence of
two specialised premotor systems for the guidance of these two classes of action.
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The activation of auditory cortex in the period when subjects were preparing to
respond to an auditory beep was a strong finding in chapter 4. This finding adds to the
growing body of literature suggesting that the brain activity in areas related to an
imperative stimulus starts in the period before delivery of the stimulus (see chapter 4
discussion for more details).

The RT cost of intention that was found in chapter 3 was also found in chapter 4 and
provides strong evidence in support of the previous statement that there is a switch
between task sets in the truncation condition. The fact that the superior frontal sulcus
and the anterior cingulate sulcus were found to be active when there was a possibility
of a switch from an internally generated mode of response production to an externally
triggered one fits well with the RT cost of intention. That is, it supports the possibility
that the brain switches between sources of action and that this switch takes time.
These findings strongly suggest that the brain may treat internally generated and
externally triggered actions as separate tasks even though they involve similar brain
regions and require the same key press response. The possibility that context alone is
sufficient for the brain to treat two tasks as separate is extremely interesting. In the
truncation condition in our experiment subjects had to produce the same response but
it was unclear at the start of the trial whether the response would end up being made
in an internally generated or externally triggered fashion. Given that we found that
essentially the same brain areas were active in periods of intention and periods of
expectancy, it is clear that the RT cost of intention does not arise due to some shift in
the location of processing in the brain. Hence, the results from chapter 4 represent
strong evidence to suggest that the motor system acts as a type of limited capacity
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system. The system seems capable of engaging in only one task at a time. When
prompted to make the same response, but in a different context, the brain treats the
instructed response as entirely separate from the ongoing voluntary action and its
associated processing. What is not clear from our data is whether the task has to be
reprogrammed altogether or whether there is some degree of information sharing for
the two tasks. That is, is it the case that the brain does not have to begin the
processing related to the second task all over again, or can it use some of the
preparation that had been performed for the first task?

Further experiments are needed to investigate the exact nature of the task switch in the
truncation condition. Indeed, one line of future research could involve determining
whether the switch cost can be reduced through training or whether it relates to a
fixed physical property of the organisation of the motor system.

Chapter 5 addressed the question of localisation of function using rTMS. An
ecologically relevant bimanual coordination task was used in which subjects had to
open a drawer, catch a falling ball and reinsert the ball into the drawer. Intervals
between the successive component actions in the task were defined, some between
actions of a single hand and others between actions of the two hands. The latter class
of intervals were defined as bimanual intervals. The main result of chapter 5 was that
rTMS applied over a scalp position believed to overlie the SMA increased the
variability in a critical bimanual interval. The affected interval was the time between
the left hand opening the drawer and the right hand starting to move to catch the
falling ball (see chapter 5 methods for more details). This finding suggests that the
SMA is involved in the temporal coordination of the hands when they are required to
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perform different actions in order to achieve a fiinctional goal. That is, the SMA
seems to be involved in the transfer of timing information relating to the actions of the
two hands in bimanual tasks. A strong feature of our task was that it employed a real
life type task and moved away from the more traditional types of experiment in which
unitary motor outputs such as key presses are used instead. A very strong outcome of
our experiment is that it shows that rTMS is a valuable tool for investigating
ecologically relevant tasks and our experimental result should encourage future
researchers to employ everyday tasks in conjunction with rTMS to investigate the
function of various brain regions.

Chapter 6 sought to use the encouraging findings from the previous chapter in order to
investigate the possible role of the cerebellum in bimanual coordination tasks. The
same experimental task was used as in chapter 5 with only the rTMS parameters being
changed. There were no measurable effects of rTMS to the lateral cerebellum in the
experiment. It is not possible to conclude that the lateral cerebellum is not involved in
the kind of task we used. It is very possible that rTMS was unable to disrupt the
function of the lateral cerebellum in a measurable way for real-life tasks such as ours
(c.f. tapping tasks such as Theoret et al’s). This may be due to the depth of the
cerebellum underneath the surface of the scalp compared to the more superficial
SMA.

The fact that there was no measurable effect of cerebellar stimulation is at odds with
another study by Theoret et al (2001) who found an increase in the variability of
finger taps after cerebellar rTMS. This may be due to the fact that our task was much
more complex than the one used by Theoret et al. Our task required the use of
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multiple effectors each performing different actions whereas the tapping task of
Theoret et al used a single motor output. It is possible that, due to the complexity of
our task, there was a higher degree of redundancy in our task than in Theoret et aTs
task. One effect of this redundancy could be that the motor system was able to engage
different and perhaps sub-optimal processing strategies in order to maintain goal
invariance. That is, even though rTMS may have disrupted the normal functioning of
the lateral cerebellum, this may have caused subjects to adopt a sub-optimal strategy
that enabled them to perform the task in a way that was not measurably different, but
did employ different brain processing. It is possible that our measurement of the time
between different events in the task was not sensitive enough to pick up a slightly
sub-optimal movement.

Future work should perhaps employ the use of spatial measures in order to ascertain
the effect of interference techniques such as rTMS on the trajectories made by task
specific effectors.

Lastly, in chapter 7 the possible organisation of the control of bimanual coordination
tasks was investigated in the light of recent claims that perceptual factors dominate in
bimanual coordination (see chapter 7 introduction for details). The task that was used
in chapter 7 required subjects to make simultaneous right and left index finger key
presses either in a motorically and/ or perceptually congruent or incongruent manner.
Hence our experiment moved away from the kind of oscillatory tasks used in previous
studies and employed discrete movements that had to be coordinated together in time.
The main result was that motor and not perceptual factors had the most significant
effect on the RT of the right hand. This suggests that the claims of Mechsner et al
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(2001) are somewhat incorrect as, if perceptual factors dominated bimanual
coordination as a general rule then this should reveal itself across the whole range of
bimanual coordination scenarios. It should however be borne in mind that the task
used in many other bimanual coordination studies including Mechsner et al’s involves
monitoring of the ongoing oscillatory movements of the effectors. In contrast in out
task, no or very little monitoring was needed as the actions were speeded key presses
likely to be largely open-loop in nature. Our result also supports previous work (e.g.,
Kelso et al, 1979) that has shown that when two movements are to be made
simultaneously the simpler action of the two adjusts to accommodate the more
complex action.

The fact that when two hands are required to respond together in different
configurations as opposed to one hand responding alone produces interference as
revealed by changes in reaction time is an interesting finding. It suggests that there is
indeed cross-talk between the brain areas controlling the hands that must somehow be
inhibited in the case when they must perform motorically different actions. The fact
that the cross talk seems to effect the reaction times less when only the perceptual
characteristics of the actions differ strongly suggests that the cross talk is specific to
information about the motor aspects of the actions. Future work should aim to identify
the neural structures between which cross talk occurs. From evidence gained from
chapter 5, a good starting point would be to use either single pulse or rTMS to disrupt
the functioning of the SMA in the same task as used in chapter 7.

In summary this thesis was concerned with ways of combining actions. The
experiments reported in this thesis have shed a little light on some aspects of certain
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psychomotor combinations of action. The importance of this classification becomes
clear when one considers that in life, everyday actions are often combinations of
component actions. The distinction between two classes of action was made in
chapter 1 of this thesis and a serial framework of the processes involved in movement
generation was presented. It was not the aim of the thesis to find support for the
models outlined in the first and second chapters. The models were outlined to provide
a framework in which to consider the work reported in this thesis. It is hoped that they
were useful in this regard. It is clear that the combination of different psychomotor
actions is a distinct computational problem for the central nervous system. It has been
shown that different kinds of psychomotor combinations can be distinguished and
studied both behaviourally and neurophysiologically. In particular, the work presented
in this thesis has demonstrated that structures in the frontal lobes (e.g., SMA (chapter
5), prefrontal cortex (chapter 4)) may play a special role in various psychomotor
combinations of action. Finally, it is notable that the work carried out and reported in
this thesis has raised further questions regarding certain issues and it is hoped that
researchers in the future may be able to clarify some of these points.
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