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Abstract

In part A of the thesis, experiments were performed to determine whether the reflex
effects of digital nerve stimulation on first dorsal interosseous muscle (1DI) are contextually
influenced. It was found that voluntary and passive finger movement significantly reduced the
size of the transcortical E2 reflex component. Reflex components 11 and E1 were unaltered.
The simultaneously recorded contralateral somatosensory cortical evoked potential (SEP) was
significantly reduced, suggesting that ‘gating’ of the afferent input to sensory cortex is involved
in reducing the size of the E2 reflex component. The reduction in the cortical SEP components
observed during passive finger movement suggests that sensory feedback from the periphery
contributes to ‘gating’ of the afferent input. Subsequent experiments involving attentive and
non-attentive finger tasks were performed. It was found that the E2 and |1 components of the
CMR and cortical SEP components were selectively altered in a task dependent manner. The
E1 reflex component was unaffected. In the final experiment, the reflex effects of distant
digital nerve stimulation (little finger) on 1DI during two movement tasks were examined. It
was found that the transcortical E2 reflex component radiated in a task dependent manner.
Reflex components E1 and 11 were unaltered.

In part B, recordings were obtained from subjects with a chronic partial nerve
entrapment of the median nerve at the wrist (C.P.N.E). The aim of these experiments was to
determine whether the reflex effects of digital nerve stimulation on 1Dl is reorganised in the
hand in response to the C.P.N.E. It was found that the pattern of the reflex effects of digital
nerve stimulation in 1DI was altered in the subjects with C.P.N.E. Stimulation of a distant
(little) finger produced clear reflex changes in the 1DI muscle not evident in healthy control
subjects, showing that reflex reorganisation has occurred following C.P.N.E.
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General introduction

Thesis overview

This thesis reports the results of a number of experiments designed to investigate
different aspects of reflex integration by recording the cutaneomuscular reflex (CMR)
response and cortical somatosensory evoked potential (SEP) in health and disease in man.

The thesis is divided into two parts.

In part A the integration of the sensori-motor system during different finger
movements in a number of healthy adults is examined. In section one the effect of voluntary
and passive finger movement upon the CMR recorded from the first dorsal interosseous
muscle (1DI) and the cortical somatosensory evoked potential recorded from the contralateral
primary sensory cortex (S1) is investigated to determine whether the reflex effects of digital
nerve stimulation on 1DI are contextually influenced. The results are discussed in relation to
available evidence on factors controlling the reflex effects of digital nerve stimulation during

different types of finger movement.

The second section describes the effect of attentive and non-attentive finger
movement tasks upon the cutaneomuscular reflex response recorded from the 1DI muscle

and cortical SEP recorded from the contralateral S1 performed to determine whether
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‘attention’ to a stimulus alters reflex responsiveness to digital nerve stimulation. The results
are discussed in light of current evidence relating to the attentional effects within the central

nervous system (CNS) upon the control of finger movement during different tasks.

The third section describes the reflex effects of distant digital nerve stimulation on the
1DI muscle during two different finger movement tasks to investigate whether the pattern of
radiation of reflex responsiveness to distant digital nerve stimulation is altered during two
different finger movement tasks. The results are discussed in relation to factors controlling
reflex responsiveness to digital nerve stimulation in man and in relation to the performance of

different hand movements in healthy individuals.

Part B of the thesis describes changes in the distribution of the reflex effects of digital
nerve stimulation on the 1DI muscle in individuals with a chronic partial nerve entrapment
(CPNE) of the median nerve at the wrist not evident when compared to healthy individuals and
attempts to relate the change in distribution of the reflex response to the impairment of hand
function and the sensory symptoms experienced by individuals with a CPNE. The distribution
of the reflex response of 1DI muscle to little finger digital nerve stimulation in a single subject
with an amputation of the index finger, and a second subject with a trans-section of the
median nerve are also described. These findings are discussed in the light of evidence of

central nervous system ‘plasticity’ or ‘reorganisation’ in both human and animal studies.
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Historical overview

This thesis describes experiments designed to investigate how the reflex control of
movement might be affected by the nature of the voluntary task being carried out, and how
sensori-motor integration might be reorganised following a peripheral nerve lesion. The basic
concepts of reflex and voluntary action and observations relating to their anatomical basis can
be found in early medical texts. Galen (130-200 AD), for example describes experiments in
which he observed that if the spinal cord of a pig was severed between the 37 and 4t
vertebrae the animal ceased to breath but if the cut was made lower down between the 6t
and 7t vertebrae the animal continued to breath but both movement and sensation were lost
below the level of the cut. In his writings he used these observations to explain the injuries
sustained by gladiators in the arena (Op. cit. p19, Cohen, 1958). In addition by careful
anatomical dissection, Galen discovered that nerves originated from the brain and spinal cord,
and also that motor nerves arose from the spinal cord. From these findings he concluded that
both the brain and spinal cord were vital in the production of voluntary movement (Bennett &

Hacker, 2002).

The first ideas of a ‘reflex’ response did not clearly emerge until the 1600’s when
Descartes put forward the idea that some movements could be machine-like and automated in
nature rather than ‘voluntary’ in his treatise ‘Passions de I’ Ame’ (1649). Descartes viewed the
body as a machine that was organised by a ‘ controlling area ' (specifically the pineal gland
believed to house the soul in the 1600's). He suggested that sensory information (which he
called ‘material animal spirits’ from the external world) was directed towards the pineal gland
via the ventricles, interpreted, and then ‘reflected ' to the appropriate part of the body via

tubular hollow nerves where a response was generated. Recognising that some movements
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were involuntary Descartes described the blink reflex as an example of such a movement

(Bennett & Hacker, 2002; Op. cit. p6, Brazier, 1969).

Building on these ideas Thomas Willis (1672) proposed that the spinal cord could be a
centre for the relay of information between nerves. He stated that sensory impressions were
carried by ‘animal sprits’ to the ‘sensorium commune’ (which he placed in the corpus striatum)
that went onto the higher centres of the brain where they were interpreted and processed into
memories. A proportion of the ‘spirits’ were also reflected into the muscles to produce a

response (Bennett & Hacker, 2002; Op. cit. p31, Brazier, 1969).

In 1686, John Bohn performed the first experimental demonstration of a flexion reflex
elicited by painful cutaneous stimuli using a decapitated frog. He found that when the skin of
the frog was pinched, pricked or burnt there would be an automatic withdrawal of the limb.
Bohn speculated that this was totally mechanical in nature (Op. cit. p20, Cohen, 1958).
Taking these observations further the Reverend Stephen Hales (1733) performed the same
experiments on a decapitated frog in which he similarly showed that he could get the frog's leg
to withdraw in response to pinching of the skin. In addition he made the critical observation

that this reaction was lost if the spinal marrow was destroyed (Op. cit. p32, Brazier, 1969).

It was not until 1765 when Robert Whytt published in his treatise ‘On the vital and
other involuntary motions of animals’ that the importance of the spinal cord in generating such
reflex responses was fully appreciated. (Op. cit. p32-33, Brazier, 1969). In his treatise he
repeated the experiments originally performed by Stephens Hales, showing the same
observations. Furthering these observations he showed that if the strength of the stimuli is
increased, the resultant reflex response spreads. He also reported the phenomena “spinal

shock’ (i.e. when a frog is decapitated it is rendered unreactive for approximately 15 minutes).
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In 1784 Prochaska wrote a description that more clearly defined the term reflex. He
used terms such as '....reflexion of sensorial into motor impressions...." to describe the nature
of a reflex response, and also explained how the responses may be driven by involuntary or

voluntary mechanisms (Zehr & Stein, 1999).

It was shortly after that Charles Bell (1811) published a short private leaflet that
suggested that the posterior roots of the spinal cord were associated with unconscious
sensory impression and involuntary movement (Op. Cit. P28-29, Brazier, 1969). In 1822
Francis Magendie demonstrated in dog experiments that if he cut the posterior roots of the
spinal cord only sensory function was abolished, whilst cutting the anterior root of the spinal
cord produced deficits only in movement (Op. Cit. p28-29, Brazier, 1969). Both Bell and
Magendie had made the historic finding that the anterior located roots were involved with
motor functions whilst the posterior roots were involved in sensory function, and is today

known as the ‘Bell-Magendie law’.

In 1833 Marshall Hall gave a full communication to the Royal Society which was
published in Philosophical Transactions, titled ‘on the reflex function of the medulla oblongata
and medulla spinalis’ made on the basis of research performed on frogs and reptiles in which
he elicited the flexion reflex to painful cutaneous stimuli to show that the nervous system is
made up of segmental reflexes that he called ‘reflex arcs’. Hall also showed that such reflexes
could be combined to produce more complicated movements which he called ‘arcs of reflex
function’, both terms which are currently used today to describe reflex function (Hall 1833; Hall

1837; Op. Cit. p35-36, Brazier, 1969).
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So by 1840 the reflex response had been demonstrated experimentally and had
become more clearly defined, the importance of the spinal cord in generating the reflex and
the origins of the motor and sensory roots of the spinal cord had been identified. However at
this stage there was little understanding of the components needed to evoke a reflex
response. Some microscopic observations regarding the spinal cord had been made.
Alexander Munro (1783) had earlier described the anterior horn cells, and later Remak (1838)

described non-medullated and medullated nerve fibres.

In 1850 Augustus Waller demonstrated that severing a nerve from the cell body
caused the disconnected nerve fibre to degenerate (Op. Cit. p26, Brazier, 1969). Waller had
found a way of tracing the path of the nerve fibres by employing staining techniques in both
the CNS and PNS. This led to many experiments tracing the structure and connections of the

nervous system.

At about the same time using the galvanometer, named after Galvani who revealed
that animal nerve cells produced electricity, duBois-Reymond recorded the electrical activity
generated by muscle contraction, and later in 1868 Bernstein confirmed the idea that sensory
information was conveyed as a self propagated ‘action current along the nerve (Op. Cit. p21-

23, Brazier, 1969).

Cutaneous reflexes

The first demonstration of the flexion reflex to painful cutaneous stimuli in the early

eighteenth century signalled the beginning of an extensive investigation into the nature of the
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cutaneous reflex. One of the first cutaneous reflexes to be described was the cremasteric
reflex by Romberg in 1853. Marshall Hall also described the grasp reflex at about the same
time. Both Romberg and Hall recognised the value of eliciting these responses to aid the
diagnosis of a number of conditions affecting the nervous system. In 1898 Babinski
demonstrated the plantar reflex (Babinski, 1898). The reflex is evoked by firmly stroking the
lateral side of the sole of the foot with a blunt object, causing flexion of the toe. Babinski
further showed how a CNS lesion caused the toe to extend rather than flex, often known as

Babinski sign.

The study of reflex responsiveness to cutaneous stimuli formed a major part of Sir
Charles Sherrington’s work. Performing experiments in the monkey, Sherrington first mapped
the sensory and motor nerve root innervations in the latter half of the nineteenth century. He
stimulated the end of the motor nerve root that had been severed close to the spinal cord, and
observed which muscles contracted. From this he found that any one muscle is innervated by
several segments of the spinal cord, although a single segment of the spinal cord can
innervate a number of muscles. He then serially cut the posterior roots isolating the skin
innervated by a single nerve root, finding that the distribution of sensory innervation was also
segmental; the segmental sensory supply corresponded to the motor nerves and not the skin.
There was a large amount of overlapping of the receptive fields of the sensory nerve roots

innervating the muscle (Sherrington, 1896; 1897; 1898; 1900).

Once Sherrington had systematically revealed the pattern of sensory and motor root
innervation, which he considered paramount in the understanding of the reflex response, he
turned his attention to reflexes, and in 1910 he published a landmark paper containing the
experimental findings obtained from studying a number of cutaneous reflexes in great detail

(Sherrington, 1910). Using ‘spinal’ dog/cat preparations, he demonstrated flexion of the
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stimulated limb to painful cutaneous stimuli (Flexion reflex) and extension of the opposite limb
when standing (crossed extension reflex). He also showed the extensor thrust of all limbs,
evoked by applying pressure between the pads on the sole of the paw (extension reflex) and
the rhythmical scratching motion of the hind limb (scratch reflex) observed in the ‘spinal’ dog
days/weeks following section of the cervical spine, elicited by painful and non-painful stimuli

applied to the skin covering the neck to the loin.

From these findings Sherrington found that reflexes were graded according to the
characteristics of the stimulus eliciting the reflex response. Also he discovered that a reflex
response could be inhibited, stimulation of the extensor muscles during the flexion reflex
inhibited the reflex response (reciprocal inhibition); additionally he showed that reflexes
exhibited fatigue and a rhythmical (refractory) nature (Sherrington, 1910; Op. cit. p37, Cohen,
1958).

Investigating the scratch reflex in the ‘spinal’ dog Sherrington found that some
reflexes were ‘allied’ in nature, when two separate areas of skin were stimulated individually
no reflex response was elicited. However when both skin areas were stimulated

simultaneously a reflex was evoked, Sherrington called these responses ‘allied reflexes’.

The extensive nature of Sherrington’s work led him to establish many of the principles
governing reflex integration. He suggested that muscies could receive a sensory as well as
motor nerve supply from the same or distant spinal segments and connected pathways. He
also suggested that in any one spinal segment that there could be a number of convergent
reflex arcs all acting upon the same muscle/effector organ; that inputs from many reflex arcs

converge by using a ‘common path’ and that these inputs from could interact to produce
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greater or lesser responses depending upon their combination; regardless of this ‘common
path’ at the end of each reflex arc there was a ‘final common pathway’ which was private to
the muscle/ effector organ, which is the terminus ad quem’ of many reflex arcs generated by

many receptive fields:

“ Reflex-arcs show, therefore, the general features that the initial neurone of
each is a private path exclusively belonging to a single receptive point (or
small group of points); and that finally the arcs embouch into a path leading to
a path leading to an effector organ; and that their final path is common to all
receptive points wheresoever they may lie in the body, so long as they have
connexion with the effector organ in question. Before finally converging upon
the motor neurone the arcs converge to some degree. Their private paths
embouch upon internuncial paths common in various degree to groups of
private paths. The teminal path may, to distinguish it from internuncial
common paths, be called ‘ the final common path ’. The motor nerve to a

1

muscle is a collection of such * final common paths ' “.

From this work Sherrington believed that ‘simple reflexes’ represented the basic
units required to produce movement, and that a complicated pattern of movement resulted
from the combination of a number of ‘simple reflexes’ elicited by the stimulus. He considered
this interaction vital for the control of movement. These findings were first published in 1906 in
his book entitled ‘Integrative action of the nervous system'. These concepts have formed the

basis of the current understanding of the reflex response since the early 1900's.

Continuing to carry out experiments until the early/mid twentieth century, Sherrington

& Liddell, 1924 investigated ‘reflex standing’ which occurs in the ‘decerebrate’ cat preparation,
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showing that the posture adopted by placing the cat in the standing position stretches the

extensor muscles producing a reflex contraction of the muscle that keeps the cat in the statue-
like posture which prevents it from falling to the ground. Sherrington described this reflex as a
‘postural stretch reflex’, and also showed that ‘reflex standing’ was lost if the afferent supply to

the extensor muscle was cut.

Later work by Sherrington and others demonstrated in animals that the pattern of the
flexion reflex elicited by strong cutaneous stimuli could be reversed by altering the
characteristics of the stimuli. The reversed reflex was thought to be due to overlap in the
cutaneous receptive fields supplying both the flexion and extension reflexes (Creed et al.

1932).

In 1952, Hagbarth performed further experiments on ‘spinal’ and ‘decerebrate’ cats,
which were designed to extend the original observations made by Sherrington (Sherrington,
1910; Creed et al. 1932). Hagbarth recorded the reflex response from the extensor muscles in
the hind limb. He found that painful stimulation of large areas of the skin on the hind limb
inhibited the extensor reflex, whilst stimulation of the skin overlying the extensor muscles had
an excitatory effect. In contrast, he found the opposite effect when recording from the flexor
muscles in the hind limb. Stimuli applied to large regions of the hind limb excited the flexor

reflex except when the skin overlying the extensor muscle was stimulated.

Studies of cutaneous reflexes in man began by repeating the animal experiments that
had been originally performed by Sherrington. Kugelberg et al. 1960, investigated reflex
responsiveness to painful cutaneous stimulation in the lower limb of healthy subjects. The
study showed that stimuli applied to the skin of the foot elicited a protective reflex flexion of the

muscle, which caused the foot/limb to withdraw away from the painful stimuli in a simitar
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fashion to the original animal experiments. He also showed that if the stimulus was applied to
the limb whilst the subject was standing, the crossed- extension reflex could be elicited.
Having established the existence of the flexion reflex in man, Hagbarth, based upon results
described from Sherrington’s original work, recorded the muscle activity from the extensor
muscles in the lower limb of healthy adults. He applied painful cutaneous stimuli to different
areas of the skin to see if it was possible to elicit an extensor reflex. He found that in healthy
adults, stimulation of the skin elicited an extensor reflex response. He also found that the
location of the cutaneous stimuli predetermined whether the extensor reflex was excited or
inhibited (Hagbarth, 1960). Both Kugelberg ef al. 1960 and Hagbarth, 1960 felt that these

reflexes served a protective function in the lower limb.

The study of cutaneous reflexes to non-painful stimuli awaited the methodological
advance that was developed by Upton, McComas & Caccia (Upton et al. 1971; Caccia et al.
1973). Firstly, they found that cutaneous reflex responses elicited by non-painful stimuli were
only evident when the muscle was lightly contracting. Secondly, the size of the reflex response
evoked by the stimulus was found to be so small that the EMG activity needed to be
‘averaged' for the reflex response to be distinguished from the background EMG. Thirdly, it
was found that the visualisation of the components of the cutaneous reflex response could be
markedly improved if the EMG signal was rectified before averaging. The techniques
employed to record reflex responses to non-painful cutaneous stimuli are described in detail in

the following section.

Methodologies employed to record a non-painful cutaneous reflex response

The earliest studies of cutaneous reflexes relied upon the visual observations of the

reflex movements by the experimenter. The disadvantage of this method of recording was that
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it was qualitative, subjective and relied upon the experimenter to accurately relay the
information. In response to these disadvantages, methods were developed that aimed to
grade the strength or characteristic of different reflex responses in a more standardised
fashion. Clinically, for example, the plantar reflex is either present or absent, it is then
classified further as up going, mute or down going. Despite the limitations of this technique, it
is still employed within the clinical environment today, often providing the clinician with

valuable information regarding the nervous system.

For reflex responses to be studied in more detail quantitative recording techniques
had to be developed. Initially mechanical devices were made to measure the reflex tension
produced, the resultant tension was recorded using levers writing onto a rotating smoked
drum and subsequently on an oscilloscope as technology developed. In this way quantitative

measurements of reflex responses in terms of latency, amplitude and area could be made.

These techniques while adequate for the recording of large reflex responses were
unable to record small cutaneous reflex responses, which produced little change in muscle
tension. One approach which was employed to solve this problem was to superimpose several
responses onto a photographic plate, the superimposed responses allowed the reflex
response to be distinguished from the background noise more easily (Dawson & Scott, 1949).
However, this technique was time consuming and difficult to perform. It was the revolutionary
development of the * averaging technique ' by George Dawson in 1951 that resolved these
resolution problems and allowed the recording of extremely small responses in an EMG signal
that were impossible or difficult to record prior to this development. The * averaging technique
"is based upon the principle that any change in EMG signal generated in response to a
stimulus is constantly related in time, and that it is a physically identifiable event thus allowing

the recorded signal to be ‘ time locked ' to the stimuli. In this manner it is then possible to
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detect the response from other random signals not time locked to the stimulus. In averaging a
specified number of stereotyped stimuli are delivered, and the response evoked by each
stimulus is recorded for a given time period. Each response elicited by the successive stimuli
is summed together and divided by the number of stimuli that have been delivered to give an
overall averaged potential by the ‘ averager '. Thus averaging acts by increasing the ' signal to
noise ' ratio; the size of the signal to noise ratio is increased by the square root of the number

of stimuli given.

Cutaneous reflex responses elicited by non-painful stimuli are only seen as a
modulating effect upon the EMG response in a muscle during a sustained low amplitude
contraction. These responses are still difficult to distinguish even when ‘ averaged ' becausé
the increases and decreases in the EMG are equally distributed about the baseline. It was not
until 1970 that this problem was solved, when Gassel and Ott demonstrated how it was
possible to improve the visualisation of these responses by passing the EMG signal through a
full-wave rectifier before the ‘ averager '. Rectification works on 2 principles, the first is that if
the EMG is rectified and averaged without the presence of the stimuli, the resultant average is
a flat horizontal baseline and the second principle is that any vertical displacement above or
below the baseline is proportional to the size of the muscle contraction. Therefore any
excitatory effects of the motor neurones upon the muscle are registered as an increase in the
level of the EMG and any inhibition as a reduction in the EMG level (Gassel & Ott, 1970). The
relationship between the rectified baseline EMG and the size of the reflex response has been
shown to be linearly related which means that the size of the reflex can be defined as a

fraction of the baseline EMG (Deuschl et al. 1988).

The first recordings of cutaneous reflexes to electrical non-painful stimuli in man using

rectification and averaging were made in the lower limb (Upton et al. 1971) and upper limb
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(Caccia et al. 1973). In this way, Caccia ef al. 1973 showed that non-painful electrical
stimulation of the digital nerves of the index finger evoked a triphasic reflex response which
Caccia et al. 1973 considered to be a reflection of differences in the conduction velocities of
the afferents eliciting the reflex response; this started an investigation into the reflex pathways
of the cutaneous reflex elicited by non painful stimuli in the upper limb, which has continued to

the present day.

Cutaneous reflexes recorded from the intrinsic hand muscies

The study of the reflex control of finger movement has proved to be fruitful in the
investigation of the spinal and supraspinal reflex pathways. A major part of the research has
centred on cutaneous reflexes recorded from the intrinsic hand muscles. These are described

in the following sections.

Modest, non-painful electrical stimulation of the digital nerves of the index finger
produces a reflex modulation of the ongoing muscle activity (EMG) recorded during a
sustained voluntary contraction of the 1DI muscle (Jenner & Stephens, 1982). The cutaneous
reflex, which is also called cutaneomuscular reflex (CMR) is typically triphasic in appearance;
there is a initial increase of EMG, with onset latency at approximately 30ms (E1) followed by a
decrease, at about 45ms, (I1), followed by a prominent second increase, (E2) with a longer
latency of about 55ms (see Fig. 1). The size of each of the reflex components E1, |1, and E2
is expressed in terms of percentage modulation of background EMG (Nadler et al. 2000). An

example of a typical reflex response is illustrated in Fig. 1.
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Central nervous system origins of the cutaneous reflex

Short latency spinal pathways

Hagbarth was one of the first people to provide evidence that the flexion reflex evoked
by painful cutaneous stimuli had a short latency, which was compatible with the mediation of a
reflex arc originating within the spinal cord of a cat (Hagbarth, 1952). The experiments were
designed on the basis of the original observations made by Sherrington (Sherrington
1906,1910) in which, he obtained recordings from the extensor muscles in * spinal cats ’. He
found that it was possible to evoke an extensor reflex from the skin overlying the extensor
muscle, reflected in by changes in the ongoing muscle activity and tension at a short latency.
From this finding Hagbarth concluded these findings provided evidence that the origins of the
reflex were within the spinal cord. In later studies Hagbarth showed that the time it takes for
the earliest phase of the reflex to be seen in the human lower limb muscles is too short to

have an origin anywhere else except for within the spinal cord (Hagbarth, 1960).

Similarly, Jenner and Stephens, 1982 suggested a spinal origin for the E1 component
of the CMR recorded from 1Dl to stimulation of the digital nerves of the index finger on the
grounds that the central delay for this component (ranging from 2-6ms) was insufficiently long
to involve a transcortical pathway. Additionally, clinical evidence was provided from the
studies of a patient with a neurological lesion affecting the motor cortex. In this patient the E1
component was preserved whilst the other components were abolished. Similarly the E1
component has been shown to be unaffected in patients with acute lacunar infarctions whilst

the later components are reduced and delayed (Chen et al. 1998).
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Further observations regarding the origin of the E1 component of the CMR have come
from recent studies on patients with X-linked Kallman’s syndrome. These patients have a
novel fast conducting ipsilateral as well as contralateral cortico-spinal projection, as revealed
by focal magnetic stimulation. Within this patient group there are also a small number who
only have a largely single ipsilateral corticospinal projection. Following stimulation of the digital
nerves in these individuals, whilst concurrently recording the CMR from the contralateral and
ipsilateral 1DI muscles, the E1 component is only elicited from the1DI muscle ipsilateral to the
stimulus whilst the later components are recorded only from the contralateral 1DI muscle

(Mayston et al. 1997).

Long latency transcortical pathways

The initial suggestion that some components of a reflex might reflect activities
generated by supraspinal pathways were based upon human experiments by Hammond, in
which he suddenly extended the elbow whilst simultaneously recording the ongoing muscle
activity from the biceps. Hammond found that there was an initial burst of EMG at a short
latency compatible with the spinally generated tendon jerk reflex. In addition he observed a
second EMG burst which occurred at a much longer latency, and which appeared to be

influenced by the subject (Hammond, 1960).

Later, Phillips using indirect evidence from studies on the primate also speculated that
the stretch reflex might have a transcortical origin (Phillips & Porter, 1964; Phillips, 1969). At
about the same time, Marsden & collegues used recordings of the flexor pollicis longus (FPL)
muscle to show that sudden small random perturbations of the joint of the thumb tip evoked a

reflex response that consisted of a series of waveforms, some of which were of too great a
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latency to be spinal. The long latency components were considered to have a supraspinal

origin (Marsden et al. 1973).

It was not until 1972/3 that Evarts provided the first direct evidence of the pathway of
the afferent input to the motor cortex. Using awaking monkeys he recorded the activities from
the pyramidal tract neurones (PTNs) of during different movement tasks. He found that the
PTNs responded very rapidly to a sudden peripheral change. The time interval of PTNs firing

was such that it could indicate the use of a fast transcortical reflex pathway.

Marsden employed SEP's to measure the afferent conduction time to the cortex and
back to the muscle by directly stimulating the motor cortex. It was found that the time taken
was long enough for the long latency response to occur (Marsden et al. 1973; Lee & Tatton,
1975). Furthermore it was also noted that the central delay of the stretch reflex was greater

when evoked from an arm muscle compared to a face muscle (Marsden et al. 1976).

Additional evidence arose from the studies of patients with neurological disorders and
pathology affecting the CNS. It was found that lesions affecting the sensory columns and
sensory-motor cortex delayed or abolished the long latency reflex component (Marsden et al.

1977, Lee & Tatton, 1978).

More recently, using magnetic stimulation to stimulate the motor cortex over a region
corresponding the FPL muscle studies have shown that the sum of the facilitation produced by
magnetic stimulation and the long latency reflex response evoked by sudden thumb extension
is larger than when each response is evoked individually, providing further evidence that the

long latency stretch reflex involves a transcortical pathway. This was not found to be the case
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for the short latency component of the stretch reflex, supporting evidence suggesting a spinal

origin for this component (Day et al. 1991; Palmer & Ashby, 1992).

Similarly reflexes evoked by a non-painful cutaneous stimuli display a similar pattern
of short and long latency components. Upton et al. 1971 recorded a reflex response in the leg
and hand following mixed nerve stimulation. Two increases in EMG were recorded. The first
corresponded to a spinal latency (V1) whilst the second longer latency reflex component (V2)
occurred later at 50-60ms. Similarly Conrad & Aschoff, 1977 showed that the long latency
components of the reflex response of the abductor pollicis brevis were delayed or absent in
hemiplegic patients. It was suggested from these findings that this was evidence for the

existence of a transcortical pathway.

Evidence that both 11 and E2 components of the CMR elicited from 1Dl to digital
nerve stimulation of the index finger are supraspinal in origin has come from a number of
sources. Firstly in terms of the latency Jenner & Stephens, 1982 provided evidence that the
E2 component was unlikely to be spinal in origin, instead suggesting that the E2 component
was sufficiently long enough to involve a transcortical pathway. The latency of the |1

component was such that this could indicate a spinal or supraspinal origin.

Secondly, studies of patients with lesion of the motor cortex have revealed that both
the 11 and E2 components of the CMR are abolished (Jenner & Stephens, 1982). This finding
provides further supportive evidence that the E2 component could not have a simple spinal
origin but was likely to involve a transcortical pathway. The reported aboalition of the 11
component in such patients was less certain, on one hand this abolition could be used to

provide evidence that the component could be supraspinal in origin, but on the other hand it
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was possible that the 11 component was simply spinal in origin, but was under the influence of

the motor cortex.

Yet further clinical evidence to providing insight into the origins of the E2 component
of the CMR was found by recording the reflex in patients with Klippel-Feil syndrome.
Individuals with this syndrome exhibit mirror movements that are explained by the presence of
abnormally branched corticospinal tract which project to motor neurone pool on both sides of
the spinal cord. In these individuals if you concurrently record the CMR from both the
contralateral and ipsilateral 1Dl muscles, following unilateral stimulation the E2 component of
the reflex is recorded from both the contralateral and ipsilateral 1DI muscles (Farmer et al.

1990).

A number of studies employing focal magnetic stimulation have investigated further
the origin of the E2 and |1 components of the reflex. Some of the earliest work was performed
by Palmer & Ashby, 1992 and Maertens de Noordhout et al. 1992, in both studies they
magnetically stimulated the motor cortex at high intensities at a point in time when the E2
phase of the CMR component elicited by electrical stimulation of the digital nerves would
naturally occur, so that both would occur concurrently, this was compared with the individual
response obtained from magnetic stimulation alone. In both studies they reported that there
was less facilitation of the MEP than the algebraic sum of the responses produced by
stimulating individually, concluding that there was actually a decrease in the excitability of the
motor cortex during the period of time that the E2 phase of the component would naturally
occur. From these observations Maertens de Noordhout et al. 1992 suggested that the E2
component was not supraspinal, but was a spinal reflex that was subject to tonic facilitation

from higher cortical regions.
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In 1994 Ohki et al. provided contradictory evidence suggesting that the E2 component
of the CMR was not spinal in origin but was supraspinal involving some kind of transcortical
pathway. In this study they asked the question of whether the facilitatory effect upon the MEP
reported previously was dependent upon the intensity of the magnetic stimulus. The
experimental procedure was the same as that performed by Palmer & Ashby in 1992, but in
this study the motor cortex was magnetically stimulated at both high and low intensities. It was
found that at low intensities when the cortex was stimulated at the same time as the E2 phase
of the CMR component that the algebraic sum of the MAP was larger than when comparing
the sum of the response obtained during the magnetic stimuli alone. However when the
procedure was repeated at high intensities little or no facilitatory effect was seen. It was
suggested that at high intensity magnetic stimulation a large amount of inhibitory pathways are
activated which masks the facilitatory effects seen in the cortex in association with E2 phase
of the CMR component. From these findings it was concluded that this could be taken as

evidence that the E2 component was supraspinal involving a transcortical pathway.

More recently, one of the strongest sources of evidence suggesting that the 11 and
E2 components are mediated via a transcortical pathway has come from recordings obtained
from subjects with X-linked Kallman’s syndrome (Mayston et al. 1997). One of the features of
the syndrome is pathological mirroring, explained by the presence of a novel fast conducting
ipsilateral as well as a contralateral corticospinal projection identified by using focal magnetic
brain stimulation. When the digital nerves of the index finger are stimulated in these
individuals, the 11 and E2 components elicited from the muscle 1Dl are not only seen
ipsilateral, but also contralateral to the stimulated side, providing evidence for a transcortical
pathway (Mayston et al. 1997). This provides yet further evidence that both the E2 component

is supraspinal in origin, this is also appears to be the case for the 11 component.
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In the last two years new evidence suggesting a supraspinal as opposed to a spinal
origin for the 11 component has been provided in a study performed by Tokimura et al. 2000.
Using focal magnetic stimulation it was shown that the cutaneous input evoked following
electrical stimulation of the digital nerves of the finger / median nerve at the wrist resulted in a
reduction in the excitation of the motor cortex at a short latency. It was suggested that this
short latency suppression in cortical excitability occurs at the same time as the 11 phase of the

CMR.

Although this evidence suggests that both the I1 and E2 components are supraspinal
in origin it has become increasingly apparent that each component has different
characteristics. In example, the E2 component of the reflex shows greater habituation to a
stimulus than the 11 component (Harrison ef al. 2000). It is possible to speculate that each of

the components may have a different route of transcortical mediation.

In summary, it is generally accepted that current evidence suggests that the E1 is
generated at a spinal level. The 11 component is supraspinal in origin, but appears to be
different from the E2 component of the reflex. The E2 component is accepted as having
supraspinal origin, involving a transcortical pathway that requires the integrity of the dorsal

columns, motor cortex and corticospinal tract.

The anatomical substrates for the cutaneous reflex

The afferent fibres of the digital nerves stimulated by the electrical stimulus evoking
the cutaneous reflex response originate from low threshold mechanoreceptors in the glabrous
skin of the finger. There are four identified types of low threshold mechanoreceptor in the

human glabrous skin; fast adapting type | (FA 1), and Il (FAII) that end in Meissner corpuscles
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and Pacinian corpuscles respectively, and slow adapting type | (SAl) and Il (SAll) that end in
Merkel cells and Ruffini corpuscles respectively (Johnson, 2001). Studies of the human hand,
have revealed that the innervation density of the FA | / SAI type mechanoreceptors are
greatest in the fingertip with FAI (130 units/cm?) predominating over SAI (80 units/cm?).
Looking at the innervation density in the finger, FAl and SAl mechanoreceptors are equally
evident but the density is much lower compared to the tip of the finger. The FAIl and SAll type
mechanoreceptors are equally distributed throughout the finger and hand (Johansson &

Vallbo, 1983).

The mechanoreceptors are also characterised according to their actions, FAl and SAl
receptors have small discrete receptive fields. FAI responds to transient skin indentation, the
receptor discharge is rapidly adapting whilst the SAl responds to sustained skin indentation,
the receptor discharge is slowly adapting (Johansson & Vallbo, 1983). FAI mechanoreceptors
are four times more sensitive and respond to stimuli over the whole of its receptive field unlike
SAl type mechanoreceptors. It is considered that FAI mechanoreceptors play a role in the
mediation of a neural image of skin motion whilst SAl type mechanoreceptors are involved in
the mediation of a spatial neural image of the stimuli at a given moment in time (Johnson,
2001; Johnson et al. 2000). The FAIl and SAIl have characteristic receptive fields that are ill
defined and large. FAIl mechanoreceptor discharge is rapidly adapting they exhibit extreme
sensitivity responding to high frequency transients stimuli. It is thought that these receptors
are important in the transmission of vibration of the hand when in contact with an object.
Finally SAIl mechanoreceptors are slowly adapting responding to sustained skin indentation.
They are about 6 times less sensitive to the indentation of the skin but they are 2-4 times more
sensitive to the amount of skin stretch than SAlI mechanoreceptors. It is therefore believed that
these receptors convey neural information about the amount of skin stretch in the hand

(Johnson, 2001).
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Deuschl et al. 1995 showed that following stimulation using air puff stimuli applied to
the tip of the finger which were designed to stimulate the mechanoreceptors, elicited a
cutaneous reflex response which consisted of a short latency increase in the EMG followed by
a decrease and then by a second long latency increase. From these observations they
suggested that the short latency component had spinal origins whilst the long latency
component supraspinal origins. Deuschl et al. aiso showed that the relationship to the
cutaneous reflex evoked by electrical stimulation of the digital nerves and the air puff stimuli
were comparable except that the responses evoked by air puff stimulation were 2-3ms longer
in latency than the responses evoked by stimulation of the digits. In addition they showed that
a local anaesthetic block applied to the cutaneous nerve branches abolished the reflex
response. These findings provided supportive evidence that only cutaneous receptors and
their respective afferents were involved in generating the reflex response elicited by both the

electrical and air puff stimuli.

New evidence suggests that all four types of low threshold mechanoreceptor are
excited by the natural air puff stimuli (Mizobuchi et al. 2000) evoking the cutaneous reflex
response. Similar findings are found when comparing the SNAP evoked by natural tactile
stimuli with the SNAP evoked by electrical stimulation (Caruso et al. 1994). It is therefore likely
that the afferent fibres of the digital nerves of a finger originate from all four cutaneous low
threshold mechanoreceptors. However, it may not necessarily be the case that all four types
of mechanoreceptor have a modulating effect upon the EMG. Recent findings suggest that the
input from single FAI, FAIl & SAIl afferents have a modulatory effect upon the EMG, but SAl,
muscle spindles & joint afferents do not have the same modulating effect (McNulty et al. 1999;

McNulty & Macefield, 2001).
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The afferent fibres are most likely to be transmitted utilising the fast conducting Il or
AB class fibres given the conduction times involved in the generation of the reflex (Garnett,

1979; Jenner & Stephens, 1982).

The existence of a pathway from cutaneous afferents to the M1 has been
demonstrated in a number of experiments. Initial studies using primates showed that neurones
within M1 were responsive to natural cutaneous stimuli (Rosén & Asanuma, 1972; Lemon &

Porter, 1976).

In 1973 Evarts provided evidence of the existence of a direct fast conducting pathway
from cutaneous afferents to M1 in the monkey. Recording the activities of the PTNs during a
range of movement tasks, He found that sudden perturbations of a joint or stretch of a muscle
during a movement task produced a very rapid firing of the PTNs. From these observations
Evarts suggested that the timing of the PTNs could indicate the transmission of the afferent
information via a fast conducting transcortical reflex pathway (Evarts, 1973). Furthering these
observations Lemon, 1979 measured this fast pathway finding that the response of the PTNs
to the stimuli applied to the fingers and hand were particularly rapid occurring about 7-8ms

after the stimuli in the monkey (Lemon, 1979).

Brinkman et al. 1978 showed that if the dorsal columns were sectioned, the input to
M1 and PTNs response were lost. This led the authors to suggest that the dorsal columns

were the route by which afferent information was conveyed to the cortex.

Later recordings showed that cutaneous afferents projected to the caudal and
proproceptive afferents to the rostral regions of M1 with some intermingling at the border. The

zones of the afferent inputs in M1 were found to be small and restricted to a single digit; there
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are a few neurones in M1 that respond to both cutaneous and proprioceptive afferent

information (Lemon, 1981a; Picard & Smith, 1992).

Lemon has also shown that there is a relationship between cutaneous afferent
information and the response of the M1 neurones. He showed that during a finger movement
task (performed by a monkey) the M1 neurones were more active in tasks that involved small
precise finger movements compared to grasping or pulling. He found that there was an
increase in the neurone discharge just before hand contact, and also reported very high firing

frequencies during exploratory movement (Lemon, 1981b)

The efferent limb of the pathway evoking the reflex is most likely to be mediated by
fast conducting a motor neurones. Evidence for this comes from work by Jenner, in which it
was found that the central delay for the E1 component of the reflex recorded from 1DI
following index finger digital nerve stimulation was only 2.4 - 6.2ms, meaning that only a few
interneurones could be involved in the pathway if 1ms is allowed for each synapse and spinal
interneurone (Jenner, 1981). Evidence for a direct monosynaptic efferent corticomotoneuronal
(CM) pathway from M1 to the a motor neurones to the muscles has been shown in monkeys
(Kuypers, 1964). Using magnetic stimulation to stimulate the M1 it has been shown that the
highest proportion of CM cells project to the more distal muscles of the hand; the amount of
CM projection appears to correlate with the amount of dexterity of the fingers; sectioning of the

descending pyramidal tract abolishes the response generated in the muscle (Lemon, 1995).

It has been shown that electrical stimulation of the M1 evokes short latency muscle
activity (Rosén & Asanuma, 1972). The same also occurs if the supplementary motor cortex
(SMA) (Mitz & Wise, 1987), or premotor area (PMA) (Weinrich & Wise, 1982) is stimulated.

The early studies by Penfield using the preceding technique showed that the motor cortex was
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organised into body regions with specific regions being dedicated to the movement of that
body part. However the internal organisation within a given body region is not organised in a
somatotopic fashion instead there are multiple representations of neurones responsive to

individual muscles and they also overlap each other considerably (Donoghue & Sanes, 1994).

The M1 receives a dense corticocortical projection from S1. The S1 is the centre
where afferent information arrives within the cortex. Cutaneous inputs are relayed to area 3b
and proprioceptive inputs to area 3a. Further processing of the afferent information is carried
out within area 1 (cutaneous input) and area 2 (priopceptive input). Area6, 8 &
supplementary motor area (SMA), collectively known as the pre-motor cortex (PMA) located in
the frontal lobe also send sensory input to the M1. The PMA receives inputs from the
prefrontal association cortex (45 & 46) and parietal association cortex (5 - 7). The M1 also
receives afferent input from the ventrolateral regions of the thalamus. In addition the M1 is
influenced by wide spread aminergic systems that originate from the brainstem (Donoghue &

Sanes, 1994).

The existence of such neural substrates has led to the suggestion that the cutaneous
reflex is mediated via a fast conducting transcortical pathway in which afferent information
generated from mechanoreceptors & afferents is relayed via the dorsal columns to S1 where it
is relayed to M1 via a corticocortical projection, and then relayed back to the muscles via CM

neurones within the pyramidal tract.

In the present thesis recordings of the cortical somatosensory evoked potential (SEP)

following electrical stimulation of the digital nerves of the index finger were employed to

examine the afferent pathways. The following sections describe the recording technique.
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Cortical somatosensory evoked potentials

George Dawson (1950) recorded the first SEP elicited in response to the electrical
stimulation of the large diameter afferent fibres in a mixed peripheral nerve. Since this original
observation many further studies have confirmed the presence of and have investigated the

origins of the components of the SEP (Giblin, 1964; Allison et al. 1980; Lesser et al. 1981).

The cortical SEP is recorded from electrodes attached to the scalp overlying the
contralateral sensory cortex (S1). The electrodes are positioned according to the International
10-20 system (Jasper, 1958; Homan et al.1987). The 10-20 system is a standardised method
of measurement for the placement of electrodes on the scalp according to their anatomical
location; the electrodes are placed at distances 10 and 20 percent from each other. The S1
is located 70mm lateral to a mark 25mm behind the vertex (usually denoted C3', International
10-20 System). The vertex (denoted Cz, International 10-20 System) is found by measuring
50% from the nasion to the inion, and 50% from one pre-auricular point to the other so that

both measurements bisect to from a cross locating the vertex.

The recording electrode is linked to a reference electrode. The position of the
reference electrode can vary. ldeally the reference electrode should be situated at a site that
is " indifferent ' to the stimulus. It is often difficult to truly assess the effect of the potentials
evoked at the reference site because they can only be measured as a potential difference
relative to some other location on the body. In the present study two different reference
positions were used. The first was a cephalic reference located on the scalp at a distance
located at 30% of the distance between the nasion and the inion in the midline of the scalp

(denoted Fz by the International 10-20 System). This site is routinely used in the clinical
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environment, and has the advantage that it is often easy to record the early cortical
components of the SEP because there is little in the way of muscle and ECG artefacts, and is
recommended by the IFCN as the site to use when recording the cortical SEP (Nuwer et al.
1994). Conversely the reference has the disadvantage that it is influenced by frontally
generated cortical components. Desmedt & Tomberg, 1989 have shown that although the
cortical components labelled P20 and N30 of the SEP are influenced by frontally generated
early components from the reference site, it does not appear to greatly influence the N20 or
P25/27 components of the SEP. A second non-cephalic earlobe reference electrode
attached ipsilaterally to the site of stimulation was employed as the alternative reference
electrode in the present thesis. This site has the advantage that it is not influenced by the
components generated by the cortex, and placing the electrode ipsilaterally records larger
potential differences than a reference electrode placed contralateral to the site of stimulation
and so makes the cortical SEP easier to record (Tomberg et al. 1991). However this site is
prone to contamination from ECG and EMG related artefacts, often resulting in a reduction in
the clarity of the recording, which is an important factor when recording very small potentials.
In the present thesis only the N20/P25 components of the SEP were investigated, and
wherever possible a non-cephalic ipsilateral earlobe reference has been used in preference to

the cephalic Fz reference to record the SEP.

The electrical stimulus used to elicit the SEP is usually presented at a frequency of 2-
5Hz for 0.1ms. The intensity of stimulation will vary with each individual but as a rule 2.5 times
above the threshold of sensory perception is usually used. Stimulation of the nerve at these
intensities will activate the large myelinated group | and group Il afferent fibres, because they
are easily excited at these levels (Jones, 1993). One disadvantage with this type of stimulus is
that it does not allow a distinction to be made between the different receptors types and their

respective sensory modalities of touch and vibration, all of which are carried by large diameter
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myelinated afferent fibres with in the digital nerve. Stimulation of a mixed nerve such as the
median nerve presents with the additional problem that some of the afferent information will be
generated by muscle afferents, however Halonen et al. 1988 have shown that information
derived from muscle afferents make less than a 10 percent contribution to the cortical SEP
evoked in response to stimulation of the median nerve. This finding shows a good correlation
with cross-section sampling of the afferents of the median nerve showing that less than 6

percent of the fibres were occupied by muscle fascicles (Sunderland & Bedbrook, 1949).

Electrically stimulating a mixed nerve at the wrist evokes a response that consists of a
series of positive and negative waveforms, extending over 200ms in duration. The response
can be recorded from surface electrodes attached to the skin from any point along the
somatosensory pathway. In the clinical environment recordings are typically made from the
clavicle, cervical, and cortical regions. The waveforms evoked in the first 30ms are defined as
the short-latency components, whilst waveforms recorded from 30ms onwards are termed
middle or late SEP components. Each waveform is also labelled in terms of the polarity and

latency.

Electrical stimulation of the digital nerves of a finger evokes a similar series of
waveforms, but the SEP to digital nerve stimulation is smaller than the mixed nerve evoked
response and often requires more averages when compared to mixed nerve stimulation
(Desmedt & Cheron, 1980; Synek, 1986). The waveforms are longer in latency because the
peripheral conduction distance is longer. Typically the latency is increased by 3-5ms but often
each component is identified by the same label as the SEP components evoked by mixed
nerve stimulation to avoid confusion. Figure 2 shows a typical averaged cortical SEP evoked
by stimulating the digital nerves of the index finger. Approximately 20msec after the electrical

stimulus a number of near field potentials each with a distinct generator are recorded from the
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The anatomical organisation of the somatosensory cortex

Afferent information from the thalamus is relayed to S1which is divided into 4 distinct
cytoarchitectonic regions labelled area 3a 3 b, 1 & 2. Each of the four regions contains a
complete map of the body surface (Nelson et al. 1980). The majority of afferent fibres from the
body terminate in either 3a, which is concerned with afferent information arising from deep
tissue/stretch receptors or 3b, which is concerned with afferent information from slow and
rapidly adapting mechanoreceptors arising from the skin. Neurones in area 3a & b send a
small direct corticocortical projection to areas 2 which receives inputs from a mixture of
modalities, rapidly and slowly adapting cutaneous receptors and proprioceptors and area 1
which receives a high proportion of inputs derived from rapidly adapting cutaneous
mechanoreceptors respectively (Jones & Friedman, 1982). The afferent inputs appear to be
organised in a column fashion and characterised by the receptive field and sensory modality.
The cortex in this region is divided into 6 layers. Layers |, Il & lIl send 'projections’ to areas 1,2
& SMA. Layer IV receives input from the thalamus, layer V sends a 'projection’ to the basal
ganglia, brain stem & spinal cord, and the last layer VI sends a 'projection’ to the thalamus
(Sur et al. 1984). As with the motor cortex there is no internal somatotopy of the neurones and

there are multiple sensory representations (lwamura et al. 1985; Biermann et al. 1998).

Central nervous system origins of the SEP

The N20/P25 SEP components recorded from electrodes attached to the scalp over
the contralateral sensory cortex are thought to reflect cortically generated activities within the

S1. Current evidence suggests that the N20 component represents afferent activity arriving at
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Brodmann's 3b area. The P25/7component is believed to reflect further processing of the

afferent activities at Brodmann's area 1.

Goff et al. in 1962 provided the first detailed description of the N20 SEP component,
in which he described as a widely distributed negative potential over the parietal regions of the
head. Later, Broughton (1967) hypothesised that this component represented the primary
response of the cortex. Evidence to support this hypothesis has arisen from direct recordings
from the cortex in the monkey & human. Intracranial recordings in man have shown that there
is a positive potential with a latency of about 20ms that is distributed over the pre-central gyrus
of the cerebral cortex and a negative potential of similar latency over the post-central gyrus,
compatible with a neural generator in area 3b of S1. A few milliseconds later a positive
component peaking at 25ms is seen from the cortex to the central sulcus, compatible with a
neural generator in area 1 of S1. Comparative findings are seen in monkey studies (Allison et

al. 1980; Wood et al. 1988; Allison et al. 1991a).

There is also evidence of the generators of the N20 and P25 SEP components from
studies on patients with lesions. Studies of the SEP following removal of the somatosensory
cortex have shown that the N20 and subsequent components are abolished (Slimp et al.1986;

Aliison et al. 1991b).

Magnetoencephalography (MEG) is another method for examining the generators of
the cortical components of the SEP. It has very good spatial and temporal resolution, because
itis particularly good for detecting tangential currents to the skull; unlike the SEP in which the
resolution is severely affected by volume conducted currents. Stimulation of the median nerve
or digital nerves whilst recording from S1 using MEG produces a series of magnetic fields, the

first negative field occurs at 20ms (N20 or 1M), followed by a positive field at 30ms (P30 or
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2M). Subsequent waves occur at 40 (N40 or 3M), 60 (P60 or 4M) & 90ms (N90) (Kakigi et al.
2000; Xiang et al. 1997). Using this technique authors have shown that the N20 field
corresponds to the N20 SEP component, both indicating a neural generator in area 3b of S1.
The P25 component of the SEP is thought to equate to the P30 MEG field, both indicating a

neural generator in area 1 of S1 (Huttunen et al. 1987; Jousmaki & Hari, 1999).

This section has aimed to review the background to the electrophysiological
responses recorded in the present thesis. The following sections in part A of this thesis report
the findings a series of experiments designed to examine reflex integration of the cutaneous

reflex during different movement tasks.
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PART A: Sensori-motor integration during different finger
movements in man
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Section 1: Active and passive finger movement is associated with
attenuated cutaneomuscular reflexes recorded from the first dorsal
interosseous muscle in man
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Summary

1.

Cutaneomuscular reflexes, SEP’s and the SNAP have been recorded during
different types of finger movement tasks in man. With ethical approval and
informed consent surface EMG recordings were obtained from the first dorsal
interosseous muscle of the preferred hand, SEP’s were recorded from the
contralateral sensory cortex and the SNAP was recorded from the median nerve
of healthy adult subjects whilst electrically stimulating the digital nerves of the

index finger.

Three experiments were performed. In the first experiment, 15 subjects carried
out the following tasks (a) a sustained abduction of the index finger against
resistance at 10-20% MVC, and (b) abduction of the index finger as in (&) whilst
performing self paced low amplitude tapping of the (i) index finger, (i) thumb, iii)
middle finger, (iv) little finger. In the second experiment 4 subjects performed an
abduction of index finger (a) as per the previous experiment and (b) abduction of
the index finger as in (a) whilst tapping the ipsilateral foot. In the third experiment,
5 subjects performed an abduction of the index finger as in (a) whilst the middle
finger was (i) actively tapped up and down by the subject in the same manner as
the first experiment, (ii) passively moved up and down by the experimenter in a
manner mimicking active finger tapping. The movements were low amplitude and
self paced by the experimenter. Each task was presented at random and

performed on two occasions in all experiments.

The E2 CMR and N20/P25 SEP components were significantly reduced during

active finger tapping (P < 0.05 on each case).
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. There was a significant (qualitative) relationship between the decrease in the size
of the E2 component of the CMR and the N20/P25 components of the SEP during

active finger tapping (Chi-square, P < 0.05).

. The reduction in the size of the E2 CMR and N20/P25 SEP component was

independent of which finger was actively tapping (P > 0.05).

. There were no significant changes in the size of the E1 and |1 components of the
CMR during active finger tapping (P > 0.05), and the size of the SNAP was

independent of task (P > 0.05 in each case).

. The size of the E1, I1, E2 components of the CMR, and the N20/P25 components

of the SEP were unaltered during foot tapping (P > 0.05).

Passive middle finger movement produced a 50.5% decrease in the size of the
E2 CMR component and a 33% decrease in the size of the N20/P25 and 55%
decrease in the size of the N20 SEP components. The size of the E2 CMR and
N20/P25 and N20 SEP components were significantly reduced during passive

middle finger tapping (P < 0.05).

. Similar changes were found during concomitant active middle finger tapping,
producing a 49% decrease in the size of the E2 CMR component and a 32%
decrease in the size of the N20/P25 and 58% decrease in the size of the N20
components of the SEP. There was a significant reduction in the size of each of

the E2 CMR and N20/P25 SEP components (P < 0.05).
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10. No significant differences were found between active and passive middle finger

tapping (P >0.05 in each case).

11. Passive middle finger tapping did not produce significant changes in the size of
the E1, 11 CMR or P25 SEP components and the size of the SNAP and

background EMG were unaltered (P >0.05).

12. Firstly, it is concluded that the decrease in size of the E2 CMR component
associated with passive and active finger tapping results from gating of the digital
nerve input and secondly it is concluded that sensory feedback from the periphery

contributes to the process by which the digital nerve input is ‘gated'.
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Introduction

The reflex effects of cutaneous stimulation on a given muscle are known to depend
upon the task being carried out when the reflex is elicited. In the first dorsal interosseous
muscle for example, the transcortical E2 component of the CMR evoked by stimulating the
digital nerves of the index finger is greater when the subject performs a isolated finger
abduction than when the muscle is active during the combined movement of all of the fingers,

as in a power grip (Evans et al. 1989).

It is well established that cutaneous afferent input to the S1 is attenuated or ‘gated’
during both active and passive movement (Giblin, 1964; Rushton et al. 1981; Cheron et al.
2000). In man SEP recordings obtained directly from exposed cortex and the scalp have been
used to provide evidence that the largest amount of ‘gating’ occurs at a cortical level (Cheron
& Borenstein, 1987; Hsieh et al. 1995), whilst the least amount of ‘gating’ occurs at brainstem

level (Hsieh et al. 1995).

Current evidence suggests there are a number of mechanisms by which ‘gating’ of
afferent information occurs during a voluntary movement. Firstly corollary discharges to other
motor regions generated in response to the voluntary movement have been shown to ‘gate’
the afferent information (Paus et al. 1996). More recently sensory feedback from the periphery
(Cheyne et al. 1997) has also been shown to ‘gate’ the afferent information during a voluntary
movement. It has been suggested that during passive finger movement that there are no
corollary discharges, leaving only the afferent information from the sensory feedback

generated from the periphery (Cheyne et al. 1997).
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With this background in mind, the first and second experiments in the present study
were designed fo investigate the effect of performing concurrent small phasic active
movements of a finger upon the size of the CMR recorded from the 1DI evoked by electrical
stimulation of the digital nerves of the index finger during a sustained voluntary contraction of
1D at 10-20% of MVC, whilst simultaneously recording the SEP from the contralateral
sensory cortex. It is hypothesised that when finger tapping is performed whilst simultaneously
abducting the index finger that the afferent information produced by the electrical stimulation
of the digital nerves of the index finger will be ‘gated’ by the cortex and/or brainstem in favour
of the afferent information generated by finger tapping. This ‘gating’ effect upon the afferent
information produced by electrical stimulation of the index finger digital nerves would in turn
result in a change in sensori-motor interaction, reflected by a decrease in the size of the CMR

and SEP.

The third experiment was designed to examine the effect of active and passive middle
finger movement upon the CMR recorded from 1Dl during a sustained voluntary contraction of
1DI at 10-20% MVC, whilst concurrently recording the SEP from the contralateral S1 following
digital nerve stimulation of the index finger. It is surmised that if afferent information
generated from mechanoreceptor and proprioceptor activation in the periphery elicited during
passive middle finger movement is involved in the ‘gating’ process then this information will be
considered more relevant by the CNS than the afferent information generated by electrically
stimulating the index finger. As a result the CNS will attend to the afferent information
generated from the passive middle finger movement ‘gating’ out the index finger afferent
information elicited by the electrical stimulus, reflected as in a decrease in the size of the CMR
and SEP. ltis also hypothesised that the magnitude of the ‘gating’ effect will be similar for

active and passive middle finger tapping.
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Methods

Subjects

Cutaneomuscular reflexes, digital nerve somatosensory evoked potentials, and
sensory nerve action potentials were recorded from the preferred hand of 15 healthy subjects,
aged 17-49 years (6 female) in experiment 1, from 4 subjects, aged 21-49 years (2 female) in
experiment 2 and from 5 subjects, aged 24-37 (3 female) in experiment 3. All subjects gave
informed consent. The experimental protocols were approved by the local ethics committee,

and were in accordance with the guidelines set out in the Declaration of Helsinki, 1964.

Cutaneomuscular reflexes

Reflexes were recorded from the first dorsal interosseous muscle. The surface EMG
was recorded using self-adhesive electrodes that were placed on the skin over the belly of the
muscle, inter-electrode distance 2.5cm. The subject was asked to abduct the index finger
against resistance at 10-20% maximal voluntary contraction (MVC) using an LED root mean
square voltmeter as a visual aid. The EMG was amplified, filtered (20Hz-5KHz) and stored on

magnetic tape for future analysis.

Digital nerve somatosensory evoked potentials

Recordings were made from the sensory cortex contralateral to the side of
stimulation. The scalp was prepared using skinpure abrasive paste. Stick-on silver/silver
chloride disk electrodes were placed onto the scalp using an adhesive conductive EEG paste.
The active electrode was positioned 2.5¢cm behind Cz (International 10-20 System) and 7cm
laterally. A reference electrode was placed onto the earlobe ipsilateral to the side of
stimulation (Tomberg et al. 1991). The ongoing EEG was amplified, filtered (20Hz-2KHz) and

stored on magnetic tape for further analysis.
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Sensory nerve action potentials
Sensory nerve action potentials were recorded using surface electrodes placed onto
the skin overlying the median nerve at the wrist. The SNAP was amplified (20Hz-2KHz), and

stored on magnetic tape for analysis.

Digital nerve stimulation

The digital nerves of the index finger were electrically stimulated using ring
electrodes, which were placed either side of the proximal interphalangeal joint. The stimulus
was delivered using a constant current stimulator (Sapphire 4ME) at a level 2.5 times above
that required for perception (pulse duration 100ys, frequency 5Hz). The perception threshold

was determined while the subject’s hand was relaxed.

Experiment 1

Cutaneomuscular reflexes, digital nerve somatosensory evoked potentials, and
sensory nerve action potentials were recorded, following digital nerve stimulation of the index
finger. Subjects performed the following finger movement tasks: (a) a sustained voluntary
abduction of the index finger at 10-20% MVC using a LED voltmeter as visual feedback, and
(b) abduction of the index finger as in (a) whilst simultaneously performing concurrent small
self paced tapping of the i) index finger, ii) thumb, iii) middle finger and iv) little finger. For each
experimental run, subjects were asked to maintain the LED voltmeter monitoring 1DI EMG it
to the 10-20% MVC level. Once achieved, subjects were instructed to make small concurrent
tapping movements of the finger throughout the period of digital nerve stimulation. The
experimenter carefully monitored the subject and LED voltmeter EMG levels to ensure that the
subject continued to abduct whilst performing the movement task. All subjects performed the

finger movement tasks twice, and in a random order. Subjects rested for a few minutes
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between each task. Data were excluded if the subject was unable to perform the task, or
produced a large amount of wrist movement making it impossible to record the afferent volley

at the wrist.

Experiment 2

Cutaneomuscular reflexes, digital nerve somatosensory evoked potentials, and
sensory nerve action potentials were recorded, following digital nerve stimulation of the index
finger. In the second experiment four subjects from experiment 1 performed (a) index finger
abduction as described in experiment 1(a) and (b) index finger abduction as per (a) whilst
simultaneously performing self-paced tapping of the ipsilateral foot. Each subject performed
(a) index finger abduction and (b) ipsilateral foot tapping twice, and in a random order. As with
experiment 1 data were excluded if the subject was unable to perform the task, or produced a

large amount of wrist movement.

Experiment 3

In experiment 3, Cutaneomuscular reflexes, digital nerve somatosensory evoked
potentials, and sensory nerve action potentials were recorded, following digital nerve
stimulation of the index finger. In this experiment, 5 subjects performed (a) a sustained
abduction of the index finger at 10-20% MVC as described in experiment 1, (b) index finger
abduction as (a) whilst concurrently performing self paced low amplitude active tapping of the
middle finger (as per experiment 1b(jii)) and (c) index finger abduction as per (a) whilst the
experimenter concomitantly passively moved the middle finger up and down in a manner
mimicking active finger tapping. In the case of passive middle finger movement experimental
run, subjects maintained the 1Dl EMG level lit to 10-20% MVC. As soon as this was achieved
the experimenter moved the middle finger up and down in a manner mimicking active finger

tapping using a lever, which was attached to the middle finger by a cord that could be pulled to

53



raise the finger and released to lower the finger. The tapping was self-paced by the
experimenter & low amplitude. The subjects were instructed not to resist the finger movement
or to stiffen the finger, and they could not see their hand. The background EMG was
monitored to ensure that there was no change in the EMG during passive movement. The

tasks were performed twice and at random. Data were excluded as per experiment 1.

Analysis

Cutaneomuscular reflexes

The amplified & filtered EMG signal was rectified and then averaged time-locked to
the stimulus for 250 sweeps using the SigAvg program. The size of each of the reflex
components E1, 11, and E2 was expressed in terms of percentage modulation of background
EMG (Nadler et al. 2000). A component was considered present if it rose above or fell below
the 95% confidence level of the mean EMG for at least 8ms (Wohlert, 1996). The enclosed
area (uVms) of each component rising above or falling below the mean EMG level E1 (a), I1
(c) & E2 (e) is expressed as a percentage of the mean background EMG to zero area (pVms)
of the enclosed component, E1 (b), 11 (d) and E2 (f). Hence the E1 % EMG modulation is (a/b)
*100, the 11 % EMG modulation is (c/(c + d)) * 100 and the E2 % EMG modulation is (e/f) *
100. The mean level of ongoing background EMG is found from a 20ms pre-stimulus period of
EMG. This is illustrated in Fig.3. Because each finger movement task was performed twice
in the same recording session, the mean percentage modulation was calculated for each
component from the two recordings by taking the percentage modulation measured for each

of the 250 sweeps. This was performed for each finger movement task in all subjects.
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Statistical analysis

The normality of the data distribution was established by visually assessing the
frequency plots of the data and by performing the Kolmogorov-Smirov goodness of fit test
(KS). The effect of finger tapping on the size of the CMR, SEP, and SNAP was examined by
performing repeated measures analysis of variance (rmANOVA). The Chi-square test for
association with Yates continuity correction was also employed. Any significant association
was further verified by employing Fishers exact method. The level of statistical significance

was set at P < 0.05.
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Results

Experiment 1 & 2: Effect of finger and foot tapping

Fig. 5 shows the effect of simultaneously making a finger movement on the averaged
rectified EMG recorded from 1DI during a sustained voluntary abduction of the index finger for
one subject. During simple index finger abduction (Fig. 5A) without simultaneous finger
tapping, the stimulus clearly elicits three components; a short latency increase in EMG, E1
followed by a decrease, 11 followed by a second increase, E2 producing percent EMG
modulations of 15.5, 19.2 & 19.5 respectively. In contrast, when this subject performs self-
paced tapping of the index finger whilst simultaneously abducting the index finger, there is a
clear reduction in the size of the E2 modulation, decreasing from 19.5to 6.1. The E1 and 11
modulations are unaltered producing percent EMG modulations of 17.6 & 16.9 respectively.
This is shown in Fig. 5B. There are similar effects when the individual performs self-paced
tapping of the thumb, middle, and little finger (Fig. 5 C-E). The size of the E2 component
produced by index finger abduction is clearly reduced in all tasks. The percent EMG E2
modulations produced are 6.0, 0.0 & 12.2 respectively. The E1 and 11 modulations are
unchanged producing percent EMG modulations of 16.9, 21.3 & 15.4 respectively for the E1
component and 19.7, 16.9 & 14.6 respectively for the |1 component. The size of the sensory
volley recorded from the median nerve during the finger movements ranged from 3.0 - 3.4pV
peak to peak. The background EMG level during each of the finger tapping movements

ranged from 79 - 88uV.

Taking all the data together, the mean size of the E2 component decreased when
finger tapping was performed whilst simultaneously abducting the index finger in 81% of all

recordings (Fig. 6). Repeated measures analysis of variance (rmANOVA) revealed a
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Figure 5. Effect of finger movement on the components of the CMR recorded from 1Dl following electrical
stimulation of the digital nerves of the index finger

A, Cutaneous reflex response recorded from 1Dl following stimulation of the digital nerves of the index finger
during a sustained voluntary abduction of the index finger, maintained at 10-20% of the MVC (Abd). A clear
cutaneous reflex was observed consisting of an initial rise E1, followed by a decrease 11, followed by a second
increase E2. B-E, Reflex recorded from 1Dl following stimulation of the digital nerves of the Index finger during a
sustained voluntary abduction of the index finger maintained at 10-20% of the MVC as in A with concomitant
tapping of B, the index finger (Abd + 1), C, the thumb (Abd +T) D, the middle finger (Abd+M), and E, the little
finger (Abd +L). In each case the reflex component E2 is clearly reduced or abolished in the case of middle finger
tapping whilst E1 and 11 remain unaltered. A-E, show the rectified and averaged EMG time locked to each
stimulus, delivered at 5s-1. 250 sweeps. All recorded in the same session.
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On first inspection of the chart illustrated in Fig. 6 it appears that there is a graded
effect in the decrease in the size of the mean percent E2 EMG modulation. The maximal
decrease in the size of the E2 component appears to occur when performing index finger or
thumb tapping, whilst little finger tapping appears to have the least effect. However rmANOVA
did not reveal a significant difference between which finger was performing the tapping and

the resultant decrease in the size of the mean percent E2 EMG modulation (P > 0.05).

Fig. 7 shows the simultaneously recorded SEP obtained from S1 following stimulation
of the digital nerves of the index finger in one subject. When the subject performs a simple
abduction of the index finger (Fig.7A), approximately 20ms following stimulation there is an
initial negative rising component, N20, followed by a positive down going component, P25.
The peak-to-peak amplitude of the N20/P25 components measured 2.7uV. However when the
subject performs tapping of a finger whilst simultaneously abducting the index finger there is a
clear reduction in the size of the N20/P25 components (Fig. 7 B-E). The measured peak-to-
peak amplitudes being 1.3uV during index tapping, 1.9uV during thumb tapping, 1.8V during

middle and 1.3uV during little finger tapping.

Combining all data together, the mean size of the amplitude of the N20/P25 and N20
SEP components are significantly reduced by finger tapping when compared to simple
abduction of the index finger (rmANOVA, P < 0.05 in all finger movements). This is illustrated
in Fig.8B. The size of the P25 SEP component was unaltered during finger tapping (P > 0.05).
As with the CMR, pairwise comparisons failed to show that the decrease in the size of the

N20/P25 components was dependent upon which finger was tapping (P > 0.05).
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Figure 7. Effect of finger movement on the N20/P25 components of the SEP recorded from the
contralateral sensory cortex following electrical stimulation of the digital nerves of the index finger

A, N20/P25 response recorded from the contralateral sensory cortex following stimulation of the digital nerves of
the index finger during a sustained voluntary abduction of the index finger, maintained at 10-20% of the MVC
(Abd). An initial negative rise N20, followed by a positive decrease, P25 is seen. Labelled on the trace. B-E,
N20/P25 response recorded from the contralateral sensory cortex following stimulation of the digital nerves of the
index finger during a sustained voluntary abduction of the index finger maintained at 10-20% of the MVC as in A
with concomitant tapping of B, the index finger (Abd + 1), C, the thumb (Abd +T) D, the middle finger (Abd+M),
and E, the little finger (Abd +L). In each case the response is clearly reduced. A-E, show the averaged EEG
time locked to each stimulus, delivered at 5s-'. 500 sweeps (a 250 sweep average was obtained on 2 occasions
in the same recording session and combined to give a 500 sweep average).
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The size of the afferent volley recorded from the median nerve at the wrist and the
background EMG levels are shown in Fig.8C for all subjects. It was found that finger tapping
did not significantly alter the afferent volley to the spinal cord (P > 0.05) or background EMG

(P> 0.05).

The Chi-square test for association performed upon the combined data showed a
significant qualitative relationship between the decrease in the size of the E2 component of
the CMR and the decrease in the size N20/P25 components of the SEP (P < 0.05). Given the
small study sample the significance was verified by employing the Fisher's exact method (P <

0.05).
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When the subject abducts the index alone following stimulation of the index finger
digital nerves, a reflex response consisting an initial rise in EMG, E1, followed by a decrease,
11, followed by a second increase, E2 is elicited producing % EMG modulations of 11, 22 & 42
respectively. It is clearly evident that ipsilateral foot tapping does not have any effect upon the
components of the reflex response, producing % EMG modulations of 11, 24 & 44

respectively.

There is no change in the size of the N20/P25 SEP components simultaneously
recorded from the contralateral sensory cortex. The measured peak-to-peak amplitude was
2.1uV during abduction alone and 2.1pV during ipsilateral foot tapping. The ongoing EMG
ranged from 34 - 35uV and the size of the SNAP recorded from the median nerve overlying

the wrist was measured 4.4uV on each occasion.

Taking the data as a whole, the mean size of the E1, |1 & E2 components of the CMR
and the N20/P25 components of the SEP were unaltered when concurrently tapping the
ipsilateral foot in 100% of all recordings (n=4). The size of the components of the CMR
recorded from 1Dl and the sensory cortex during index finger abduction whilst concurrently
tapping the foot showed no significant change when compared to the size of the components
of the CMR and SEP recorded when simply abducting the index finger rmANOVA, P> 0.05 in
all cases). This was similarly the case for the SNAP and Background EMG levels (P> 0.05 in

both cases). lllustrated in Fig.10.
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Experiment 3: Effect of active & passive middle finger movement

The effect of active and passive middle finger movement on the averaged rectified
EMG recorded from the 1Dl muscle during a sustained voluntary abduction of the index finger
in a single individual is shown in Fig. 11. During simple index finger abduction (Fig. 11A),
stimulation of the digital nerves of the index finger elicits a triphasic response, consisting of the
short latency increase in EMG, E1 followed by a decrease in EMG, 11 followed by a second
increase in EMG, E2. The % EMG modulations produced were 8.9, 5.8 & 16.7 respectively. In
contrast when passive middle finger tapping is performed whilst simultaneously abducting the
index finger, there is a clear reduction in the size of the E2 component (Fig. 11B) of the reflex
from 16.7 to 9.8. The E1 and 11 components did not appear to be greatly affected by passive
finger middle finger movement producing % EMG modulations of 10.2 & 2.2 respectively. A
similar component reduction is seen in the size of the E2 component when active middle
finger tapping is performed from 16.7 to 10.2. The E1 and |1 components were unaffected by
active finger tapping producing % EMG modulations of 10.2 & 3.2 respectively. The sensory
nerve volley recorded from the median nerve at the wrist was 13.4 - 16.1uV respectively. The

background EMG ranged from 49 - 62uV.

Figure 12A shows the simultaneously recorded SEP from the contralateral sensory
cortex during simple abduction of the index finger evoked an up going negative potential, N20
followed by a positive down going potential, P25. The measured peak-to-peak amplitude of
the N20/P25 SEP component produced was 3.0pV. When passive and active finger middle
finger tapping is performed the size of the N20/P25 SEP component is reduced in both cases

from 3.0 to 1.3 (Fig.12B) and 1.6pV (Fig.12C) respectively.

70



# 33- 7
"
6
*
31=/1G
* % *
+
- *
31=/1G #F
6
+ %3
(
% #B
*
14- + (

<4

#F ( $

% #B

* %( '

%

* %/

341 3

311

41

311

41 =

341 =

311

41

03

#u

()

()]




$%

1 L}
/1
# 3%- 7 H 1 =K A
($%DIS$. 7!
/4
6
° 4
/1A /4 A
+
31=/1G
#F ( $ ) *
/1* + ' *
14( -= * 1A /4 %
%
B
"
31=/1G #F A+ v !
<
* * + $
3
@ ' * ( 6
( 1
+ %% B = 3
N N s
4 + (/4 + (
<

<4



Combining the data from all subjects together, there is a significant reduction in the
mean size of the E2 component when passive and active middle finger movement is
performed whilst simultaneously abducting the index finger compared to the mean size of the
E2 component when abducting the index finger alone (rmANOVA, P < 0.05 in each case). The
mean size of the E1 and 11 components of the reflex were not significantly altered during
passive or active middle finger movement when compared to simple index finger abduction

(rmANOVA, P> 0.05). This is illustrated in Fig.13.

Passive middle finger tapping produced a 51% decrease in the size of the E2 CMR
component. A similar 58% decrease was produced during active middle finger tapping.
Pairwise comparisons performed in the rmANOVA revealed no significant different between

active and passive middle finger movement (P > 0.05).

Examining the data from all subjects (Fig.13) shows a 33% decrease in the size of the
N20/P25 SEP components and a 55% decrease in the size of the peak amplitude of the N20
SEP component during passive middle finger tapping. In the same manner, active middie
finger tapping produced a 32% decrease in the size of the N20/P25 SEP components and a
58% decrease in the size of the peak amplitude of the N20 SEP component. Significant
differences were found in the N20/P25 and N20 SEP component when active and passive
middle finger tapping were compared to simple index finger abduction (P < 0.05 in each case).
The P25 SEP component was unaltered during passive and active middle finger tapping
(P>0.05). As with the E2 component of the CMR pairwise comparisons did not reveal any

significant differences between active and passive middle finger movement (P > 0.05).
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Figure 13. Mean data (+/- 1 S.E.M) obtained from all subjects
showing the effect of passive & active middle finger tapping
upon the CMR, SEP, SNAP & EMG

Mean size of each component is given in a table below the chart.
S.E.M is shown on each bart of the chart. A, CMR recorded from
1D, following stimulation of the digital nerves of the index finger
during a sustained abduction of the index finger(Abduct) compared
to the CMR obtained during passive middle finger tapping by the
experimenter(Passive) & the CMR obtained during active middle
finger tapping by the subject (Active). Grey filled bars: mean size of
the E1 component. White filled bars: mean size of the I1 component.
Red filled bars: mean size of the E2 component. Significant
differences were found on comparing the mean E2 component
obtained during abduction and both middle finger movement
(rmANOVA, P <0.05,denoted * on the chart). E1 & 11 CMR
components were not significantly altered (rmANOVA, P >0.05).

B, SEP recorded from the contralateral sensory cortex following
stimulation of the digital nerves of the index finger during a
sustained voluntary abduction of the index finger contrasting the
SEP obtained during passive & active middle finger tapping.

Yellow filled bars: mean size of the N20/P25 SEP component. Grey
filled bars: mean size of the N20 SEP component. Blue filled bars: mean
size of the P25 SEP component. Significant differences were
found in the size of the N20/P25 & N20 SEP components

obtained during abduction and both middle finger movement
(rmANOVA, P <0.05 denoted * on chart). The size of the P25

SEP component was unaltered (rmANOVA, P >0.05).

C, SNAP recored from the median nerve at the wriist &

background EMG recorded from 1DI during abduction

compared to passive & active middle finger movement. Filled blue
bars: SNAP. White bars: background EMG. No significant difference

was found on comparing the means obtained during abduction and
both middle finger movement (rmANOVA, P >0.05).
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The Chi-square test for association performed on the combined data showed that there was a
qualitative relationship between the decrease in the size of the E2 CMR component and both
the N20/P25 and N20 SEP components during active (P < 0.05) and passive middle finger

tapping (P < 0.05).
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Discussion

Experiments 1 & 2 in the present study have demonstrated that the E2 component of
the CMR recorded from the 1DI muscle is reduced when active finger tapping is performed.
The reduction in the size of the E2 component was found to be unrelated to which finger is
tapping. This effect on the E2 component of the CMR is not seen when ipsilateral foot tapping
is performed in place of finger tapping. The E1 and |1 components were found to be
unchanged during either finger or foot tapping. It has also been shown that the reduction in the
size of the E2 component seen during finger tapping is associated with a reduction in the size
of the N20/P25 components of the SEP, reflecting the activities within areas 3b and 1

generated within the S1 in response to the afferent input (Desmedt & Tomberg, 1989).

The final experiment in the present study has demonstrated that the E2 component of
the CMR recorded from 1DI and the N20/P25 & N20 SEP components are reduced during
both passive and active middle finger tapping movements. The E1 and [1 CMR components
and P25 SEP component are unaltered by passive and active middle finger tapping. There

was found to be no difference between passive and active middle finger movement.

Sensory volley to the CNS

The size of the SNAP recorded from the median nerve at the wrist was not
significantly altered during the active or passive finger tapping. This indicates that the act of
moving the finger has no effect on the afferent volley evoked by electrical stimulation of the
index finger digital nerves. Therefore the reported decrease in the size of the E2 CMR and

N20/P25 SEP components cannot be due to a change in the afferent input to the spinal cord.
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E1 reflex component of the CMR

The E1 component was unaltered during active and passive finger tapping,
suggesting that the decrease seen in the present study must have occurred at a level above
the spinal cord, as evidence suggests that E1 (Jenner & Stephens, 1982) is spinal whilst 11

and E2 components of the reflex are transcortical in origin (Mayston et al. 1997).

Explanations for the reduction in the size of the E2 component of the CMR and N20/P25
components of the SEP observed during finger movement

The present findings have shown that during active and passive finger tapping there is
a significant decrease in the size of the E2 component of the CMR, associated with a
significant decrease in the size of the N20/P25 SEP components at the S1. These findings
are concordant with the notion that the decrease in the size of the E2 component of the CMR
is due to ‘gating’ of the afferent input during finger tapping as suggested in the hypothesis.
Indeed 73% of the subjects in the present study reported a decreased awareness of the
stimulus during tapping compared with abduction alone. There are a number of reports
showing ‘gating’ of afferent information at different sites as it is propagated along the
somatosensory pathway during active and passive movement. In animals ‘gating’ has been
shown within the DCN (Ghez & Pisa, 1972), thalamus within VPN (Tsumoto et al. 1975), and
S1 (Chaplin & Woolward, 1981). However in man, ‘gating’ of the afferent information is
believed to occur within S1 with little contribution from the sub-cortical regions of the brain
(Rushton et al. 1981; Hsieh et al. 1995). This suggests that the reduction in the size of the

N20/P25 SEP components most likely reflects ‘gating’ of the afferent information within S1.
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However Palmeri et al. (1999) have recently demonstrated that the motor cortex (M1)
is also able to exert effects on the afferent activity at the level of the DCN & VPN during limb
movement in cats. Using semi-chronic implanted microelectrodes, microstimulation was used
to identify areas within the M1 with the ability to produce movement of a single limb joint. A
number of cutaneous fields on the limb were stimulated and the neurones responsive to the
stimulus identified in the DCN and VPN. Following this, the identified areas of the M1 were
stimulated whilst simultaneously recording the effect on the DCN & VPN. Firstly, it was found
that the areas concerned with producing limb joint movement in the M1 were able to modulate
the afferent information to the M1 at the level of the DCN & VPN. Secondly, there was a
higher incidence of excitatory effects when the stimulated cutaneous field was located nearest
to the joint controlled by the area identified in the M1. As the stimulus became more distant to
the joint the percentage of excitatory responses decreased, becoming more frequently
inhibitory. Therefore it is possible that the reduction in the size of the afferent volley arriving at
S1 seen in the present study may reflect ‘gating’ of the afferent information within the

DCN/VPN imposed by M1 during movement as opposed to S1.

The present study also found that the size of the CMR and SEP were decreased
during index finger tapping. This finding suggests that the CNS differentiated between the
afferent information generated during index finger tapping and the afferent information
generated by concomitant stimulation of the index finger digital nerves. It also suggests that
during index finger tapping the CNS selectively chose to ‘attend’ to the afferent information
generated by the index finger tap rather than the afferent information generated by the
concomitant electrical stimulus, reflected as the observed decrease in the size of the CMR
and SEP. These suggestions are supported by a recent study that has found that during

lower limb cycling movement there is selective attention to the afferent information during
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different stages of the step-cycle reflected by changes in the SEP evoked from the sural
nerve. In this manner there appears to be a task relevant modulation of the afferent

information (Altenmiiller et al. 1995).

The 11 component of the CMR

Given the transcortical origin of the 11 and E2 components of the CMR (Mayston et al.
1997), it is surprising that finger tapping did not alter the size of the [1 component of the reflex
in the present study. Increasingly it has become apparent that the |1 has different
characteristics to the E2 component of the CMR. Harrison et al. (2000) have demonstrated
that the 11 component shows little habituation in comparison to the E2 component, which
habituates much more readily. One possible explanation for these findings may relate to
differences in the route of mediation of each component. It is possible to suggest that the 1
and E2 components might be mediated via a different transcortical pathway. There is
evidence to suggest that there is a direct pathway from the thalamus to the motor cortex
(Slimp et al. 1986; Sonoo et al. 1991). It is possible to speculate that the |1 component may be
mediated via this route whilst the longer latency of the E2 component may result from a relay

including thalamus, sensory cortex, and motor cortex.

Specificity of the effect

To further quantify the specificity of this effect complimentary studies were performed
in the second experiment in which four subjects performed ipsilateral foot tapping whilst
abducting the index finger. In this case there was no reduction in the size of the E2 component
of the CMR or N20/P25 SEP component during tapping. This finding provides evidence that
the reduction in the size of the CMR and digital nerve SEP which occurs during finger tapping,

is not unspecific to finger movement, although further experiments are required to see if less
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remote areas of the body such as the arm or ipsilateral hand could produce similar effects to

the finger tapping performed in this study.

Active versus passive middle finger movement

The present study has found no significant difference between the size of the
reduction of the CMR and SEP component recorded during active and passive middle finger
movement. The present findings concur with the study of Rushton ef al. 1981, in which the
digital nerve SEP following stimulation of both the thumb and index finger during active and
passive flexion of the distal phalanx of thumb or digit was recorded. The study found that in 7
out of the 8 subjects both active and passive flexion of the distal phalanx was equally as
effective at reducing the early and middle latency SEP cortical components (Rushton et al.
1981). Other studies have reported similar findings in the mixed nerve SEP (Jones et al. 1989;
Huttunen & Homberg, 1991. The ability to recognise an object during passive and active touch
also appears to be the same. A number of experiments that have shown that there is no
difference between active and passive touch in the ability to recognise 2 -D shapes

(Johansson & La Motte, 1983) or surface irregularities (Schwartz et al. 1975).

N20 and P25 SEP components recorded during active and passive middle finger movement

The results in this study have shown that passive and active middle finger movement
reduce the size of the N20/P25 and N20 SEP components but do not affect the P25 SEP
component elicited following index finger digital nerve stimulation. Few studies have recorded
the digital nerve SEP during different finger movements. Rushton et al. 1981 reported a

reduction in the size of the N20 and N20/P25 (labelled P30 in their study) SEP component
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during passive and active finger movement following digital nerve stimulation of the thumb
(Rushton et al. 1981). Although the N20 and N20/P25 SEP components were clearly reduced
only the N20/P25 reduction was statistically significant. The P25 component was not
measured. More recently Waberski et al. presented contrasting evidence suggesting that the
N20 SEP component is only reduced a little whilst the P25 SEP component is markedly
reduced during explorative finger movement (Waberski ef al. 1999). The discrepancies
between the findings reported in these studies including the present study may be explained
by the fact that when the finger movement tasks performed by the subjects are compared in

each of the studies, they are found to be very different from each other.

Mechanisms involved in producing the ‘gating’ effect

The reduction in the size of the E2 CMR and N20/P25 and N20 SEP components
observed during passive finger movement suggests that proprioceptive feedback from the
finger movement and cutaneous afferent input generated by the tap is able to mediate ‘gating’
of afferent information. Cheyne et al. 1997 have shown using MEG that the early movement
evoked field (MEF) generated during self-paced movements reflect sensory feedback from the
periphery (Cheyne et al. 1997). The present finding however is based upon the assumption
that corollary discharges to other motor regions are not generated during the passive middle
finger movement. It is possible to suggest that anticipation of the passive middle finger
movement alone may trigger collary discharges, which might influence the ‘gating’ of afferent
input. Itis likely that both mechanisms contribute to the ‘gating’ effect. The role of
proprioceptive feedback and cutaneous afferent input in mediating the ‘gating’ effect could be

further explored by carrying out experiments in which the fingertips are anaesthetised.
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Conclusions

In conclusion, the present study has demonstrated that during finger tapping there is a
significant decrease in the size of the E2 component of the CMR that is associated with a
decrease in the size of the N20/P25 SEP components. The most likely explanation for these
findings is that the decrease in the size of the E2 component results from ‘gating’ of the
afferent information within the sensory cortex during finger tapping. The significant decrease in
the size of the E2 component of the CMR and N20/P25 and N20 components of the SEP seen
during passive finger movement suggests that sensory feedback from the finger is involved in

the mediation of the ‘gating’ of afferent information.

In the next section the effect of index finger movement tasks upon the components of
the CMR recorded from the 1Dl muscle following electrical stimulation of the digital nerves of

the index finger and the index finger digital nerve SEP are investigated.
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Section 2: Effect of attended and unattended index finger movements upon
the cutaneomuscular reflex recorded from the first dorsal interosseous
muscle in man
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Summary

1.

Recordings were obtained from 21 healthy adults. The CMR was recorded from the
1DI muscle, the SEP was recorded from the contralateral sensory cortex, and the
SNAP was recorded from the median nerve whilst the digital nerves of the index

finger were electrically stimulated.

Each subject performed the following finger movement tasks on 2 occasions and in a
random order:

(a) A sustained voluntary light abduction/flexion of the index finger (NAT HH).

(b) Using only the index finger, subjects identified the shape of letters cut out into a
foam mat (ID).

(c) Subjects moved the index finger randomly over a foam mat without letter cut outs.
On this occasion there was nothing to identify on the foam mat (NO ID).

(d) Subjects performed task as per (c) whilst simultaneously performing mental
arithmetic (MATHS).

(e) Small self-paced tapping of the index finger (TAP).

(f) The subject's hand was relaxed, without index finger movement (AT REST).

The size of the E2 and 11 reflex components were significantly reduced during index
finger tapping (TAP) and the index finger letter identification (ID) task (rmANOVA,

P <0.05in each case).

Random index finger movement (NO ID) and random index finger movement with

concomitant mental arithmetic (MATHS) did not significantly reduce the size of the E2

and |1 reflex components (rmANQVA, P > 0.05 in each case).
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10.

1.

The size of the E1 component of the reflex was not significantly altered during any of

the index finger movement tasks (rmANOVA, P> 0.05 in all cases).

The size of the background EMG and SNAP recorded from the median nerve
overlying the wrist were independent of the index finger tasks (rmANOVA, P> 0.05 in

each case).

The size of the N20/P25 SEP component was significantly reduced during the random
index finger (NO D), random index finger with concomitant mental arithmetic

(MATHS) and during index finger tapping task (rmANOVA, P < 0.05 in each case).

There were no significant changes in the size of the N20/P25 SEP component when
the index finger was used to identify letters (ID) or during a sustained light

abduction/flexion of the finger (rmANQVA, P >0.05 in each case).

It was found that the size of the N20 SEP component was significantly reduced during
all index finger movement tasks (rmANOVA, P < 0.05 in each case) except during a

sustained light abduction/ flexion of the index finger (rmANOVA, P> 0.05).

The size of the P25 SEP component was unaltered during each of the finger

movement tasks (rmANOVA, P> 0.05).

A comparison of the components of the reflex obtained during the random index finger
movement (NO ID) and identification of letters using the index finger (ID) revealed a
number of significant differences. The size of the E2 and |1 reflex components were

significantly reduced during the identification task (ID) (rmANOVA, P < 0.05) but not
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12.

13.

14.

15.

16.

during the random index finger task (NO ID) (rmANOVA, P> 0.05). Neither

movement task affected the size of the E1 component (rmANOVA, P > 0.05).

On comparing the size of the P25 SEP component obtained during random finger
movement (NO ID) with index finger letter identification (ID), a significant increase in
the size of the P25 SEP component was found during the index finger letter
identification task when compared to the random index finger task (rmANOVA, P <

0.05).

The size of the N20/P25 and N20 SEP component obtained during both the random
index finger movement (NO ID) and during letter identification (ID) using the index
finger were not significantly different when compared to each other (rmANOVA, P <

0.05 in each case).

During the index finger letter identification (ID) task it was found that 47% of the group
identified all letter shapes correctly (Group 1:correct) whilst 53% failed to correctly

identify all letter shapes (group 2:incorrect).

The mean size of the reflex components E1, 11 and E2 obtained from the subjects of
group 1:correct were found to be significantly greater when compared to the mean
size of each of the reflex components of group 2:incorrect recorded during the index
finger identification (ID) task (unpaired t-test, E1, P=0.021; 11, P=0.041; E2, P=
0.047).

The mean size of the N20/P25, N20 and P25 SEP components obtained from the
subjects of group 1:correct were not significantly different when compared to the

mean size of each of the SEP components obtained from the subjects of group
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17.

18.

19.

2.incorrect during the index finger identification (ID) task (unpaired t-test, N20, P =

0.102; P25, P = 0.201; N20/P25, P = 0.157).

The mean number of letters identified by subjects of group 1:correct was not
significantly different when compared to the subjects of group 2:incorrect during the

index finger identification (ID) task (unpaired t-test, P = 0.174).

It was found that there was no significant difference between the number of letter
shapes correctly scored during the first and second acquisition for the subjects of
group 1:correct or for the subjects of group 2:incorrect (unpaired t-test, group

1:correct, P =0.701; group 2:incorrect, P = 0.456).

In conclusion the present study has shown a number of task-dependent changes in
the 11 and E2 reflex components and the N20 and N20/P25 SEP components. It has
also been demonstrated that activities in area 1 of S1 are enhanced during a task
which requires the subject to pay attention compared to a similar task that does not
require the subject to pay attention. One possible explanation for this finding is that it

reflects changes in attention within S1.
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Introduction

It has been demonstrated in the previous section, that during finger tapping the size of
the transcortical E2 reflex component recorded from the 1DI muscle following index finger
digital nerve stimulation is significantly reduced. Furthermore the reduction in the size of the
E2 component is associated with a ‘mirrored’ reduction in the size of the afferent volley
arriving at the sensory cortex during finger tapping. Expanding upon these results, this section
reports the findings of experiments in which the index finger has been used to perform a
number of finger movement tasks whilst recording the reflex from the 1DI muscle, the SEP
from the contralateral sensory cortex and the SNAP from the median nerve overlying the wrist

following stimulation of the digital nerves of the index finger.

Previous studies have shown that the size of the N20/P25 (labelled P30 in study)
components of the SEP evoked by digital nerve stimulation, reflecting the afferent volley
arriving at S1 in area 3b and subsequently area 1 is reduced or ‘gated’ during movement
(Rushton et al. 1981). Evidence suggests that movement per se is not essential for ‘gating’
(Jiang et al. 1990). However, the nature of motor activity evoked during movement appears to
influence the ‘gating’ of the afferent information. For example, Dimitrov et al. 1989 showed that
the size of the components of the SEP evoked following median nerve stimulation at the wrist
were unaltered during a sustained isometric hold, whilst Rushton et al. 1981 showed that the
speed of finger movement could influence the ‘gating’ effect seen upon the SEP evoked

following digital nerve stimulation.

In addition, a number of studies in man have reported changes in the cortical

components of the SEP to mixed and digital nerve stimulation during exploratory finger
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movements, but the findings are varied. Knecht et al. 1993 showed that during exploration of
an object that the size of the size of the N20 SEP component was reduced, this component
was followed by a second novel negative up-going component occurring at 28ms that was
only evident during exploration (Knecht et al. 1993). Huttunen & Hémberg, 1991 showed that
the size of the N20 and P25 SEP elicited following stimulation of the median nerve at the wrist
was reduced during an exploratory task. Similarly, a more recent study by Hoshiyama &
Kakigi, 1999 showed that during writing using the dominant hand that the size of the SEP N20

and P25 components elicited by median nerve stimulation were reduced.

Furthermore, there is also evidence that when a subject performs a task that requires
the subject to pay attention, it is found that the level activation of S1 and S2 is greater when
compared to a similar task not requiring the subject to pay attention (Johansen-Berg ef al.

2000).

Given the aforementioned evidence the aim of the present experiments is to
investigate the effect of performing different movement tasks using the index finger following
index finger digital nerve stimulation upon the size of the reflex from 1DI whilst simultaneously
recording the contralateral SEP from the sensory cortex. It is hypothesised that tasks using
the index finger that require the subject to pay attention will selectively cause the CNS to
attend to either the afferent information generated following digital nerve stimulation of the
index finger or the afferent information generated by the task, reflected as a decrease or

increase in the size of the components of the reflex response or digital nerve SEP.
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Methods

Subjects
With local ethical committee approval, cutaneomuscular reflexes, digital nerve
somatosensory evoked potentials, and sensory nerve action potentials were recorded from the
preferred hand of 21 healthy subjects, aged 20-59 years (11 female). All subjects gave
informed consent. The experimental protocols were performed in accordance to the

guidelines set out in the Declaration of Helsinki, 1964.

Cutaneomuscular reflexes
The ongoing surface EMG was recorded from the 1Dl muscle in the same manner as

described in section 1.

Digital nerve somatosensory evoked potentials

Simultaneous recordings of the ongoing EEG were made from the sensory cortex
contralateral to the side of stimulation during digital nerve stimulation in the same way as that
described in section 1 with one exception, a reference electrode was attached to the scalp
over the mid-frontal region which is located at a distance of 30% between the nasion and inion

in the mid-line of the scalp, Fz.

Sensory nerve action potentials
The same method as described in section 1 was used to record the sensory nerve

action potential from the median nerve at the level of the wrist.

Digital nerve stimulation

Stimulation of the digital nerves of the index finger was performed as per section 1.
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Experiment

Cutaneomuscular reflexes, digital nerve somatosensory evoked potentials, and
sensory nerve action potentials were recorded, following digital nerve stimulation of the index

finger. Each subject performed the following finger movement tasks:

(a) NAT HH: a sustained voluntary light abduction/flexion of the index finger.

(b) TAP: small self-paced tapping of the index finger.

(c) ID: a manufactured foam grid consisting of 6 letter cut outs was placed in front of the
subject. With eyes shut and using only the index finger to search, subjects were asked to
identify the letter, tell the experimenter and then move onto the next letter. A correct or
incorrect identification was recorded for each letter. Subjects were shown a test grid with a
letter cut out during the explanation of the task, but there was no prior knowledge of the letters
to be used during the task. In addition it was explained to the subjects that they could spend
as much time as required identifying each letter, as it did not matter how many letters were
identified. The important point was made that subject should concentrate on correctly
identifying the letter shape.

(d) NO ID: a manufactured foam grid as in (c) but without the presence of the letter cut outs
was placed in front of the subjects. Subjects moved the index finger over the foam grid with
eyes shut. On this occasion there was nothing to identify. Subjects were instructed randomly
move over the grid and not to make patterns with the index finger.

(e) MATHS: task as per (d) whilst simultaneously performing mental calculations (either
adding the number 7 together until reaching 507 or subtracting 7 until 0 is reached).

(f) AT REST: relaxed hand and muscle without index finger movement.
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The experimenter monitored the ongoing EMG produced during each task (a)-(f).
Each experiment was performed twice and in a random order. Subjects were rested for a few
minutes between each task. Data were excluded if the subject was unable to perform the

task.

Analysis
Cutaneomuscular reflexes

The amplified and filtered EMG signal was rectified and then averaged time-locked to
the stimulus for 250 sweeps. The size of each of the reflex component E1, 11 and E2 recorded

from 1DI were measUred in a manner identical to that described in section 1.

In addition, the SigAvg program software was used to save each individual sweep
constituting the final 250 sweep average, individual sweeps with little or no EMG were
excluded from the final average. This analysis was performed upon the amplified, filtered and
rectified EMG signal obtained during the index finger identification task (ID) and random index

finger movement (NO ID) in a number of subjects.

Digital nerve somatosensory evoked potentials

The EEG activity was averaged time-locked to the stimulus for 250 sweeps. The
peak-to-peak amplitude of the N20-P25 component was measured from the two recordings by
taking the percentage modulation measured for each of the 250 sweeps and calculating the
mean percentage modulation. Measuring from each individual 250 average allowed more data

to be included into the analysis.

Sensory nerve action potentials

The size of the SNAP was measured as per section 1.
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Statistical analysis

The normality of the data was established as per section 1. The significance of any
effect of each finger movement task upon on the size of the CMR, SEP, and SNAP was
examined by performing repeated measures analysis of variance (rmANOVA) and the

unpaired t-test. The level of significance was set at P < 0.05.

Type I errors & the Bonferroni adjustment

The t-tests employed in this section assume that each observation within a group of
observations is sampled independently of each other. Failure to observe this assumption may
bias the sample group, resulting in an increased risk of erroneously rejecting the null
hypothesis (Ho) when in fact the Hois true. In statistical terms incorrectly rejecting the Ho when
the Hois true is known as a type | error (Samuels & Witmer, 1999a). One way of reducing the
occurrence of such an error is to employ multiple comparison tests such as an rmANOVA.
Another way is to perform an adjustment using the Bonferroni method (Samuels & Witmer,
1999b).

The Bonferroni method is a technique, which allows multiple comparisons to be made
by adjusting the level of statistical significance relative to the number of hypotheses to be
tested. For example, three hypotheses are tested separately using a t-test at a 0.05 level of
statistical significance. Each t-test gives rise to a P value, which when compared to the
selected 0.05 level of significance determines whether the Ho is true or false. At this point to
reduce the risk that a type | error may have occurred, the Bonferroni method can be

employed. It is calculated in the following way:

Selected level of statistical significance = 0.05 = 0.0166666... reoccurring.
Number of hypotheses tested 3
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In statistical terms this is known as a Bonferroni adjustment. Using this method to
adjust the P value, gives a 5% level of protection against a type | error occurring at a statistical
significance level of 0.05. Now the new level of statistical significance with the adjustment is
0.0166666... reoccurring. Therefore a statistically significant result will not be reported unless
the P value generated by each t-test is less than 0.0166666... reoccurring. This adjustment
can be used on many tests including Chi-square, t-test & Mann-Whitney. There are two main
disadvantages when using this adjustment, firstly it is very conservative and secondly it can

only be employed if the exact P values are given.

In relation to the present thesis, the exact P values calculated using t-tests have been
given in section 2. This allows any reader of the present thesis to perform the Bonferroni
adjustment if it is felt that the observations sampled in this section are not sufficiently

independent of each other.
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Results

Fig.14 shows the effect of simultaneously performing each of the different finger
movement tasks upon the averaged rectified EMG recorded from 1Dl in one subject. During a
light abduction/flexion of the index finger (NAT HH), stimulation of the digital nerves of the
index finger elicits a triphasic reflex response (Fig14B), consisting of a short latency increase
in EMG, E1, followed by a decrease, 11 & a second larger EMG increase, E2 producing %
EMG modulations of 14.1,19 & 18.8 respectively. Similarly when the subject performs a
random movement of the index finger without the need to identify whilst simultaneously
performing mental calculations (MATHS) or randomly moving the index finger without the
need to identify (NO ID), there is little change in the evoked response, producing E1, 11 & E2
% EMG modulations for each task of 17.8, 17.1 & 24.6 (Fig.14C) and 18.3,18,1 & 16.0
(Fig.14D) respectively. In contrast when the subject performs the index finger movement task
that requires the subject to identify the letter cut outs (ID) or tap the index the index finger
(TAP IF) the size of the 11 and E2 reflex components are reduced whilst the size of the E1
reflex component appears unaltered. The % EMG modulations produced for the E1, |1 and E2
components for the identification task were 11.6, 10.1 & 5.2 (Fig.14E) and 16.1, 15.1 & 8.1
(Fig.14F) for the index finger tapping task. When the hand and muscle was relaxed and
resting still (AT REST), no response was elicited (Fig.14A). The size of the SNAP recorded
from the median nerve overlying the wrist ranged from 15.7 to 16.4uV and the background

EMG ranged from 14-23 pV.

When the data from all 21 subjects are combined (Fig.15), the mean size of the E2

and 11 components of the reflex response recorded from 1DI following index finger digital

nerve stimulation are significantly reduced when the index finger is tapping (TAP IF) or used to
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Figure 14. Effect of index finger movement tasks upon the components of the cutaneous reflex response
recorded from 1Dl following digital nerve stimulation of the index finger

A, Cutaneous reflex response recorded from 1DI following stimulation of the digital nerves of the index finger
whilst the hand and muscle are relaxed (AT REST). No reflex is elicited. B, Cutaneous reflex response from 1D}
following stimulation of the digital nerves of the index finger during a light sustained voluntary contraction of 1D!
produced by performing abduction/flexion of the index finger (NAT HH). A triphasic cutaneous reflex is evoked
consisting of an increase in EMG, E1, followed by a decrease, |1, and followed by a second larger increase in
EMG, E2. C, cutaneous reflex from 1DI following index finger digital nerve stimulation during random index
finger movement and concomitant mental arithmetic (MATHS) and D, cutaneous reflex recorded from 1DI during
random finger movement (NO ID). In both C & D the size of the reflex response is unaltered producing E1, 11
and E2 EMG modulations very similar to A. E, cutaneous reflex recorded from 1Dl following digital nerve
stimulations during letter searching (ID) and F, during index finger tapping (TAP). In both cases the size of the E2
and I1 reflex components are reduced. The size of E1 is unaltered during both tasks. A-F shows the averaged

rectified EMG time locked to each stimulus, presented at 5s-1. 250 sweeps. All recorded in the same session.
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The mean size of the E1 reflex response although reduced during all finger movement
tasks is not significantly different when compared to the sustained index finger

abduction/flexion task (rmANOVA, P > 0.05 in each case).

Stimulation of the digital nerves of the index finger failed to elicit a reflex response

during the resting task when the hand was relaxed and resting still in all subjects.

The effect of each index finger movement task upon the simultaneously recorded
index finger digital nerve SEP recorded from the contralateral sensory cortex is shown in
figure 16. The digital SEP recorded during a light sustained abduction/flexion of the index
finger (NAT HH) elicits a clear negative up going wave, N20 followed by a decreasing wave,
P25. The N20/P25 SEP component measured 3.1uV peak-to-peak, the N20 SEP component
peak amplitude measured 2.5uV, and the peak amplitude of the P25 SEP component
measured 0.6V (Fig.16B). This is similarly the case when digital nerve SEP is obtained
whilst the index finger is relaxed and resting still (AT REST). The size of the peak-to-peak
amplitude of the N20/P25 SEP components measured 2.9uV and the peak amplitude of the
N20 and P25 SEP components measured 2.1uV and 0.8pV respectively (Fig.16A).
Conversely, when the index finger performs the tapping (TAP) or random finger movement
(NO ID) task the size of the N20/P25 and N20 SEP components are reduced. The peak-to-
peak amplitude of the N20/P25 SEP components measured 1.8uV during index finger tapping
(Fig.16F) and 2.0uV during random finger movement (Fig. 16D). The peak amplitude of the
N20 SEP component measured 0.9uV during tapping and 1.1uV during random finger
movement. The P25 SEP component did not appear to be greatly altered during index finger
tapping or the random finger movement task, the peak amplitude measured 0.9V and 0.9V

respectively. However, when the index finger is engaged in the task requiring identification of
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Figure 16. Effect of index finger movement tasks upon the components of the SEP recorded from the
contralateral sensory cortex following digital nerve stimulation of the index finger

A, SEP following stimulation of the index finger whilst relaxed & resting still (AT REST). B, SEP during a light
sustained voluntary contraction of 1D1 produced by performing abduction/flexion of the index finger (NAT HH). C-
E, SEP foliowing index finger digital nerve stimulation during C, random index finger movement and concomitant
mental arithmetic (MATHS) D, during random index finger movement (NO ID), £, during letter identification using
the index finger (ID) and F, during index finger tapping (TAP). Both A & B evoked a similar SEP consisting of a
negative rising potential, N20, followed by a decrease, P25. C-F, all tasks reduce the size of the N20/P25 and
N20 SEP components. The size of the P25 SEP components increase during the index finger task requiring letter
identification (1D} and random finger movement with concomitant mental arithmetic (MATHS). A-F shows the
averaged EEG time locked to each stimulus, presented at 5s-. 250 sweeps. All recorded in the same session.
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letters (ID) or random finger movement with concomitant mental arithmetic (MATHS) the size
over the N20/P25 and N20 SEP components are reduced, the peak -to-peak amplitude of the
N20/P25 SEP component measured 2.1V and 2.1uV respectively and the peak amplitude of
the N20 SEP component measured 0.7uV and 1.0uV respectively. In both cases, the size of
the P25 SEP component appears to slightly increase in size, the peak amplitude measured

1.4uV and 1.1pV respectively (Fig.16C & E).

Combining the data obtained from all subjects (4 subjects were excluded because the
SEP could not be measured) reveals that the mean size of the N20/P25 SEP components is
significantly reduced during index finger tapping (TAP), random index finger movement (NO
ID), and random index finger movement with concomitant mental arithmetic (MATHS) when
compared to the mean size of the N20/P25 SEP component obtained whilst the finger is
relaxed and resting still rmANOVA, P < 0.05 in each case). In contrast, the mean size of the
N20/P25 SEP components obtained during the sustained abduction/flexion of the index finger
(NAT HH) or searching with the index finger task (ID) is not significantly different when
compared to the mean size of the N20/P25 SEP components obtained whilst relaxed and
resting still (rmANOVA, P > 0.05 in each case). The mean size of the N20 SEP component is
significantly reduced during index finger tapping (TAP), random finger movement (NO ID),
random finger movement and concomitant mental arithmetic (MATHS) and letter identification
using the index finger (ID) when compared to the mean size of the N20 SEP component
obtained whilst the hand was relaxed and still rmANOVA, P < 0.05 in each case). With
exception, the mean size of the N20 SEP component obtained during a sustained light
abduction/flexion of the index finger is not significantly different when compared to the N20
SEP obtained whilst the hand was relaxed and still rmANOVA, P > 0.05). The mean size of

the P25 SEP obtained during each index finger movement task was not significantly different
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