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Abstract

Oscillatory activity in the human motor system in health and neurological disease

Jonathan Frank Marsden.

The central nervous system structures involved in the genesis of oscillatory activity 

within the motor system and their functional role were investigated in humans. 

Assessment of the common modulation of motor unit firing patterns in various muscle 

groups reveals that the pattern of descending oscillatory drives to distal hand and axial 

muscles differs in healthy subjects. Such oscillatory drives can be affected by 

neurological disease. In rotational torticollis oscillatory drives to the affected muscles 

are of lower frequency compared to controls and tend to synchronise the firing of motor 

units between the affected muscles possibly contributing to the symptoms of dystonia.

In Parkinson’s disease, whilst off dopaminergic medication, there is a decrease in high 

frequency (15-30 Hz) coherence between distal upper limb muscles. Following 

clinically effective stimulation of the subthalamic nucleus or the administration of 

dopaminergic medication the 15-30 Hz coherence is increased. Direct recordings of 

local field potentials from a macroelectrode inserted into the subthalamic nucleus 

simultaneously with muscle and electroencephalography over the sensorimotor cortex 

demonstrate that the subthalamic nucleus is part of a circuit that is entrained in 

oscillations extending between 7-45 Hz. Significant coherence between signals 

recorded from the ventralis intermedius nucleus of the thalamus, sensorimotor cortex 

and contralateral muscle has also been detected in patients surgically treated for the 

alleviation of tremor. The coherence, which extends up to 28 Hz, may be decreased in 

the presence of a cerebellar lesion. Recording contralateral muscle and 

electrocorticographic activity from sites whose functional properties had previously 

been defined by electrical stimulation further revealed that spatially disparate cortical 

sites could be coherent and synchronised with each other and with contralateral 

muscle. This supports the hypothesis that oscillatory activity may have a role in binding 

together neural activity in functionally related neuronal pools
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Chapter 1 : Introduction

The multitude of movements that a person produces in everyday life results from the 

collaborative activity of groups of neurons throughout the central nervous system that 

ultimately control the striated muscles of the body. Both neurons and muscle cells are 

excitable, that is their membrane potential can change as a result of ion influx and 

efflux. It is by these variations in the membrane potential that neurons may 

communicate with one another. Such communication is predominantly via chemical 

synaptic transmission and propagation of regenerative action potentials although other 

methods such as signaling via electrical synapses (gap junctions) exist (Kandel, 1991). 

As communication between groups of neurons involves the generation and interaction 

of electrical signals then the detection of such signals either from a single neuron or 

groups of neurons is the cornerstone of neurophysiology.

This thesis describes studies that measure, in humans, synchronous oscillations in 

electrical potentials that are generated by groups of neurons within the central nervous 

system. Experiments are aimed at elucidating how these oscillations within different 

areas of the nervous system interact with each other and with muscle. Further, the 

possible role of these oscillations, and how they are affected following pathologies 

involving the central nervous system (CNS) is investigated. At the heart of these 

experiments lies the assumption that modulation of these oscillations may be a means 

by which information is conveyed within the nervous system.

Oscillatory activity has been observed in both animals and humans in many cortical 

and subcortical areas for example, within cortical visual (Singer and Gray, 1995), and 

somatosensory areas (Roy and Alloway, 1999), the hippocampus and interconnected 

areas (Bland and Colom, 1993), the olfactory system (Mori et al., 1999) and the motor 

system which is the focus of the present study. Although such oscillatory activity is 

seemingly ubiquitous it is far from a static phenomenon, the spatial location, amplitude 

and frequency of oscillations can vary tremendously depending on the state of arousal 

and ongoing behavior of the subject and oscillations with differing properties can co

exist in time and location. To help classify oscillations that are commonly observed, the 

following frequency bands have been defined: delta 2-4 Hz; theta ~7 Hz; alpha ~10 Hz; 

beta 15-30 Hz; gamma >30 Hz. (Berger, 1969b; Jasper and Andrews, 1938; Misulis, 

1997). However, it must be stressed that in animals the frequency of the biological 

oscillations observed in many areas of the CNS can vary by a factor of two (such as 

from 20 Hz to 40 Hz) within a one second period (Steriade, 1997). Therefore such 

classifications are at best a guide to the general frequency range encountered during 

certain behavioral tasks.
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There are differences in the characteristics and mode of production of oscillations seen 

either during sleep or during wakefulness and rapid eye movement sleep. During sleep, 

oscillations are predominately slow (<15 Hz), of high amplitude and synchronised over 

widespread cortical and thalamic sites (Steriade, 1997). In contrast, during wakefulness 

and rapid eye movement sleep, oscillations include those at higher frequencies (>20 

Hz) and are of lower amplitude and spatially segregated, involving smaller groups of 

neurons. This distinction, however is only a generalisation: high frequency oscillations 

can occur during sleep but they are not as sustained as during wakefulness, occurring 

only when cortical cells are depolarised (Steriade, 1997). Similarly, lower frequency 

oscillations such as the 10 Hz (alpha) rhythms described originally by Berger (1969a) 

are seen when awake and are in a similar frequency range to sleep spindles (7-14 Hz). 

Synchronous oscillations occurring whilst subjects are awake are the subject of the 

present thesis and the mechanisms behind their production will now be discussed.

1.1 Mechanisms of production of oscillatorv activitv

Oscillations within the cortex and subcortical structures may result from two not 

mutually exclusive processes. Firstly, a neuron may be able to oscillate due to the 

possession of certain intrinsic membrane characteristics and so act as a pacemaker 

cell and subsequently entrain a network of cells. Secondly, oscillations may arise as a 

result of interactions between groups of neurons, that is their network properties.

1.1.1 Intrinsic membrane properties

Neurons with certain combinations of voltage gated ion channels can display an 

amplified resonance to inputs, this subsequently results in oscillations of the membrane 

potential (Llinas, 1988; Hutcheon and Yarom, 2000). These oscillations may either be 

subthreshold or lead to rhythmic firing of either single action potentials or bursts of 

action potentials (Connors and Amitai, 1997). Following intracellular recordings and the 

assessment of the shape of a neurons’ action potential and their response to different 

types of intracellular current injections, a classification of neuron types within the 

neocortex into either fast spiking, regular spiking, or intrinsically bursting neurons has 

been suggested (McCormick et al., 1985; Connors and Gutnick, 1990). Fast spiking 

neurons are aspiny interneurons that use y-aminobutyric acid (GABA) as a 

neurotransmitter whilst regular spiking and intrinsically bursting neurons are felt to be 

pyramidal cells and are found within layers 5 - 3, depending on the species used. 

Intrinsically bursting cells respond to a current injection with a burst of action potentials. 

The burst may be two (a doublet) or more action potentials and the initial burst may 

either be followed by a series of single spikes, burst and spike neurons, or followed by 

a series of repetitive bursts, so-called repetitive burst neurons (Kitagawa et al., 1999).
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This classification is not rigid as there seems to be a continuum between regular 

spiking and intrinsically bursting cells as a given cell can display both types of firing 

pattern depending on their membrane potential (Connors and Gutnick, 1990; Chen et 

al., 1996; Steriade, 1997). Repetitively bursting neurons can generate groups of spikes 

at frequencies of 5-15 Hz with the frequency of the spikes within the bursts varying 

between 300-500Hz (Silva et al., 1991). More recently chattering cells have been 

described, these fire bursts at a frequency of 20-80 Hz and show an intra-burst 

frequency of up to 800 Hz (McCormick et al., 1993; Gray and McCormick, 1996; 

Steriade et al., 1996b; Steriade et al., 1998; Lo et al., 1998). Such grouped action 

potentials within a burst would increase the probability of presynaptic neurotransmitter 

release and in turn lead to postsynaptic temporal facilitation, therefore such neurons 

could transform a regular input into a rhythmic output thus driving cortical oscillatory 

activity (Connors, 1994).

Interestingly, oscillations in the membrane potential of chattering cells were only 

observed if the cell was depolarised to above threshold. In contrast other cells within 

the cortex can display intrinsically generated oscillations up to 80 Hz when the 

membrane potential is subthreshold. These cells include both pyramidal cells within the 

motor cortex and associational areas projecting to the thalamus, striatum and 

contralateral cortex (Nunez et al., 1992; Plenz and Kital, 1996; Steriade et al., 1996b) 

and non-pyramidal cells (Llinas et al., 1991). With further depolarisation these 

oscillations can trigger spikes at the oscillatory frequency. Subthreshold oscillations 

may act as a band-pass filter (Connors and Amitai, 1997), preventing a cell from 

encoding certain frequencies whilst promoting others by affecting the probability of 

when a neuron will fire an action potential as summation to threshold is more likely 

during the more depolarised phase of the subthreshold oscillation (Volgushev et al., 

1997).

The generation of both subthreshold membrane oscillations and those of neurons 

intrinsically bursting at 5-15 Hz depends in part on the action of a voltage-dependant 

Na"" channel (Silva et al., 1991; Llinas et al., 1991), the degree of depolarisation 

required to induce bursts being too high for channels such as the low threshold Ca^^ 

channel to be involved (McCormick et al., 1993; Chen et al., 1996). However, Ca "̂" may 

be important for triggering Ca^^ -  dependant channels that help to terminate the Na* 

-dependent depolarisation and thus set the oscillatory rhythm (Silva et al., 1991).

Neurons that can intrinsically oscillate are not just found within the neocortex. The 

thalamocortical and reticular neurons within the thalamus, known to be important in the 

production of oscillations during sleep, can also generate faster rhythms. Voltage 

dependent membrane oscillations between 25-27 Hz, associated with single action
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potentials at the same frequency, have been recorded from identified thalamocortical 

cells from the ventrolateral nucleus of the thalamus, these oscillations being generated 

by P/Q type calcium channels present within the dendrites (Steriade et al., 1991; 

Pedroarena and Llinas, 1996). Thalamocortical neurons have also been described in 

the lateral geniculate (Crunelli et al., 2000) and centrolateral nuclei (Steriade et al., 

1993) which show repetitive bursts that occur at frequencies up to 40 Hz and often with 

higher intra-burst frequencies (up to 1000 Hz) than seen in chattering cells (Steriade et 

al., 1993). These bursts occur when the membrane potential is depolarised above -55 

mV and are thus distinct from the low threshold bursts associated with sleep (Crunelli 

et al., 2000). Finally within other subcortical motor areas such as the deep cerebellar 

nuclei (Mouginot and Gauhwiler, 1995), inferior olive (Llinas and Yarom, 1981), 

subthalamic nucleus (Beurrier et al., 1999; Sevan and Wilson, 1999) and globus 

pallidus (Nambu and Llinas, 1994) neurons also exist that are able to intrinsically 

generate oscillatory activity.

1.1.2 Network properties

Several theories have been described that explain how interactions between groups of 

neurons can cause neuronal oscillations. Two main types of models exist, these are 

that oscillations can arise from feedback loops between excitatory and inhibitory 

neurons (recurrent inhibition) or that oscillations arise from the interactions of inhibitory 

interneurons (mutual inhibition) which may then drive pools of excitatory neurons 

(Jefferys et al., 1996). In vitro evidence suggests that the same frequency of 

oscillations may arise from different mechanisms in different areas (Ritz and Sejnowski, 

1997).

Wilson and Bower (1992) provide an example of a recurrent inhibitory model to explain 

the 30-60 Hz, gamma oscillations elicited within neocortex pyramidal cells by afferent 

input. They proposed that there was a fast feedback loop between pyramidal cells and 

inhibitory interneurons. The frequency of the oscillation was determined by the time 

constant of the subsequent inhibition induced within the pyramidal cell. They also found 

that mutual inhibition between the inhibitory interneurons increased the degree of 

oscillatory activity. In contrast, other workers have suggested that that mutual inhibition 

between groups of tonically excited interneurons is itself sufficient to generate gamma 

band oscillations (Whittington et al., 1995; Bush and Sejnowski, 1996; Pauluis et al., 

1999). This has been confirmed experimentally in hippocampal slices where 

synchronous inhibitory post synaptic potentials that oscillate within the gamma band 

can be induced when fast excitatory ionotropic glutamate receptors are blocked. These 

oscillations are subsequently abolished by blocking GABAa receptors (Whittington et 

al., 1995). Similarly, inhibitory mechanisms seem important in the production of
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oscillations within the somatosensory and olfactory systems (Hashimoto et al., 1996; 

Stopfer et al., 1997). In contrast, the generation of beta oscillations not only seem to 

require the presence of mutual inhibition but also recurrent excitatory connections 

between pyramidal cells and an increase in the size of the after hyperpolarisation within 

pyramidal cells (Traub et al., 1999). With such conditions pyramidal cells tend to miss a 

beat of the underlying gamma drive that is generated by the mutual inhibition between 

interneurons (Traub et al., 1999) and thus oscillate at frequencies within the beta band.

1.2 Neural synchronisation as potential means of encoding information

As will be seen in section 1.3 oscillations within the motor system are modulated during 

motor tasks, suggesting that these oscillations may have a functional role. However, 

how oscillations can convey information through the CNS remains unclear. One major 

theory is that oscillatory activity is important in promoting groups of neurons to 

synchronise their action potentials (spikes) especially if the neurons are separated by 

long conduction delays (Singer, 1993b) and it is the synchronised firing of neurons that 

is felt to encode information (Dan et al., 1998). This theory of information coding places 

emphasis on the exact timing of individual spikes and is an example of a temporal 

code. This theory contrasts with another, not necessarily mutually exclusive method of 

information coding namely rate coding. With rate coding information is encoded in the 

rate at which a neuron fires. Within the sensory system for example, the rate of 

neuronal firing increases with increasing strength of that neurons' adequate stimulus 

(Martin, 1991a). With rate coding the timing of individual spikes is not as important, in 

fact a reliable rate code may only be able to be achieved by combining the responses 

from many neurons with similar stimulus-response properties in order to reduce noise 

that is associated with an individual neurons' response (Shadlen and Newsome, 1994).

1.2.1 Detection and effects o f neuronal synchrony
If synchronous discharges are indeed to carry information then the presence of 

synchrony must be able to be detected by a post-synaptic neuron in preference to non- 

synchronous inputs. This has led some researchers to suggest that a neuron acts as a 

coincidence detector only transmitting those inputs that are synchronous (Konig et al., 

1996). This requires that other uncorrelated random EPSPs do not have the 

opportunity to effectively summate and cause postsynaptic discharge (Shadlen and 

Newsome, 1994). In vivo recordings of the motor cortex have shown that synchronous 

inputs may represent up to 90 % of a neurons total input (Matsumura et al., 1996). This 

decreases the likelihood of effective summation by the remaining relatively rare 

uncorrelated inputs. Further, the membrane time constant may also be short enough to 

only allow summation of synchronous inputs. Although most estimates of the neurons'
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time constant are of the order of 8-20 ms this discounts the action of inhibitory inputs 

that may effectively shorten time constants associated with excitatory inputs (Softky,

1995). In fact, dendrites may possess time constants within the sub-millisecond range 

resulting in the possibility that such coincidence detection may be possible (Softky, 

1993). Further, as increases in background synaptic activity cause an increase in 

membrane conductivity and thus a decrease in the effective membrane time constant 

(Bernander et al., 1991), the ability to act as a coincidence detector may critically 

depend on a certain level of background activity (Lumer et al., 1997b).

Despite evidence suggesting that the exclusive transmission of synchronised inputs 

may adequately explain the firing patterns normally seen in the cortex (Softky and 

Koch, 1993; Stevens and Zador, 1998), other methods of synaptic integration, such as 

integrate and fire models, can also generate and transmit neuronal synchrony (Jefferys 

et al., 1996; Diesmann et al., 1999). It has been suggested that the response of a 

neuronal pool may depend on the pattern of input. If the number of inputs are high 

enough and their temporal dispersion is low enough (that is they are synchronised to 

within approximately 5 ms) then the output of the neuronal pool would be a 

synchronised volley of action potentials, however outside these limits a desynchronised 

output is seen (Diesmann et al., 1999). Therefore under different input conditions a 

neuron may act as both a coincidence detector, propagating synchronous activity and 

an integrator where the timing of the spike output is unimportant (Bernander et al., 

1991).

Even if synchronous presynaptic spikes may not be the sole cause of neuronal firing 

they still have a greater influence than uncorrelated inputs. Both modeling studies and 

in vivo recordings have demonstrated that synchronised inputs are more effective in 

causing a post-synaptic spike than inputs arriving at random times (Murthy and Fetz, 

1994; Bernander and Koch, 1994; Alonso et al., 1996; Matsumura et al., 1996). 

Synchrony of incoming input is especially effective if the total input rate is low, as here 

the transient post synaptic potentials produced by the uncorrelated input do not tend to 

summate to threshold. However if the total rate of incoming input is high then many 

synchronous inputs could be “wasted”, as they would often occur during the neurons’ 

refractory period (Bernander and Koch, 1994).

In summary, under certain conditions information conveyed by two synchronous inputs 

would be processed preferentially compared to other non-synchronous inputs, in this 

way synchrony may be important for response selection (Singer, 1999). Therefore 

studies have attempted to elucidate which conditions cause neuronal synchrony and 

thus exactly what synchrony is encoding. Thus in theory synchrony could encode a 

specific stimulus (deCharms and Merzenich, 1996; Sannita, 2000) or movement
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parameter (Hatsopoulos et al., 1998) or it may be a marker of a more general process 

such as attention to a stimulus or forthcoming movement (Munk et al., 1996; 

Herculano-Houzel et al., 1999; Steinmetz et al., 2000). The increased efficacy of 

synchronous discharge may also be used to select groups of synchronously firing 

neurons for further processing, even though they may be spatially distributed (Singer,

1999). In this scheme neurons become synchronised if they participate in common 

aspects of a task, be this responding to different attributes of a stimulus or encoding 

different components of a behavioral response. In such a way neuronal synchrony may 

serve as a marker of participation in common processing. Such characterisation of 

functional neural ensembles based on temporal coincidences has the advantage that 

several ensembles can co-exist and process different information simultaneously within 

the same spatial location. Further, as such associations can be transient with a neuron 

being able to participate at different times in large number of different ensembles, it is 

possible that associations with different ensembles could even occur on a spike-by- 

spike basis (Singer, 1993b; Engel et al., 1997; Diesmann et al., 1999). Evidence for the 

presence and possible function of synchronisation in the motor system will be given in 

section 1.31.

1.2.2 Mechanisms of production o f neuronal synchrony

Neuronal synchrony can arise between two or more neurons if they receive a common 

input from a separate source, such a mechanism may be particularly important for 

neurons separated by short distances for example within the same cortical column 

(Shadlen and Newsome, 1998). However, neuronal synchrony is dynamic often varying 

greatly with task. To account for such changes, as well as long range synchrony, it is 

suggested that neuronal synchrony may arise from direct reciprocal connections or, 

especially when neuronal separation is in excess of 0.5 -  1 mm, via connection with a 

network of interneurons (Konig and Engel, 1995; Matsumura et al., 1996). As stated 

oscillatory activity also seems important in establishing zero-lag long range synchrony 

despite the presence of conduction delays (Engel et al., 1992; Konig and Engel, 1995; 

Engel et al., 1997). The mechanisms of how synchrony is achieved via oscillatory 

activity will be discussed in section 1.23.

Neuronal synchrony is not always accompanied by oscillatory activity, especially if the 

interneuronal distance is small. The transmission of electrical signals with minimal 

delay through gap junctions provides an alternative mechanism of establishing 

synchrony (Perez Velazquez and Carlen, 2000). Gap junctions are found, for example, 

between 62-85 % of adjacent inhibitory interneurons in the neocortex, where the 

coupling tends to be reciprocal and limited to common neuronal types (Galaretta and 

Hestrin, 1999; Gibson et al., 1999). The synchronising properties of gap junctions is
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highlighted by the fact that current injection into two coupled cells which mimics the 

arrival of random excitatory and inhibitory PSPs results in synchronous spike discharge 

(Galaretta and Hestrin, 1999). Such coupling between gap junctions is adaptable and 

can be modulated for example by neurotransmitters, voltage changes and pH (Llinas 

and Volkind, 1973; Spray et al., 1999). Finally, as a result of the synchronous firing of 

groups of neurons there would be an increase in electrical currents and ionic gradients 

that may promote synchronous firing as a result of ephatic transmission. Whether such 

a mechanism is seen normally or only exists in states such as epilepsy where there is 

widespread abnormal synchrony is as yet unresolved (Perez Velazquez and Carlen,

2000).

1.2.3 Promotion of synchronous oscillations and neuronal synchrony

Models have arisen to describe how oscillatory activity may promote synchrony. In the 

mutual inhibitory network model of the hippocampus (Traub et al., 1996), to achieve 

long-range synchrony of gamma oscillations between 2 or more sites additionally 

requires reciprocal interconnections between excitatory and inhibitory cells. The 

combined experimental and modeling approach determined that synchrony was only 

observed when the inhibitory cells were excited enough to fire doublets (Traub et al.,

1996). The timing of the two doublet spikes are determined by excitatory input from the 

local and distant neuronal pools in turn and additionally the spike doublet determines 

the time that an excitatory pyramidal cell within these pools fires. Both firing times are 

determined by the conduction delays and strength of coupling between neuronal pools 

and the relative refractory periods of the cells (Ermentrout and Kopell, 1998). Using this 

scheme synchronisation could be achieved with conduction delays up to approximately 

10 ms (Ermentrout and Kopell, 1998), the distance that this equates to may vary 

greatly considering that intra-cortical conduction velocities have been recorded from 

1 mm/ms up to 20 mm/ms (Swadlow, 1985; Swadlow, 1990).

Local short-range gamma oscillations within the neocortex can similarly be mediated by 

inhibitory interneurons as seen in the hippocampus (Whittington et al., 1995). However, 

it is unclear whether this proposed mechanism of long-range gamma synchrony (Traub 

et al., 1996) that depends in part on long range inhibitory interconnections is applicable 

to the neocortex (Connors and Amitai, 1997). Although long axoned inhibitory basket 

cells are present within the neocortex (McDonald and Burkhalter, 1993) most long- 

range connections are excitatory, with an estimated 85% of synaptic inputs being 

asymmetric and therefore presumably excitatory (Shadlen and Newsome, 1994). Other 

models, relying more realistically on excitatory interconnections, propose that 

synchrony within the neocortex can occur in the presence of conduction delays but only 

if certain constraints are met. In the model of Konig et al (1995) synchronous long
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range oscillations mediated by reciprocal excitatory connections could only be 

demonstrated if the conduction delay was less than a third of the period of the rhythm 

which for a 40 Hz oscillation is ~ 9ms.

The mechanisms for long range synchrony for gamma and beta oscillations may vary. 

As stated in section 1.1.2 a transition from local gamma to beta oscillations may occur 

after the establishment of recurrent excitatory connections and increased after 

hyperpolarisation within pyramidal cells (Traub et al., 1999; Kopell et al., 2000). 

Similarly, to achieve long range stable beta oscillations requires both an increase in 

after-hyperpolarisation and for inhibitory cells to fire triplets (3 spikes) (Whittington et 

al., 1997; Traub et al., 1999). In contrast to the generation of local beta oscillations, the 

reciprocal excitatory interconnections are not essential for the generation of stable long 

range beta oscillations but do prevent separated pyramidal cells from firing in anti

phase (Kopell et al., 2000). This models suggests that groups of neurons may oscillate 

in synchrony within the beta band when they are separated by delays by as much as 

20 ms, this and the increased reliance on reciprocal excitatory connections may make 

this a realistic model for both hippocampus and neocortex alike (Kopell et al., 2000).

With both gamma and beta oscillations a consequence of achieving long-range, as 

opposed to local synchrony, is an accompanying decrease in the oscillatory frequency. 

This arises from the combined effects of longer conduction delays and increased 

inhibition imposed due to the need for either doublet or triplet inhibitory interneuron 

firing (Kopell et al., 2000). Therefore as a generalisation, the higher the frequency of 

oscillation the more localised is the network involved and consequently the smaller the 

power at that frequency (MacKay and Mendonca, 1995; Pfurtscheller and Lopes da 

Silva, 1999; Herculano-Houzel et al., 1999).

1.3 The role of neuronal svnchronv and oscillations during motor tasks

1.3.1 Methods o f investigation

A variety of studies in humans and animals have investigated the presence and 

possible role of neural synchrony and associated oscillations. Analysis of the results is 

performed within the time and/or frequency domain. Both types of data analysis can 

provide information about the frequency of oscillations, whether two signals are linearly 

related and the timing of these signals relative to one another, that is whether the 

signals are synchronised (in phase) or whether one lags or leads. The presence of a 

rhythmic modulation of a signal can be detected in the auto-correlation for example, 

where increases in the correlation at specific intervals correspond to the period of the 

oscillation. Similarly a cross-correlation can reveal any underlying common oscillatory 

component as well as provide details on the degree of synchronisation or lag / lead
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between the signals. Within the frequency domain the auto-spectra can provide 

information as to the relative amplitude or power of a given frequency component of the 

signal and the presence of any significant linear relationship between 2 signals at a 

given frequency can be determined using the coherence estimate. If 2 signals are 

indeed significantly associated at a given frequency the proportion of the oscillatory 

cycle that one signal may lag or lead another may be determined from the phase 

estimate. One signal may, for example, be described as phase leading another signal 

by a quarter of a cycle or by t t /2 radians or 2 signals may be described as being 

perfectly in phase (synchronous) or out of phase (antiphase). The methods used in the 

present study and their rational will be described in greater detail in chapter 2.

Neural and muscle activity may be measured using various methods; these may be 

global measures of activity such as EEG (electroencephalography), ECoG 

(electrocorticography), MEG (magnetoencephalography), or more local measures such 

as extra-cellular recording of two or more neuron action potentials or motor units. 

Global measures of ensemble neural activity such as EEG and the recording of local 

field potentials are extracellular recordings. The extracellular ionic currents recorded 

are generated by neural activity being transmitted to the recording electrodes via 

volume conduction. The electrical signal generated by neural activity decreases in 

amplitude with the distance between the source and point of recording. Combined with 

the low extracellular resistance, this results in the size of the extracellular potentials 

recorded from one neuron being extremely small (Martin, 1991b). Therefore to record 

an extracellular potential requires the summated activity of tens of thousands of 

neurons and importantly these neurons must be active synchronously in order to 

summate effectively. As the associated magnetic field similarly falls off with distance 

the same need for summated activity of synchronously active neurons applies for 

detection of activity using MEG (Pizzella and Romani, 1990). Potentially both action 

potentials and post-synaptic potentials could be the source of the neural activity that is 

measured by EEG and MEG. However, as the variation in the membrane potential only 

lasts about 1 ms during an action potential, in contrast to 10 ms or more for 

postsynaptic potentials, the degree of summation will be greater for the latter potential 

change (Pizzella and Romani, 1990). Further, the extracellular currents generated by 

the depolarisation-repolarisation process associated with an action potential decrease 

in amplitude with distance faster than the relatively steady post synaptic potential 

(Pizzella and Romani, 1990; Hah, 1993), therefore it seems that the signals recorded 

are summated post synaptic potentials. In the cortex these are felt to be generated 

from pyramidal cells whose regular, parallel arrangement with their apical dendrites 

oriented perpendicular to the cortical surface facilitates summation in contrast to the 

more irregularly arranged interneurons which as discussed seem to be vital for the 

production of neural synchrony (Martin, 1991b).
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1.3.2 Neuronal synchrony in motor control

In animals, where direct recording of neural activity is possible, a significant increase in 

neuronal synchrony within areas anterior to the central sulcus can be seen with motor 

tasks (Aertsen et al., 1991; Vaadia et al., 1995). The changes in neuronal synchrony 

are not necessarily accompanied by changes in firing rate (Vaadia et al., 1995; Riehle 

et al., 1997). Although the tightness of neuronal synchrony measured varies between 

different authors from +/- 30 ms to +/- 5 ms it is always a transient phenomenon. 

Neuronal synchrony affects functionally disparate neurons and is seen, for example, 

between neurons whose firing rates are modulated by different aspects of a motor task, 

such as the preparatory or movement phase or between neurons with different 

directional coding properties (Grammont and Riehle, 1999).

As similarly observed in other cortical areas, neuronal synchrony is often associated 

with the presence of oscillations (Aertsen et al., 1991). During transient beta oscillatory 

epochs up, to 75% of neurons sampled can be entrained to fire on or just prior to the 

depth-negative peak of the oscillation (Murthy and Fetz, 1996b; Baker et al., 1997; 

Donoghue et al., 1998), although such a tight relationship is not always seen (Pinches 

et al., 1997).

1.3.3 Synchronised oscillations within the motor cortex

Within cortical and subcortical sensorimotor areas a variety of oscillations of different 

amplitude and frequency can be observed. These oscillations seem to arise from 

different sources and differ in their reactivity to movement and their importance in 

motor control. Cortical oscillatory activity is measured in humans using EEG, ECoG or 

MEG, here alterations in the power of the signal measured at a given frequency is 

indicative of alterations in the degree of synchrony between neurons generating the 

signal. Therefore task-related increases or decreases in the signal power (relative to a 

task-free reference period) have been referred to as event related synchronisation 

(ERS) or de-synchronisation (ERD) respectively (Pfurtscheller and Lopes da Silva, 

1999). Although these terms will be used, it is somewhat misleading as long range 

synchrony can be seen in motor tasks as described above (Steriade, 1995) and other 

authors have therefore used the term task related power changes (Andres et al., 1999).

Whilst at rest an arch-shaped “mu” rhythm can be seen around the central gyrus, this 

has two components an alpha (-10 Hz) and a beta (-20 Hz) oscillation (Gastaut, 1951; 

Chatrian et al., 1959; Tiihonen et al., 1989). With movement there is a focal ERD within 

the upper alpha and lower beta bands (Stancak and Pfurtscheller, 1996; Crone et al., 

1998b). The ERD in both bands can commence up to 2 seconds prior to the movement 

and is seen at first over the sensorimotor cortex contralateral to the moving limb prior to
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being bilaterally symmetrical just before movement onset. Both the alpha and beta 

ERD are somatotopically organised such that with hand movement ERD may be seen 

over the hand area of the sensorimotor cortex whilst surrounding areas may actually 

demonstrate ERS (Pfurtscheller et al., 1997a). The similarity in the reaction at these 

two oscillatory frequencies is in part because the oscillations around 11 and 22 Hz are 

non-linearly coupled (Pfurtscheller et al., 1997c). However, there may be more than 

one oscillation within the beta band (Feige et al., 1996), one that is coupled to the 10 

Hz mu rhythm and reacts as described above and one which tends to desynchronise 

later at about the time of movement onset (Pfurtscheller et al., 1997c). This latter 

oscillation may also correspond to the somatotopically organised re-bound ERS within 

the beta band which is seen predominantly contralateral to the moving hand and 

occurs within the first second following movement. This re-bound beta ERS is followed 

0.5- 1 second later by a similar ERS within the alpha band and related, coupled beta 

oscillations (Salmelin and Hari, 1994; Toro et al., 1994b; Neuper and Pfurtscheller, 

1996; Salenius et al., 1997b; Leocani et al., 1997; Pfurtscheller et al., 1998b). The size 

or the time course of the alpha and beta ERD and subsequent beta ERS tends to 

increase with increases in movement amplitude or muscle force (Toro et al., 1994b; 

Stancak et al., 1997; Mima et al., 1999). These changes may simply be proportional to 

the size of the neuronal ensemble involved in the task and not be specifically related to 

any movement parameter (Pfurtscheller et al., 1996).

The source of the alpha ERD is mainly within the primary somatosensory area (post

central sulcus / gyrus) whilst the beta ERD localises more anteriorly within the primary 

motor area (Salmelin et al., 1995). This is in agreement with animal studies where a 

similar reactivity of beta oscillations to movement onset has also been described 

(Sanes and Donoghue, 1993; Murthy and Fetz, 1996a). Here a higher incidence of 

beta activity was found anterior to the central sulcus (Murthy and Fetz, 1992). Further, 

the polarity of these beta oscillations phase reversed between the cortical surface and 

-1000 pM suggesting that the beta oscillatory source is within layer III (Murthy and 

Fetz, 1992; Murthy and Fetz, 1996a) although other authors feel that fast oscillations 

may arise from multiple intra-cortical sources (Steriade and Amzica, 1996). In humans, 

electrocorticographic and electroencephalographic studies suggest that premotor and 

supplementary motor areas may also show movement-related changes in oscillatory 

activity. These may occur earlier and without the contralateral predilection that is 

observed in the primary somatomotor cortex and be more prominent with proximal as 

opposed to distal limb movements (Ohara et al., 2000a; Stancak et al., 2000).

Thus it seems that beta oscillations rather than being associated with movement are 

actually reduced by it, in fact a similar decrease of beta oscillations is seen when a 

person imagines a movement (Nashmi et al., 1994; Pfurtscheller et al., 1997b). These
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findings have led some authors to suggest that the presence of alpha and beta 

oscillations are an indication that the brain is not involved in the processing of either 

sensory information or the preparation to move, the so-called “ idling” state 

(Pfurtscheller et al., 1996; Pfurtscheller and Lopes da Silva, 1999). This theory is 

supported by the reduced corticospinal excitability during event-related beta 

synchronisation following movement or sensory stimulation (Chen and Hallett, 1999). 

This may be the case for the coupled 10 and 20 Hz components of the mu rhythm, 

however evidence suggests that other, possibly co-existing, beta oscillations and 

oscillations within the gamma band may indeed play a role in motor control. Beta 

oscillations in monkeys, for example, have been consistently seen during the initial hold 

and preparatory stages of tasks (Sanes and Donoghue, 1993; Donoghue et al., 1998) 

and throughout some complex sensorimotor tasks (Murthy and Fetz, 1996a). Coupled 

with the lower incidence of such oscillations whilst at rest or performing over-trained 

movements, this suggests that cortical oscillations above 20 Hz are not simply an 

indicator of cortical inactivity (Nashmi et al., 1994; Donoghue et al., 1998).

1.3.4 Potential role in planning and attention

Sanes and Donoghue (1993) have suggested that the oscillations they observed within 

the primary motor cortex, which extended up to 50 Hz, could be associated with either 

planning and/ or focusing attention onto a forthcoming movement. As complex 

movements may require ongoing planning /attention this could also explain the 

continued presence of oscillations during such movements. The relative importance of 

planning and focusing attention is however difficult to dissociate in the paradigms used 

to date. Preparatory cues providing instructions about the forthcoming movement can 

increase both beta and gamma oscillatory activity both within the primary motor cortex 

(Donoghue et al., 1998) and the premotor cortex (MacKay and Mendonca, 1995; 

Lebedev and Wise, 2000). In humans increases in oscillatory activity prior to 

movement, following preparatory cues and during complex tasks have also be seen 

although these are usually in the gamma (>30 Hz) frequency range and may even 

extend up to 75-100 Hz (DeFrance and Sheer, 1988; Pfurtscheller et al., 1993; Nashmi 

et al., 1994; Pfurtscheller et al., 1994; Salenius et al., 1996; Crone et al., 1998a; Aoki et 

al., 1999). The finding that beta oscillations of single neurons within the premotor 

cortex can be directionally specific does indeed suggest a role in the preparation of 

certain movement parameters. However, the fact that these oscillations were also seen 

prior to the presentation of any preparatory cues argues against a solely preparatory 

function (Lebedev and Wise, 2000) and seems to favor at least some co-modulation by 

attention.
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Many studies have concluded that states of vigilance and attention to possible 

forthcoming action or stimuli are associated with fast oscillations within the frontal and 

parietal cortices in animals although levels of attention were not systematically altered 

(RougeuI et al., 1979; Bouyer et al., 1981; Bouyer et al., 1987; Murthy and Fetz, 

1996a). Similarly, neural synchrony within the secondary somatosensory and primary 

motor cortices seems to be enhanced by attention to stimuli (Steinmetz et al., 2000) 

and expectation of cues to move (Riehle et al., 1997). High frequency (beta and 

gamma) oscillations can indeed be induced by activation of the brainstem central core 

systems felt to be important for arousal and attentional modulation (Steriade, 1993; 

Steriade, 1995). Stimulation of the mesopontine cholinergic nuclei or the noradrenergic 

neurons of the locus coeruleus, for example, causes depolarisation of thalamocortical 

cells, changing them from burst mode (associated with sleep-spindles) to tonic firing 

mode (Steriade et al., 1991). This is accompanied by an abolition of low frequency, 

high amplitude sleep-related oscillations in the EEG (Moruzzi and Magoun, 1949) and 

the activation of high frequency, low amplitude oscillations (Steriade et al., 1991) that 

are synchronised with the fast thalamic oscillations (Steriade and Amzica, 1996). A 

similar transformation of the EEG from slow to fast rhythms is seen with activation of 

the direct cortical cholinergic projections from the nucleus Basalis and Meynert 

(Metherate et al., 1992). In the visual system it is now realised that these brainstem 

centres increase the strength of fast synchronous cortical oscillations and local 

synchrony between neurons in response to their adequate stimulus (Munk et al., 1996; 

Herculano-Houzel et al., 1999). Therefore in the motor system modulation of fast 

oscillations and local synchrony by attentional changes is likely with the ensuing 

neuronal synchrony possibly encoding parameters of a forthcoming movement. 

Alternatively, as will now be discussed, neuronal synchrony may be used to increase 

the saliency of an ensemble of spatially separated but functionally linked neurons for 

further processing, the so-called “binding” theory.

1.3.5 Oscillations and synchronisation in the establishment o f neural ensembles

In monkeys, oscillations of local field potentials (LFPs) within the sensorimotor cortex 

can be synchronised with minimal delay, and as the LFPs are synchronised with the 

multi-unit recordings of neurons this implies that individual neurons between the two 

sites are in turn synchronised (Murthy and Fetz, 1996b). In the precentral gyrus such 

synchronised oscillations can be seen with separations up to 14 mm and even across 

the central sulcus where the effective cortical separation could be up to 20 mm (Murthy 

and Fetz, 1996a). If these oscillations were synchronising functionally related neurons 

to facilitate their subsequent processing one might expect to see a tendency for those 

sites that are synchronised to share functional properties. Sites within the precentral 

cortex that on electrical stimulation produce either proximal or distal arm movements
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tend to show synchronised oscillations more frequently during co-ordinated movements 

that activate these muscle groups compared to rest or simple movements limited to the 

wrist (Murthy and Fetz, 1996a). Similarly synchronised beta oscillations can be seen 

between the primary motor and sensory cortex during unconstrained exploratory tasks 

that require sensori-motor integration (Murthy and Fetz, 1996a). However in these 

cases no definite correlation has been made between the presence of synchronised 

oscillations across functionally defined sites and the activation of muscles or sensory 

receptive fields which are associated with these same sites, this may account for the 

inconsistency of the oscillations in such unconstrained tasks.

Significant correlations or coherence between oscillations recorded from more spatially 

disparate but functionally related areas has provided more convincing evidence 

supporting a role of “binding” neural ensembles that are functionally associated during 

tasks. During visuomotor tasks, in both animals and humans, beta oscillations within 

visual and motor areas are coherent. Further, such a correlation between oscillations is 

not present if visual and motor tasks are performed in isolation or during visual 

stimulation in conjunction with simultaneously performed but unrelated motor tasks 

(Bressler et al., 1993; Roelfsema et al., 1997; Classen et al., 1998). This latter point 

highlights that oscillatory synchrony is not simply an inevitable result of activity within 

areas that are anatomically linked either directly or via networks, it seems that the 

areas are required to be functionally co-operating. Other motor tasks examining 

sequential finger movements of varying complexity and internally or externally 

generated movements have similarly demonstrated increases in beta and alpha 

coherence between cortical areas compared to rest conditions (Manganotti et al., 1998; 

Gerloff et al., 1998).

Interestingly these increases in coherence between areas with motor tasks can occur 

alongside the previously described decreases in oscillatory power (desynchronisation). 

This decrease in power could in theory result from a reduction in not-linearly related 

activity at that frequency resulting in an increase in coherence between the two sites, 

that therefore does not reflect any real change in functional connectivity. However, 

increases in coherence can occur alongside increases or non-significant changes in 

power at the same frequency and increases in coherence can occur at different spatial 

locations and with different time courses to the decreases in power at the same 

frequency (Toro et al., 1994b; Classen et al., 1998). This suggests that coherence 

changes can be independent of power changes and provide a measure of functional 

connectivity. Simultaneous power decreases and coherence increases at a given 

frequency, when they do occur, have also been explained in other terms, such as the 

presence of more than one source of oscillation at similar frequencies that each react 

differently to movement in terms of their long range and local synchrony (Andrew and
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Pfurtscheller, 1997; Florian et al., 1998). That is, local decreases in neuronal synchrony 

with movement onset which cause an observed ERD may be accompanied by an 

increase in long range synchrony with other neuronal pools leading to an observed 

increase in coherence (Thatcher et al., 1986; Leocani et al., 1997).

One finding arguing against a role for synchronised oscillations in promoting 

interactions between functionally related cells is the lack of any increase in inter- 

hemispheric oscillatory synchrony between the two primary motor cortices during bi

manual tasks, when one may expect functional co-operation, compared to uni-manual 

tasks (Murthy and Fetz, 1996a). Similarly Andres et al (1999) demonstrated in humans 

that synchronisation of beta and alpha oscillations between the homologous motor 

cortices was the same during unimanual tasks as during well-learnt bi-manual tasks. 

However inter-hemispheric oscillatory synchronisation does not appear to be the same 

for all tasks, Cardoso de Oliveira et al (2000) found that the inter-hemispheric 

correlation of primary motor cortex local field potentials was higher during coordinated 

mirror symmetric bimanual tasks as opposed to other bimanual or unimanual tasks. 

Thus it is possible that there is a distinction between the degree of oscillatory 

synchronisation seen in coupled mirror-like movements and decoupled movements, 

such as unimanual tasks and skilled bimanual tasks when the hands are coordinated 

but perform dissimilar movements. The presence of inter-hemispheric oscillatory 

synchronisation may therefore not reflect a binding function per se but simply reflect 

the presence (during coupled limb movements) or absence (during unimanual or skilled 

bimanual tasks) of functional connections between the hemispheres.

The presence of higher inter-hemispheric oscillatory synchronisation during mirror-like 

bimanual movements may explain the high inter-hemispheric coherence during the 

initial stages of learning a bimanual task seen by Andres et al (1999). In these initial 

stages of learning a bimanual task there is a tendency to perform coupled, identical 

mirror-like movements that with learning are suppressed (Swinnen et al., 1993). 

Interestingly in monkeys a lesion to the supplementary motor area increases the 

oscillatory synchrony between the two motor cortices (Donchin et al., 1999). This 

suggests a possible role for the supplementary area in the co-ordinated, decoupled 

bimanual movements a hypothesis which has support from both lesioning (Brinkman, 

1984) and imaging studies (Sadato et al., 1997).
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1.3.6 Role o f oscillations In motor timing

Oscillations around -10 Hz have been proposed to influence the timing of movements 

(Llinas, 1991). A possible mechanism for this theory was proposed by Nicolelis et al 

(1995) who found correlated 7-12 Hz oscillations throughout multiple relays of the rats’ 

somatosensory system. These oscillations were cortically generated and they 

preceded, and their frequency matched, subsequent exploratory oscillatory whisker 

movements. The authors felt that the oscillations were an internal representation of the 

timing of the whisker movement and that they provided a facilitatory signal to the 

sensory centers that coincided with the time of whisker protraction when active tactile 

sampling occurs (Nicolelis et al., 1995). Such gating of incoming inputs according to 

the phase of the cortically derived oscillatory signal may in turn allow the timing of a 

stimulus to be converted to a rate code. Here the number of impulses transmitted to the 

cortex by thalamic neurons may indicate the time of arrival of an input relative to a 

given phase of the oscillatory cycle (Ahissar et al., 1997). Whether within the motor 

system -10 Hz oscillations serve to facilitate motor production or the processing of 

movement-related feedback information to specific times is unclear although some 

studies in humans suggest that the timing of movement onset may be governed by a 

10 Hz rhythm (Goodman and Kelso, 1983; McAuley et al., 1999). Other psychophysical 

experiments however have suggested that the frequency of a central oscillator that 

may be important for both motor action timing and time perception is higher around 20- 

30 Hz (Treisman et al., 1992; Gamzu and Ahissar, 2000).

1.3.7 Role o f neuronal synchrony and oscillations in learning

An advantage of using neuronal synchrony as a marker for a functionally related 

neuronal ensemble is flexibility, that is, that the same neuron is able to participate in 

many different ensembles (Singer, 1993a). However, it is also important to be able to 

consolidate effective ensembles such as those that may be involved in generating a 

particular movement, this could be achieved by use-dependant changes in the synaptic 

efficacy (Singer, 1993b). The ability of both animals (Amzica et al., 1997) and humans 

(Zhuang et al., 1997; Miltner et al., 1999) to exhibit learning induced changes in high 

and low frequency oscillations and in interareal coherence (Andres et al., 1999) 

suggests that synchronised oscillations are modifiable. Indeed, synchronous activity 

between two synaptically connected neurons are the very conditions that Hebb 

originally postulated would result in a specific increase the efficacy of that connecting 

synapse (Beggs et al., 1999). The importance of post-synaptic oscillations in promoting 

synaptic plasticity has been demonstrated on cortical pyramidal cells by Wespatat et al 

(2000). These workers induced, via sinusoidal current injection, 20 or 40 Hz oscillations 

of the pyramidal cell membrane potential. Following subsequent afferent stimulation of 

the same pyramidal cell, to produce excitatory post synaptic potentials, they found that 

the type of synaptic modification, either long term potentiation or depression, depended
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on the phase of the oscillatory cycle at which the post synaptic potentials occurred 

(Wespatat et al., 2000). Such phase-dependant differences in response may be 

caused by vital differences in the timing of pre and post-synaptic activity (Markram et 

al., 1997). The potential importance of pre and post-synaptic oscillatory activity in 

learning has also been illustrated in hippocampal cortical slices (Whittington et al.,

1997). Here, with sufficient stimulus intensity, gamma oscillations in neuronal firing can 

lead to firing within the beta range. This is associated with an increase in after

hyperpolarisation within pyramidal cells and in particular with a potentiation of 

excitatory connections between pyramidal cells. Importantly the changes in excitatory 

postsynaptic potentials are not seen in the absence of oscillations but re-appear during 

subsequent gamma oscillations. This was proposed to serve as a substrate for the 

storage and retrieval of specific functionally related neuronal assemblies (Whittington et 

al., 1997) that may for example encode a particular motor action (Brown, 2000).

Neuronal synchrony between two or more inputs is also effective in promoting voltage- 

dependant synaptic plasticity as it generates a larger postsynaptic voltage change 

compared to asynchronous inputs (Singer, 1993b; Matsumura et al., 1996). Therefore 

the activation of post-synaptic N-methyl-D-aspartate receptors, which are important for 

synapse specific long term potentiation (Beggs et al., 1999), is more likely to be seen 

following the arrival of synchronous inputs whilst asynchronous inputs would be 

unchanged or even undergo depression. Such synaptic modification may therefore 

accompany the increase in neuronal synchrony associated with the learning of a 

reaction-time task (Laubach et al., 2000). In summary, synchrony between the pre and 

post-synaptic neuron or between two input neurons could both lead to an increase in 

synaptic efficacy through homosynaptic or associative long term potentiation 

respectively (Beggs et al., 1999).

1.3.8 Cortical -  subcortical interactions

Most studies to date examining coupling between regions within the motor system have 

concentrated on sensorimotor regions of the cortex as described above. As within the 

visual system intra-cortical mechanisms of promoting synchrony have been postulated 

(Engel et al., 1992), for example inter-hemispheric oscillatory synchrony is abolished by 

section of the corpus callosum (Harmony et al., 1994). However the potential 

importance of subcortical input not only in eliciting fast oscillations via depolarising 

synaptic input but also establishing and maintaining these oscillations as part of an 

interconnected network cannot be overlooked (Lumer et al., 1997a). Further, as a vast 

amount of parallel processing occurs in numerous subcortical systems prior to and 

during motor acts the potential need for “binding” together ongoing, functionally 

associated activity with both cortical and other inter-related subcortical sites exists
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(Graybiel et al., 1994; Schwarz and Thier, 1999). Studies examining cortical-subcortical 

interactions of high frequency oscillations are rare, in cats fast (30-40 Hz) oscillations 

within the ventro-lateral nucleus of the thalamus are synchronised with those in the 

primary motor cortex (Steriade et al., 1996b). The large feedback connection from layer 

VI of the cerebral cortex to the thalamus may be particularly important in establishing 

oscillatory and functionally relevant neuronal synchrony and in promoting intrathalamic 

synchrony (Sillito et al., 1994; Amzica et al., 1997). The importance of corticothalamic 

feedback in supporting thalamic oscillations has been demonstrated in a large scale 

realistic model of this system (Lumer et al., 1997a). Here the interlaminar loops, which 

involved the reticular nucleus, in turn served to amplify the cortically generated 

oscillations via a cortico-thalamo-cortical feedback loop (Lumer et al., 1997a).

The fast (30-100 Hz) oscillations within the ventro-lateral nucleus that are 

spontaneously recorded can also be elicited by stimulation of efferents from the 

cerebellum (Timofeev and Steriade, 1997). Similarities in this broad frequency 

response seem to exist with the visual system. Here, following a visual stimulus, a 

transient and stereotyped high frequency (70-100 Hz) oscillatory response is recorded 

from retinal ganglion cells. These oscillations phase lead and are correlated with those 

in the lateral geniculate nucleus and visual cortex (Neuenschwander and Singer, 1996; 

Castelo-Branco et al., 1998). The visual cortex also shows oscillations within the 

gamma band (30-60 Hz) which show a sustained, stimulus dependant response to 

visual stimuli, these oscillations are in turn synchronised or may even phase lead those 

within the lateral geniculate nucleus but are not related to retinal signals (Castelo- 

Branco et al., 1998). Thus the 70-100 and the 30-60 Hz oscillations may therefore have 

a subcortical (retinal) and cortical source respectively. Out of these oscillations it is the 

30-60 Hz oscillation that is felt to subserve the processes of perceptual binding within 

the visual system (Herculano-Houzel et al., 1999). Therefore the cerebellar input to the 

ventro-lateral thalamus could be analogous to the retinal input to the lateral geniculate 

nucleus and elicit fast (>70 Hz) oscillations which may serve a different function to the 

beta/gamma oscillations normally recorded in motor cortical and thalamic areas during 

motor tasks. However, 13-18 Hz oscillations can also be recorded from the cerebellar 

cortex of animals under similar conditions of alert immobility (Pellerin and Lang, 1997) 

which induce cortical oscillations suggesting that cerebellar neurons may modulate or 

be modulated by oscillatory activity within the motor cortex. This is supported ~28 Hz 

oscillations observed after spike triggered averaging of motor cortical local field 

potentials relative to deep cerebellar neuronal spikes (Holdefer et al., 2000). Schwarz 

and Their (1999) have further hypothesised that spatially separated but functionally 

related neurons within the cerebellum could, via reciprocal connections with the pontine 

nuclei, also become dynamically linked through the occurrence of synchronous
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discharge in the same way as hypothesised for the cerebral cortex with which it 

subsequently interacts.

1.3.9 Influence of cortical oscillations on the peripheral musculature

As well as interacting with disparate cortical sites and the thalamus, synchronised 

oscillations within the motor cortex can also interact with other subcortical sites such as 

the spinal cord. This influence has been inferred from the investigations into the 

relationship between oscillatory activity recorded from the motor cortex and active 

muscle in both man and animals. Oscillations recorded from the sensorimotor cortex 

and the rectified electromyography (EMG) from muscle are significantly coherent or 

correlated within the beta band (Murthy and Fetz, 1992; Conway et al., 1995; Baker et 

al., 1997; Halliday et al., 1998). This relationship is task-specific being seen during 

isometric contractions whilst being greatly reduced or abolished upon the production of 

movement (Baker et al., 1997; Kilner et al., 1999). However, movement per se is not 

required to cause this change as a reduction or abolition is also seen when limb 

position is constant but the force exerted is dynamically changed (Kilner et al., 2000). 

Following cessation of movement the beta coherence rebounds to levels higher than 

that seen prior to the change of force (Kilner et al., 1999) with the degree of rebound 

coherence depending on the force Vs distance profile of the preceding movement 

(Kilner et al., 2000). Thus changes in coherence between muscle and motor cortex 

demonstrate similarities to the changes in beta oscillations seen with movement 

although it should be highlighted that power changes with movement are relative to a 

rest period whilst coherence changes are relative to an active hold period. Further, in 

accord with the observed event related synchronisation of oscillations within the 

gamma band (Crone et al., 1998a), significant coherence between the sensorimotor 

cortex and EMG can be detected at this frequency during both isometric holds and 

movement. This coherence seemingly increases with increases in the force produced 

(Mima et al., 1999), although other authors have not observed this relationship (Kilner 

et al, 1999). The source of the coherent beta and gamma oscillations demonstrates 

somatotopy within the motor cortex being medial and adjacent to the inter-hemispheric 

sulcus during contraction of foot muscles whilst being localised more laterally in the 

anterior or posterior banks of the central sulcus during distal arm movements (Salenius 

et al., 1996; Brown et al., 1998c; Kilner et al., 1999). This finding has been extended in 

animals where, within the primary motor cortex, local field potentials recorded from 

sites that activate distal hand muscles following intracortical microstimulation are more 

likely to be significantly coherent with these same muscles than other non-activated 

muscles. It was also demonstrated that identified pyramidal cells are involved in the 

genesis of these oscillations, as the cells are both phase locked to the oscillations
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(although this can be variable) (Pinches et al., 1997; Baker et al., 1997) and stimulation 

of the pyramidal tract can reset the timing of the beta oscillation (Jackson et al., 2000).

The phase relationship between the cortex and EMG remains unclear. Different groups 

have found that the cortical signals are either in synchrony (Conway et al., 1995; 

Halliday et al., 1998) or phase lead EMG by short delays (Brown et al., 1998c) or 

delays similar to the conduction time of presumed fast corticomotoneuronal fibers 

(McLachlan and Leung, 1991; Salenius et al, 1997a; Mima et al., 1998; Mima and 

Hallett, 1999, Gross et al, 2000) as estimated by direct electrical or magnetic cortical 

stimulation (Rothwell et al., 1991). The discrepancy may in part lie in the varying 

methods used to measure phase. Short delays, for example, are found when the 

latency is calculated from the largest up going peak of the cross-correlogram between 

MEG signals recorded from the cortex and the EMG signal, this peak is felt to 

correspond to a surface negativity (Brown et al., 1998c). However, if the smaller 

adjacent down going peak, corresponding to a surface positivity is used, then the 

delays are similar to that expected for transmission down the fastest cortico-spinal 

pathways. The observation that many neurons fire on or just before the depth negative 

(surface positive) peak of the local field potential suggests that this may be an 

appropriate adjustment (Murthy and Fetz, 1996a; Donoghue et al., 1998). In support for 

such a delay is the observation that using the same methods described above the 

differences in latencies obtained between the cortex and either the hand and foot 

muscle signals is appropriate for transmission down fast corticospinal pathways 

(Salenius et al., 1997a; Brown et al., 1998c). However the relationship may be more 

complex as pyramidal cells are not consistently phase locked to the oscillation (Pinches 

et al., 1997), there may be multiple levels of oscillatory sources within the cortex 

(Steriade and Amzica, 1996) and frequency independent phase delays are not always 

found (Halliday et al., 1998).

The function of this oscillatory influence on the spinal cord remains unclear. It may 

simply be a peripheral manifestation of central processing that entrains pyramidal cells 

and thus ultimately muscle. However the task dependent modulation of the cortex-EMG 

coherence described may be hard to reconcile with other theories of the role of central 

oscillations previously discussed. Such marked task related activity argues against the 

beta rhythm simply being an idling rhythm as it is present during times when the motor 

cortex is known to be active (Lemon, 1995). However, attentional processing has been 

proposed to be lower during the hold phase, when oscillations are preferentially 

observed, than during the movement phase of the precision grip task used by Baker et 

al (1997) arguing against a simple modulation with attentional processing. One 

possibility proposed by this latter group is that the modulation of pyramidal cell by the 

beta oscillation results in an increase in neuronal synchrony which is more effective
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than an asynchronous input at firing the anterior horn cell (Murthy and Fetz, 1994; 

Baker, 1997). Thus force output could be maintained efficiently with as little neural 

activity as possible. However such oscillatory modulation limits changes in firing rate 

and thus information processing by this mechanism (Murthy and Fetz, 1996b). 

Therefore with movement, which may require an increase in information processing, 

oscillatory activity may be suppressed and the cortical neurons now act more 

asynchronously but at higher firing rates in order to recruit motoneurons (Baker et al., 

1997; Kilner et al., 1999).

1.3.10 Oscillatory activity measured from the periphery 

Beta oscillations

The EMG signal, which can be coherent with activity recorded from the sensorimotor 

cortex, arises from the summation of multiple active motor units (DeLuca, 1978). As a 

motor unit comprises a motoneuron and the muscle fibers that it contacts then the firing 

pattern of the motor unit will reflect the synaptic input to the motoneuron including the 

oscillatory descending drives described. Although an individual motor unit may actually 

have a low firing frequency the oscillatory drives, which are often of a higher frequency, 

can modulate the motor unit firing pattern by influencing the time when a unit will fire 

and tend to cause motor units to fire in synchrony (Brown, 2000). Therefore the 

influence of oscillatory drives on peripheral musculature can be inferred by assessing 

the relationship either between individual motor units within the same or separate 

muscles or between the surface EMG signals recorded from separate muscles. Farmer 

et al (1993a) found that during a weak isometric contraction individual motor units 

within the first dorsal interosseous muscle tended to be synchronised and coherent 

with each other between 16-32 Hz and 1-12 Hz. The presence of synchrony between 

motor units is not however a definitive marker of a descending beta oscillatory drive as 

it can also be caused by a branched common last input although this latter effect tends 

to produce synchrony over a shorter time-scale (Sears and Stagg, 1976). When motor 

units are recorded from separate hand muscles the degree of synchrony and beta 

coherence decreases with increasing distance between the recorded muscles. Further, 

coherence between two units within the same muscle is greater for more distal as 

opposed to proximal muscles such as biceps (Farmer et al., 1993a). Therefore the 

degree of motor unit coherence seems to bear a relationship to the density of 

corticospinal projections. The importance of this projection is further supported by the 

loss of beta coherence between motor units within distal hand muscles following 

internal capsular stoke (Farmer et al., 1993a,b).

The influence of peripheral feedback mechanisms on the genesis of the beta 

coherence between motor units seems minimal as it remained in a subject with
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extensive proprioceptive and cutaneous deafferentation (Farmer et al., 1993a), and 

following the application of local anaesthesia in healthy subjects (McAuley et al., 1997). 

These findings are in line with the fact that the frequency of EMG- motor cortex 

coherence is often identical in the same subject between distal hand and leg despite 

different re-afference delays (Salenius et al., 1997a). Other findings, however, suggest 

that somatosensory stimulation may indeed be able to modulate the degree of MEG- 

EMG coherence and motor cortex rhythms (Salenius et al., 1997b; Salenius and Pohja, 

2000).

Inter-muscular beta band coherence can also be detected using surface EMG signals 

(Conway et al., 1998a); using such techniques Kilner et al (1999) has determined that 

inter-muscular coherence is present during isometric holds but decreases / is abolished 

on movement in line with the cortex-EMG relationship previously described (Kilner et 

al., 1999). The use of surface EMG has the advantage that it is easier to record, more 

stable than single motor unit recordings and would show potentially lower sampling 

errors as the summated signal from a larger active motor unit pool is sampled.

Gamma oscillations

An oscillation within the beta band (15-30 Hz) is by no means the only (or largest) 

oscillation that can be recorded from the periphery, oscillations have also been 

identified around -40 Hz, which is referred to as the Piper rhythm and whose 

descending cortical drive was described earlier (section 1.3.9). As the biomechanics of 

the limb and the twitch time of single motor units' smooth the higher frequency drives 

out they have minimal effect on the motor performance (Baker et al., 1997). In contrast, 

lower frequency drives around -8-12 Hz (McAuley et al., 1997) and -2  Hz (DeLuca and 

Erim, 1994) can contribute to the oscillation of the limb (tremor). The origin of these 

lower frequency oscillations still remains unclear although the lack of a harmonic 

relationship between the -10Hz, 20-30 Hz and -  40 Hz activities suggests that they are 

independent (McAuley et al., 1997; Hari and Salenius, 1999).

Low frequency common drive

The low frequency oscillatory drive at -2  Hz is referred to as the common drive, which 

can be detected by assessing the common modulation of the instantaneous firing rate 

of two motor units. Common drive acts on a large number of motor units both within 

and between muscles (DeLuca and Erim, 1994). Such low frequency modulation has 

been seen in isometric contractions with either constant or slowly varying force and 

during slow movements (DeLuca et al., 1982; DeLuca and Mambrito, 1987; DeLuca et 

al., 1993; McAuley et al., 1999; Kakuda et al., 1999). The presence of such a drive in 

muscles that are without muscle spindles (Kamen and DeLuca, 1992) suggests that it 

may be of central origin rather than peripherally generated. If centrally generated it may
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not be cortico-spinal in origin. Firstly, it persists following cortical or capsular stoke 

(Farmer et al., 1993a) and secondly there is no correlation between this common drive 

and short-term synchronisation between motor units (Semmler et al., 1997), the latter 

being associated predominantly with the 15-30 Hz descending cortico-spinal drive 

(Farmer et al., 1993a). It has been proposed that such a common widespread drive to 

many muscles negates any need for the central nervous system to control motor unit 

recruitment directly (DeLuca and Erim, 1994). Here a motoneuronal pool involving a 

large range of muscles receives the same drive the size of which can vary and it is the 

individual intrinsic properties of each motoneuron which then determines the 

characteristic recruitment pattern and the initial and subsequent firing rate response 

that is usually seen (DeLuca and Erim, 1994).

6-12 Hz oscillations

Although oscillatory activity recorded from the periphery may arise in part from 

mechanical factors (Hallett, 1998) a 6-12 Hz modulation of motor unit firing can be 

observed during isometric contraction (Mori, 1973; Elble and Randall, 1976; Farmer et 

al., 1993a). Oscillations around -10 Hz are also seen during slow movements where 

the coherence between motor units may even be stronger than that seen during 

isometric contraction (Vallbo and Wessberg, 1993; Wessberg and Vallbo, 1995; 

Kakuda et al., 1999). These -10 Hz oscillations may be unaffected by altering the 

mechanics of the body part by loading, by disruption of peripheral feedback 

mechanisms or varying movement velocity and are of presumed central origin (Vallbo 

and Wessberg, 1996; McAuley et al., 1997; Halliday et al., 1999). The origin of this 

central drive however is unclear, coherence between sensorimotor cortex and EMG at 

this frequency has been detected (Salenius et al., 1997a; Mima and Hallett, 1999; 

Raethien et al., 2000) but it is not seen in all studies (Conway et al., 1995; Kilner et al., 

1999; Mima et al., 2000) and the degree of coherence tends to be much smaller than 

that seen in the beta band.

One possible source for the 10 Hz rhythmic drive is the olivary-cerebellar circuit (Llinas 

and Pare, 1995). Due to their intrinsic membrane properties, cells of the inferior olive 

can oscillate around 10 Hz. The cells are also electrotonically coupled, the coupling in 

turn being influenced by GABA-ergic projections from the cerebellum. As a result of 

the electrotonic coupling, synchronous 10-Hz oscillations may influence multiple areas 

in the cerebellar cortex via transmission along climbing fibers, and subsequently other 

motor systems via the efferent connections of the deep cerebellar nuclei. Support for 

this theory arises from the whole body 10-Hz oscillations seen after harmaline injection 

of the inferior olive in animals (Llinas and Volkind, 1973). However, chronic recordings 

in the awake moving monkey have produced conflicting results as to whether 10-Hz
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oscillations have an effect on the Purkinje cells or the deep cerebellar nuclei onto which 

they converge (Keating and Thach, 1995; Keating and Thach, 1997; Pellerin et al., 

1997; Keating and Thach, 1997). Further, non-uniform conduction times between the 

inferior olive and the cerebellum may not support the arrival of synchronous inputs and 

thus coupling of separate areas (Baker and Edgley, 1999).

1.4 Svnchronisation and oscillations in disease

This section highlights two selected examples of central nervous system pathologies 

namely cortical myoclonus and pathology affecting the basal ganglia. This section does 

not aim to provide an extensive review of the pathogenesis of different conditions. 

Instead it aims to describe how abnormalities in oscillatory activity can be associated 

with CNS pathology and may even contribute to the movement disorders observed.

1.4.1 Cortical myoclonus

This condition is characterised by sensory- and action- induced jerks, the physiological 

abnormalities have been localised to the sensorimotor cortex although interestingly in 

some cases the site of pathological abnormalities may be the cerebellum (Bhatia et al., 

1995; Tijssen et al., 2000). In cortical myoclonus there is a decrease in cortico-cortical 

inhibitory mechanisms (Brown et al., 1996b) and compared to healthy controls the 

oscillatory activity within the sensorimotor cortex is enlarged in amplitude and extends 

over a wider frequency band. The large synchronous cortical oscillatory activity in turn 

leads to synchronous discharge of many motor units both within and between muscles 

as reflected in the exaggerated coherence with muscle (Kugelberg and Widen, 1954; 

Brown and Marsden, 1996a; Brown et al., 1998). The enlarged coherence further 

allows for a reliable assessment of the phase relationships between the cortex and 

muscle. Above 15 Hz the cortex consistently phase leads the muscle by delays that are 

appropriate with conduction down fast cortico-spinal pathways (Brown et al., 1998; 

Marsden et al., 1999). This is in agreement with earlier measures attained through 

back-averaging of the cortical signal relative to the onset of the muscle jerk (Obeso et 

al., 1985). Interestingly below 15 Hz the cortical signals can phase lag the muscle 

implying that at these lower frequencies peripheral feedback may be influential 

(Marsden et al., 1999).

1.4.2 Pathology affecting the basal ganglia

Movement disorders arising from pathology affecting the basal ganglia are 

characterised by either a lack of spontaneous or associated movement such as seen in 

Parkinson’s disease or an excess of involuntary movement such as seen in chorea and 

dystonia (Rothwell, 1995). The basal ganglia lie at the heart of several parallel.
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segregated cortex-basal ganglia- thalamus-cortical loops (Alexander et al., 1990; 

Middleton and Strick, 2000). In Parkinson’s disease there is degeneration of the 

dopaminergic innervation to the striatum and possibly other nuclei of the basal ganglia 

which ultimately results in overactivity of the inhibitory output nuclei of the basal 

ganglia, the globus pallidus internus and the substantia nigra pars reticulata. This is felt 

to lead to increased inhibition of the thalamus and therefore disfacilitation of the cortical 

projection (Albin et al., 1989). In contrast dystonia may be associated with reduced 

inhibition of the thalamus and over activity of certain cortical areas (Berardelli et al.,

1998).

This oversimplified view is given to highlight the fact that cortical activity in these two 

disorders may vary, an observation that is supported by investigations of abnormalities 

in oscillatory activity in these two groups. In upper limb dystonia, for example, there is 

an abnormal inter-muscular coherence between agonist and antagonist forearm 

muscles between 1-12 and 14-33 Hz accompanied by a broad duration synchronisation 

(24-45 ms), which is not seen in healthy subjects (Farmer et al., 1998). It was 

suggested that this arose from an abnormal periodic synchronisation of corticomotor 

neurons to these antagonistic motor neuron pools. Further, patients with writer’s cramp, 

a focal dystonia, show a decreased size of beta ERD with movement over the 

contralateral and midline sensorimotor areas (Toro et al., 2000). These results suggest 

that cortical beta oscillatory activity may be poorly localised, abnormally high and/or 

less reactive to movement in this condition. A descending beta oscillatory drive to both 

agonist and antagonist motoneurons that persists during movement would, via its 

synchronised synaptic inputs, lead to recruitment of the motoneurons onto which the 

drive impinges. This could result in the excessive co-contraction seen in this condition, 

although effects such as reduced reciprocal inhibition also probably contribute 

(Nakashima et al., 1989).

In contrast, in Parkinson’s disease recordings from muscle during isometric contraction 

and movement suggests that when patients are withdrawn from dopamine agonists, 

oscillatory activity within the beta and especially the gamma range is decreased 

compared to controls or when they are on medication (Brown, 1997; Brown et al., 

1997). Simultaneously, whilst off medication, motor units tend to discharge during 

movement synchronously at 10 Hz, which manifests as an action tremor (Teravainen 

and Caine, 1980; Brown et al., 1997; Brown et al., 1998a). These findings have 

correlates within the sensorimotor cortex; for example post-movement beta 

synchronisation over sensorimotor areas is decreased (Pfurtscheller et al., 1998a). 

Similarly, cortex-EMG coherence within the beta and gamma bands is absent whilst off 

medication but is restored to control levels on administration of dopaminergic 

medication (Salenius et al., 2000) or following pallidotomy (Conway et al., 1998b).

36



Changes are also noticeable in the 10 Hz cortical rhythms with movement related 

desynchronisation around 10 Hz being either delayed or decreased compared to 

controls or whilst on medication/pallidal stimulation (Defebvre et al., 1996; Wang et al., 

1999; Filipovic et al., 2000). These observations in humans have been supported by 

studies in animal models of Parkinson’s disease. When the monkey is parkinsonian, 

neurons within the subthalamic nucleus (Bergman et al., 1994) and globus pallidus 

internus (Miller and DeLong, 1987; Filion and Tremblay, 1991; Mini et al., 1995; 

Wichmann et al., 1999) have a high spontaneous firing rate and their discharges tend 

to be synchronised and fire in bursts with frequencies between 4-8 and 8-16 Hz, this 

tendency can be reversed with administration of dopamine. In contrast, in the control 

state firing rate is decreased and the percentage of neurons oscillating at either 4-8 or 

8-16 Hz is significantly lower. Further, there is an accompanying tendency for a higher 

proportion of neurons to oscillate at frequencies above 20 Hz although the percentage 

of the total neurons showing this pattern is small (-1 -4% ) (Filion and Tremblay, 1991; 

Bergman et al., 1994).

Overall the evidence has been interpreted as suggesting that in the parkinsonian state 

this there is an increase in low frequency (<10 Hz) oscillatory activity in the basal 

ganglia, including the inhibitory output nuclei. It has been proposed that this inhibitory 

oscillatory output may hyperpolarise and entrain connected thalamocortical cells Into 

this rhythm possibly by de-inactivation of the low threshold calcium current in a manner 

similar to the genesis of spindle waves associated with sleep (Pare et al., 1990; 

Salenius et al., 2000). This in turn may lead to an increase in 10 Hz rhythms within the 

cortex and prevent the expression of higher frequency oscillations. Ultimately the 

dominance of 10 Hz activity and inhibition of higher frequency rhythms within cortical 

sites and muscle is felt to have two consequences (Salenius et al., 2000). Firstly, low 

frequency synchronisation of motor units prevents them being fused leading to the slow 

onset of voluntary movement and a decrease in contraction strength seen in this 

patient group (Brown et al., 1997). Secondly, the decrease in gamma and beta 

oscillations within the cortex would disrupt the functions that these oscillations 

subserve, be that planning or focusing attention onto a forthcoming movement or 

binding together the distributed cortical activities required to perform complex motor 

acts (Brown and Marsden, 1998).

The different pathologies described highlight how abnormal oscillatory activity may 

contribute to the movement disorders seen in these conditions and how a further 

understanding of the function of gamma and beta oscillations may provide insight into 

the genesis of the symptoms observed, for example in Parkinson’s disease. Finally the 

study of patients with nervous system lesions can improve our understanding of the 

genesis and function of the oscillations in healthy subjects. From the above discussion.
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for example, it seems that if the oscillatory activity is strong enough to entrain a large 

number of pyramidal cells then motor cortex oscillatory activity does indeed lead the 

muscle by a delay consistent with corticospinal transmission. Similarly studies on 

patients with dystonia and Parkinson’s disease strongly suggest that the basal ganglia 

can influence cortical oscillatory activity. Of course, data from subjects with central 

nervous system pathology must be interpreted in light of the proviso that one is by 

definition looking at an abnormal system that may not necessarily reflect the normal 

manner of functioning.

In conclusion, the questions of the genesis and function of oscillatory activity within the 

human CNS has intrigued researchers since its discovery (Berger, 1969a). This thesis 

aims to build upon the studies described hitherto and to explore aspects of both these 

questions.
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Chapter 2: Methodology

This chapter will describe methodological and analysis techniques that are common to 

the experiments performed (chapters 3- 8), specific methodology will be given at the 

start of each chapter.

2.1 Methodoloov -  Overview

All experiments were performed at the Human Movement and Balance Unit except in 

chapters 5-8 where patients were seen following surgery. In these cases, which are 

highlighted in the relevant chapters, some experiments were performed on the site 

where the patient normally received treatment. All subjects were studied with their 

informed consent and the approval of the relevant local ethics committee according to 

the declaration of Helsinki.

Time-varying electrical potentials were recorded and the relationship between two (or 

more) of these signals was analysed in the frequency and time domain. In chapters 3-5 

an assessment was made of the relationship between pairs of single motor units 

recorded within the same or different muscles (chapter 3) or multi-unit data from 

different muscles which were recorded using needle or surface electrodes (chapters 4- 

5). In all cases an isometric contraction of the relevant muscles was performed (see 

relevant chapter). The resulting intra- or inter-muscular relationships provided 

information on possible centrally generated oscillatory drives common to the muscle(s) 

recorded. A comparison was made of how these intra- or inter-muscular relationships 

varied between healthy subjects across different recording sites (chapter 3), between 

patients with spasmodic torticollis and a control group (chapter 4), or between patients 

with idiopathic Parkinson’s disease with and without administration of dopaminergic 

medication or therapeutic high frequency stimulation of the subthalamic nucleus 

(chapter 5).

In chapters 6 - 7  patients were seen following surgical implantation of a 

macroelectrode which was used for therapeutic high frequency deep brain stimulation. 

The macroelectrode targeted either the subthalamic nucleus for the relief of 

parkinsonian symptoms (chapter 6) or the thalamic nucleus ventralis intermedius for 

the relief of tremor in various patient groups (see chapter 7). Local field potentials 

(LFPs) were recorded while macroelectrode leads were externally exposed, in the 

interval between the stereotactic implantation of stimulating electrodes and the 

subsequent subcutaneous re-routing of leads to an internal stimulator. The LFPs were 

recorded simultaneously with bipolar surface EMG from contralateral active muscle 

and, where possible due to the presence of dressings surrounding the operative site, 

from bipolar EEC electrodes. In chapter 8 cortical signals were recorded via subdural
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electrodes (electroencephalography, ECoG) simultaneously with contralateral surface 

EMG. In chapters 6-8, the inter-relationships between signals were compared when the 

subject performed either an isometric contraction or a slow (0.2-0.4 Hz) phasic 

movement of the same body part. The muscles assessed varied. The movements and 

isometric contractions were unconstrained, that is they were not, for example, 

performed against a strain gauge. Task consistency was determined by on-line 

monitoring of the degree of EMG activity and visual inspection of movement 

kinematics._This allowed data collection to be performed where necessary using a 

portable system and so allowed the analysis of some post-surgical patients by the 

bedside. The relationship between the subcortical LFPs and EEG was also assessed 

whilst the subject was at rest. In chapter 6, patients with Parkinson’s disease were 

further assessed on and off their normal anti-parkinsonian medication.

The electrode positions were always constant when more than one task or medication 

state was compared in the same subject. Specific recording techniques will now be 

enlarged upon.

2.1.1 Electromyography
Surface EMG (chapters 3-8) was recorded following preparation of the skin with 

isopropyl alcohol and often slight abrasion. Bipolar 9 mm diameter Ag-AgCI electrodes 

were secured with tape (Blenderm, 3M, St Paul U.S.A.) and conducting gel (Dracard, 

Kent, U.K.) was inserted between the skin and electrode. An earth electrode was also 

placed on a body part distant to the site of recording. The force of contraction was 

estimated by the ratio between the mean rectified value and the rectified maximal 

voluntary contraction (MVC). To determine the MVC, manual resistance was given to 

the relevant body part and the mean rectified level over the most active 5 second 

period calculated.

Motor unit data and multi-unit data from neck muscles (chapters 3 and 4) was recorded 

using concentric needle electrodes (Type NDFC25, Vickers medical, Oxford, U.K.). The 

electrodes were 25 mm long with a 0.3 mm diameter and recorded over an area of 

approximately 0.019 mm^. Individual motor units were identified on an oscilloscope. 

Motor unit potentials that crossed an adjustable voltage level were registered as 

transistor-transistor logic (TTL) pulses, a process that will be referred to as levelling. To 

isolate units either a neural pulse sorter was used in conjunction with a spike processor 

(model D130, Digitimer Ltd) or two spike processors were used. The neural pulse 

sorter, which was built in house, imposed a 2-millisecond delay on the recording of TTL 

pulses that was corrected for during analysis.
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Figure 2.1 Comparison of the effects of rectification and levelling of EMG data from a patient with cortical myoclonus. All spectra are taken from the 

same 100s array of data. Autospectra of raw EMG signal, (A) or after full-wave rectification (B) or levelling of the data to produce a series of TTL pulses (0) to 

emphasize the timing of motor unit potentials. The coherence and phase estimates between midline EEG, whose autospectra is indicated in (D) and raw 

EMG (E and H), full-wave rectified EMG (F and I) and levelled EMG data (G and J) are indicated. The coherence spectra and slope of the phase spectra are 

similar except that rectification or levelling the data emphasizes the 4 Hz peak, which was the frequency of the muscle jerks in the auto- and coherence 

spectra. Note that the intercept of a line fitted to the phase spectra by linear regression varies in these examples.
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The common modulation of the timing of either individually recorded motor units or 

multiple motor units that are recorded as TTL pulses was investigated in chapters 3 

and 4. Similarly it is information about the timing of the constituent motor units that is of 

interest when using surface EMG (chapters 5-8). To emphasize information about the 

timing of motor unit discharges, the surface EMG signal was always full-wave rectified 

prior to spectral analysis (Halliday et al., 1995) and high pass filtered. The latter also 

limited cross contamination of signals by movement artifact. That both full-wave 

rectification or levelling the EMG signal to produce a series of TTL pulses yield similar 

coherence and phase spectra is indicated in figure 2.1, although levelling can be 

associated with a loss of some of the relevant frequency content of the data. Figure 2.1 

shows data from a subject with cortical myoclonus whose midline EEG was recorded 

simultaneously with contralateral distal foot EMG (Extensor digitorum brevis) (Brown et 

al., 1996b). The use of rectification or leveling the data further emphasized in the auto- 

and coherence spectra the rhythmic muscle jerks that occurred at 4 Hz in this subject.

2.1.2 Electroencephalography and electrocorticography
The 9 mm, Ag-AgCI EEG electrodes were attached with collodion (SLE diagnostics, 

Surrey, U.K) according to the 10-20 electrode placement system (Misulis, 1997). 

Bipolar recording were made with the electrode positions used being indicated in the 

relevant chapter (6 and 7). In these experiments the presence of scalp dressings 

prohibited the use of an array of EEG electrodes. This prevented the use of a 

reference-free EEG derivation which produces higher coherence between sensorimotor 

cortical signals and contralateral muscle than EEG measured with bipolar or ear-linked/ 

noncephalic references (Mima and Hallett, 1999). Prior to any analysis, off - line 

assessment was performed to reject data sections with artefact that related to eye 

movements or muscle activity. The details of the subdural electrode grids will be given 

in chapter 8.

2.1.3 Deep brain recordings
An adapter lead (Medtonic, Watford, U.K.) connected the macroelectrode to the 

amplifier/filter circuit. The macroelectrode (model 3387m or 3389m DBS; Medtronic, 

Watford, U.K.) had four platinum-iridium cylindrical surfaces or contacts (1.27mm 

diameter and 1.52 mm length) with a center-to-center separation of either 3 or 1.5 mm. 

Contact 0 was always the most distal contact and contact 3 was the most proximal 

contact. Bipolar recordings were made from adjacent contacts ( 0 -1 ;  1 - 2; 2 -  3). The 

recording of LFPs, as opposed to the action potentials of individual neurons as 

performed previously (Lenz et al., 1988; Lenz et al., 1990; Lenz et al., 1994; Hua et al., 

1998a), has the advantage that the detection of both sub-threshold and supra- 

threshold oscillatory activity affecting populations of neurons is facilitated and 

consequently, also, the detection of possible coherence with other sites.
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2.1.4 Amplification and filtering

The recorded signals were amplified, filtered and sampled with a 12-bit resolution as 

described in table 1; any deviations from these settings will be highlighted in the 

relevant chapter. During the analysis a 50 Hz digital stop filter was also applied to the 

data to reduce any mains interference. The sampling rate was at least double that of 

the low pass filter setting. This was to avoid aliasing during subsequent spectral 

analysis, that is the incorrect representation of frequencies in spectra that are outside 

the passband (Challis and Kitney, 1991). The highest frequency that can be 

represented is half the sampling rate, the Nyquist frequency.

Type Amplify

(xIO")

Filter (Hz) Sample(kHz)

Motor Unit 

Potentials 2-10 53-1000/

3000

2 or 5

Surface EMG 1-2 53-300 1

TTL pulses NA NA 1

EEG 5-500 0.5-300 1

Subcortical LFPs 5-500 0.5-300 1

ECoG 1 1-200 1

Table 2.1 Range of amplification, filter settings, and sampiing rate typicaily 

used. NA= Not applicable. Filters were first order Butterworth filters.

The analogue signals were converted to digital signal (AD conversion, CED 1401, 

Cambridge Electronic Design, UK), monitored on-line and stored directly onto SPIKE2 

software (Cambridge Electronic Design, UK). In the patients assessed post-surgery off 

site (chapters 6 and 7), a portable system was used and signals were AD converted 

using an Amplicon card (Brighton, Uk) and stored onto Dacquire software (D. Buckwell, 

MRC HMBU) which was then subsequently converted to SPIKE2 format.

Off line, data was visually inspected and sections with artefact rejected. With phasic 

movements only those data sections when the muscle(s) was active, as determined by 

the EMG signal, were used. Artefact-free and relevant phasic movement data were 

exported to a new data file using the SPIKES programme.
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2.2 Analysis

The data were analysed In the frequency and time domains using a suite of programs 

written by D.Halliday (Division of Neuroscience and Biomedical Sciences, Glasgow). 

The calculation of phase and the comparison of coherence using methods 2 and 3 (see 

section 2.2.5) were performed in Microsoft Excel. Only linear relationships between 

signals are considered as such relationships are often easier to interpret and relate to 

physiological processes. Both time and frequency domain measures were derived from 

spectral estimation techniques based on the fast Fourier transform (with the exception 

of the calculation of common drive in chapter 3) as outlined in Halliday et al (1995). 

When using such techniques several assumptions about the data are made (Halliday et 

al., 1995).

The motor unit spike times are discrete events and are firstly assumed to be 

realisations of a stochastic point process. Secondly the firing times of each motor unit 

are also considered to be orderly. That is only one event occurs in the sampling interval 

of 1 ms, which is shorter than the maximum instantaneous inter-spike interval recorded 

from human motor units which is approximately 9 ms (Freund, 1983).

The surface EMG, EEG, subcortical LFP and ECoG signals were all assumed to be 

realisations of time series. Both the point process and the time series data are also 

assumed to be stationary, so that the statistical parameters that describe a given 

process do not change with time (Challis and Kitney, 1990). This requirement is 

achieved by dividing the data into a series of quasi-stationary disjoint segments prior to 

spectral analysis. As the frequency resolution of spectra calculated with the Fourier 

transform increases with an increase in the length of the segment used (see section 

2.24), this produces a trade-off between the assumption that the data is stationary and 

the frequency resolution of the ensuing spectra that can be achieved. In chapters 5-8 a 

segment length of 512 points, corresponding to 0.512 seconds, is used whilst in 

chapters 3 and 4 which assessed isometric, steady state contractions segment lengths 

had a duration of 1.024 and 2.048 seconds respectively. Any trends in the time series, 

that is the tendency for the mean to systematically vary, were removed following a 

linear regression over the segment length (Priestley, 1981). This was particularly 

important for the phasic tasks where the rectified EMG could vary during the task. 

Despite trend removal non stationarities in the data may still exist during phasic tasks 

and caution should be applied when interpreting quantitative changes in parameters 

derived from spectral analysis under these circumstances. The final assumption was 

that the data were felt to fulfil a mixing condition whereby sampled values or point 

processes separated widely in time are independent (Halliday et al., 1995). In the
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examples given throughout the text the cumulant density estimate between two signals 

usually becomes non significant at lags >~1 s indicating that for the biological 

processes assessed the signals did indeed become independent.

Spectral estimation techniques have the advantage that confidence limits can be 

formulated for the estimates and thus allow hypothesis testing. For each parameter z 

an estimate z is derived with a variance (var {z}). Under the assumption that the 

estimates have a normal distribution then the 95% confidence limits are given by:

z ± 1.96 X  V(var{z})

Equation 2.1

To obtain estimates of each parameter each time series is divided into non

overlapping, disjoint segments each of length T (which comprised of 512 data points in 

all experiments except chapters 3 and 4), the segments per record is defined as L and 

varies with the total record length (R). A finite Fourier transform is then performed on 

each segment. For a time series a(t) the finite transform of the I segment at a 

frequency A is defined as :

T

a i-DT-

lT -\ Equation 2.2

(where / = V-1) (Halliday et al., 1995; Bolton, 1995) 

Similarly for the point process N1

d {X, l )=  f  e-‘^dN {t) 
m  •(/-I)?’

—iXtj

Equation 2.3

Where tj is the times of occurrence of the N1 events.
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2.2.1 Cross and auto-spectrum
The cross spectrum between two time series a(t) and b(t) at the frequency A is denoted 

by fab(A) and given by :

Equation 2.4

/,.W  = ̂ E < ( a,/K(a,o
2nLT î i

Where the overbar —  indicates a complex conjugate. Thus the estimate is derived by 

averaging over all the data sections from 1 to L. The cross spectrum between two point 

processes N1 and N2 is given by substituting in equations 2.2, any further distinction 

between point process and time series data will not be made as the subsequent 

equations are the same with just an initial substitution of equations 2.1 or 2.2 being 

made. The autospectrum (or power spectrum), fga for the time series a(t) is derived by 

replacing the subscript b for a in equation 2.4, the resulting product of this conjugate 

pair is a positive real number. With the exception of chapter 5 autospectra are plotted 

on a logio scale, this transform stabilises the variance such that it is independent of the 

original value. As the original autospectral values are often <1 this results in negative 

autospectral values. The value of the variance of the autospectrum of time series a(t), 

from which the 95% confidence limit are calculated, are given by:

Equation 2.5

var {logio (4a (A))} = (logio(e))^ L’^

For a random Poisson process of N spikes, the autospectrum has an asymptotic value 

that equals P/2tt, where P is estimated by N/R, that is its mean firing rate. Therefore in 

chapters 3 and 4 the upper and lower 95% confidence limits for each point process is

given by :

Equation 2.6

Log,„ (P/2TT) ± 1.96[(log,„(e)f L 'Y "

In chapter 5 a comparison was made of the autospectral power between control 

subjects and parkinsonian subjects. The amplitude of the EMG signal and thus 

autospectral power varies depending on the electrode impedance / position of the 

electrodes relative to the underlying muscle making a direct comparison of absolute 

autospectral power between different subjects unreliable. Therefore power in a given 

frequency bin was expressed as a percentage of the total power up to 100 Hz.
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2.2.2 Coherence and phase 
The coherence \Rab{^)f is

series a(t) and b(t) at a given frequency (A), using the above notation:

The coherence \Rab{^)f is used to determine the linear dependency between time

Equation 2.7

L a W f t M )

The coherence defined here is sometimes referred to as the mean squared coherence 

(Challis and Kitney, 1990). It is a unitless measure, bounded from 0 to 1, where 1 

indicates a perfect linear dependence and 0 indicates complete independence between 

the two signals. Thus coherence provides a measure of the strength of coupling 

between the two signals and indicates how well one signal a(t) may be determined 

from another signal b(t) (Rosenberg et al., 1989). The estimates for the variance of the 

coherence are poor for small values of coherence (Halliday et al., 1995). Therefore, 

following Halliday et al (1995), the confidence level at the 100a % point is calculated 

according to the equation:

Equation 2.8

This equation highlights the dependence of the confidence limit on the number of 

segments used and allows easy calculation of Bonferroni corrected confidence limits 

when multiple comparisons are performed.

Individual coherence spectra were often pooled either to produce a summary diagram 

of the constituent data (chapter 3-5) or more usually to pool data gathered from the 

same subject under identical conditions. Often subjects were asked to perform an 

isometric contraction or a phasic movement, this was limited to short time periods (< 

120 seconds) to avoid fatigue and so was repeated 3-4 times following rest periods. 

Individual records were therefore pooled to produce coherence spectra that were 

estimated from a larger number of segments (L) and thus demonstrating a lower 

variance. Data was pooled using methods outlined in Amjad et al (1997). The cross
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and auto-spectra were weighted by the number of disjoint segments used in their 

calculation (LJ and the individual spectra were summed, where n is the total number of 

individual coherence spectra being pooled and /g/b/ indicates a cross-spectrum 

estimated from Lj disjoint sections (equation 2.9).

/=i

V »=i A  »=i

Equation 2.9

The 95% confidence limit is now given as

Equation 2.10

IL j is the total number of segments in the pooled coherence estimate. Similar weighting 

was used to calculate the pooled autospectra, phase and cumulant density.

The phase spectrum Oab(^) between time-series a and b is defined as the argument of 

the cross spectrum (equation 2.11). It provides information about the timing between 

the two signals and its units are in radians.

Oab(A) = arg {/ab(A)}

Equation 2.11

Measures of phase are only valid if the two signals are related, that is if they are 

significantly coherent. In view of this all phase plots will only indicate the phase over 

the frequency range where there is significant coherence, they were either plotted 

between + tt to -  tt or if the coherence extended over a broad frequency band 

unconstrained phase plots were used. The value of the coherence also influences the 

varience of the phase estimate (equation 2.12), with lower varience (and thus more 

reliable measures of the timing between 2 signals ) being seen with higher values of 

the coherence estimate.

Equation 2.12

-1
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The latency between two signals can be determined from the phase relationship 

according to equation 2.13.

A(j)
A frequency x 2 n

Equation 2.13

The advantages in calculating latencies from phase spectra, as opposed to time 

domain analyses such as the cumulant density or cross-correlogram are:

1) The relationship between when a neuron fires relative to the phase of a local field 

potential is not always clear. Therefore uncertainties exist as to which peaks in 

time-domain based measures should be used to measure latencies from.

2) Time domain analysis is often dominated by single (often low frequency) activity. In 

contrast phase spectra allow the calculation of lags and leads across different 

frequency bands, even when the signals are significantly coherent but of low 

amplitude and therefore hard to discern in the time-domain analyses.

As the relative timing of coherent oscillatory activity could potentially provide great 

insights into both the functional connectivity and the direction of information flow, the 

phase delay (latency) was calculated from the phase estimate using equation 2.13 if 

the following empirically -derived criteria were met:

1) If there were 4 or more continuous data points over which the coherence was 

significant.

2) If a best-fit line, fitted to the relevant phase-frequency data points using linear 

regression had a standard error of the estimate of less than 0.3.

The criteria were derived by assessment of their reliability in determining the latency 

between either EMG signals or EMG and subcortical LFPs in the same subject when 

they performed repeated trials of the same isometric task. Point (2) above highlights 

that the a priori assumption was that there was a constant phase-frequency 

relationship. This is felt to be justified as no obvious phase -frequency relationships 

were ever seen that could, for example, show an improved fit with a quadratic equation. 

Measurement of latency from the slope of the phase-frequency relationship, is to be 

preferred to other methods previously used that calculate latency from one data point
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(Lenz et al., 1988; Lenz et al., 1994). Using one data point presents ambiguities as to 

whether there is a lag or a lead at that frequency (Gotman, 1983). A % cycle lead at 20 

Hz, for example, corresponds to a 12.5 ms delay, however this could also be 

interpreted as a lag of V* cycle equaling a 37.5 ms delay. The alternative latency value 

depends on the period of the frequency at which the phase is calculated (in this case 

50 ms). In contrast when calculating the latency from the slope of the phase-frequency 

relationship the alternative latency value depends on the period that corresponds to the 

difference between successive data points, in chapters 4-8 this corresponds to the 

frequency resolution of 1.95 Hz and a period of ~ 513 ms. Therefore a lead of 12.5 ms 

calculated across >4 data points within the beta band could also be interpreted as a lag 

of 513-12.5 = 500.5 ms. Such a long delay seems unlikely, especially in view of the 

relatively fast reactivity of oscillations within the motor system to behavioral events 

(Kilner et al., 1999). As most latency measures between EEG or EMG and subcortical 

structures were between 0-50 ms, resulting in long latencies (>450ms) for the 

alternative measures, then this analysis technique seems a valid means of interpreting 

phase relationships given our present knowledge of cortical-subcortical relationships. 

Finally, in theory the intersection of the extrapolated line in the phase-frequency plot 

with the vertical axis should be found at zero, + tt  or - tt  rad. Previous work examining 

coherence and phase between cortical sites in animals has seen variations in this 

intersection of the phase-frequency plot, similar to that seen in the present study 

(Boeijinga and daSilva, 1989). This is because of partial polarity reversals introduced 

by the location of the recording electrode from the source potential. Related 

considerations may explain the departure from an origin intersection when using 

rectified EMG (figure 2.1). Therefore the phase slopes were not constrained to pass 

through the origin or ± t t .

2.2.3 Cumulant density
Time domain measures of association were also used as they can provide information 

in addition to that gleaned from frequency based methods (Halliday et al., 1995). The 

second order cumulant density estimate between time series a(t) and b(t) is determined 

from the inverse Fourier transform of the cross-spectrum and can be estimated from 

the following equation (2.14).

Q a b iP ) =  ^ r  I Equation 2.14
^ \j\<TH
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Where Aj = 2t t  j/T, therefore summation occurs between the lowest frequency possible 

(which Is determined by the segment length) up the Nyqulst frequency (which Is half 

the sampling frequency). The maximum lag/ lead that can be assessed Is half the 

perlodogram segment length (T). The bln width used had a resolution of 1 ms.

The cumulant density Is analogous to a cross-correlation between two time series 

although the former has the advantage that the calculation of confidence limits Is 

straightforward. If the Input Is an EMG signal It also bears similar features to an EMG- 

trlggered back average which Is often used In human neurophysiology (Hallett et al., 

1994). The cumulant density estimate Is zero If two processes are Independent 

however as It Is an unbounded measure there Is no upper limit If there Is a perfect 

linear relationship. Calculating the cumulant density through spectral estimation 

techniques allows the determination of the variance of the estimate as determined by 

Halliday et al (1995) (equation 2.15) and thus calculation of the confidence limit. Values 

lying within the confidence limits Indicate a lack of a linear association between two 

processes.

Equation 2.15

2n
Y y=i

1 / 2

Where Aj = 2t t  j/T, T= segment length and R = record length.

As well as providing some Information about the relative timing between EMG signals 

(chapters 3-4) the cumulant density estimate was also used to localise the source of 

coherent oscillatory activity to a given macroelectrode contact (chapter 6) or a given 

subdural site (chapter 8). The cumulant density Is estimated between signals recorded 

from adjacent bipolar electrode sites (such as adjacent macroelectrode bipolar 

contacts) and a common signal (such as the EEG signal from one location). If the 

cumulant density estimate Is significant and Its polarity reverses between adjacent 

bipolar contacts then this localises the source of the coherent oscillatory activity to the 

Intervening electrode, similar to how a polarity reversal In the raw EEG signal helps 

localise the source of activity (Lesser et al., 1985). Such a method of analysis can only 

be performed If adjacent bipolar recordings are used.
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2.2.4 Frequency resolution and segment length used

The segment length was 512 data points in all experiments except in chapters 3 and 4 

where the segment length was 1024 or 2048 data points. A longer segment length 

provides a higher frequency resolution, where:

Equation 2.16

frequency resolution = sampling rate / segment length.

For sampling rates of 1 kHz, the frequency resolutions were therefore 0.48Hz (chapter 

4), 0.96 Hz (chapter 3) and 1.95 Hz (chapter 5-8). A higher frequency resolution 

however is achieved at the expense of reducing the number of segments used for a 

given length of data which increases the variance of the spectral estimates (see 

above). In chapters 3 and 4, low frequency activity was investigated (<10 Hz) and the 

higher frequency resolution facilitated the calculation of phase estimates over this 

frequency band. Further, the lag/ lead either side of zero that can be measured in the 

cumulant density estimate is limited by the segment length used. Therefore the use of 

a long segment length in chapters 3 and 4 allowed the lowest frequency components 

(3lHz) to potentially be identified in cumulant density estimates.

2.2.5 Statistical evaluation of coherence
Three methods of analysis were used to compare coherence spectra. Methods 1 and 2 

have been described previously (Rosenberg et al., 1989; Halliday et al., 1995) whilst 

other authors have performed parametric tests on logio transformed power and 

transformed coherence data as in method 3 (Classen et al., 1998; Kilner et al., 1999; 

Andres et al., 1999).

Method 1 This was used to compare two coherence spectra ( |Rabi|  ̂ and |f?ab2 f t  

obtained from the same subject and recording sites under different conditions such as 

during an isometric contraction whilst on and off medication (see chapter 6). The 

number of segments over which the coherence spectra were calculated was identical in 

both cases and so the variance of the two records was the same. Firstly the coherency 

(Rab) was calculated (equation 2.17). This is a complex valued estimate whose 

modulus is given by the square root of the coherence.

Equation 2.17
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The coherency was then transformed at each frequency using the arctan (Fisher) 

transform to give an estimate z. The variance of this transform is constant across all 

frequencies and is given by equation 2.18, where L is the number of segments used to 

estimate the spectra.

Equation 2.18

Var {arctan (Rab)} = 1/2L

The difference between the two transformed spectra (arctan Rab1 - arctan Rab2) is 

normally distributed. Therefore the difference in the transformed spectra was compared 

across the whole frequency range to the standardised normal variate at the 5% level of 

significance ({1/2L}^^^ x 1.96), any value over this level was considered to be significant 

at that frequency. When multiple comparisons were performed a Bonferroni correction 

was applied to this level (new level = 0.05/Number of comparisons).

Method 2 This is an extension of method 1 and is used to compare coherence spectra 

obtained under identical conditions from different subjects (chapter 3) or in the same 

subject between different task conditions (chapter 8), here the number of segments 

used to estimate the coherence spectra could vary. This test was used to see if the 

separate spectra form a homogeneous group (that is they share a common mean) or 

whether there is any significant variation in the values. Firstly the arctan transform of 

the coherency was applied to the n spectra. Each value (z j was then weighted by the 

number of segments used in its’ calculation (LJ, and a common mean per segment z 

calculated (equation 2.19).

(= 1 Equation 2.19

If the transformed coherency spectra (and thus the original coherence spectra) share a 

common mean then the sum in equation 2.20 has an approximate chi-squared 

distribution with (n-1) degrees of freedom. There was considered to be a significant 

difference between the coherence values constituting the original group if the sum, 

calculated from equation 2.20, exceeded the 5% significance level for n-1 degrees of 

freedom.

'=1 Equation 2.20
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Method 3 Here an analysis of variance (ANOVA) was used when two or more 

conditions were compared across multiple subjects (Chapters 5,6) or the same task 

was compared across matched groups (Chapter 4). Data reduction was firstly achieved 

by averaging the coherence estimates across set frequency bands. The bands used 

varied slightly between experiments. Then the arctan transformed coherency estimates 

(Z|) were calculated. The resulting values were then compared across the relevant 

conditions using an AN OVA. A Greenhouse-Giesser correction for sphericity was made 

when required. Analysis was performed using SPSS (version 8). Results were felt to be 

significant if p<0.05.

The average logio transformed power in each of the predetermined frequency bands 

was also analysed using an ANOVA.

2.2.6 Multivariate linear analysis

In chapters 6 and 7 EMG, EEG and deep brain recordings were performed 

simultaneously. This allows one to determine whether two coherent signals are coupled 

because each in turn are coupled to a third signal. An example could be that coherence 

between EMG and signals recorded from the subthalamic nucleus is due entirely or in 

part to the fact that the sensorimotor cortex simultaneously drives and is thus coherent 

with both muscle and the subthalamic nucleus at the same frequency. The first order 

partial coherence |Rab/c(A)|  ̂ between time series a(t) and b(t) taking into account the 

common linear effects of a third process c(t) is defined in equation 2.21.

Equation 2.21

As with coherence, the partial coherence is also bounded from 0 to 1, where 0 

corresponds to the case where the relation between a and b is entirely accounted for 

by taking into account their individual dependencies on process c (Rosenberg et al., 

1989).

54



Chapter 3: The unilateral and bilateral control of motor unit pairs in distal hand 

and axial muscles

This study assessed if there were differences in the oscillatory drive to a distal hand 

muscle and two different axial muscles. Hand and axial muscles differ in their functional 

use, principally participating in prehension or postural control and locomotion 

respectively. These differences are also reflected in their neural control. Direct 

corticomotoneurone projections, for example, seem to be important for manual 

dexterity (Lemon, 1993). Differences in the response of hand muscles and proximal 

and axial muscles to transcranial magnetic stimulation of the motor cortex support the 

importance of these projections in the control of hand muscles in humans (Rothwell et 

al., 1991). In contrast, there may be more significant control of axial muscles from 

brainstem and spinal centers (Kuypers, 1981). The neural control of hand and axial 

muscles also differs in the degree of latéralisation, with hand muscles being 

predominantly controlled by the contralateral motor cortex and axial muscles receiving 

bilateral input from many sites along the neuraxis (Kuypers, 1981). The anatomical 

systems and pathways subserving the numerous oscillatory drives to muscle may also 

vary. Evidence has been previously presented from both human and animal studies 

that higher frequency drives (>15 Hz) arise within the sensorimotor cortex and affect 

the descending corticospinal system (chapter 1, section 1.37). In contrast the pathways 

underlying the lower frequency drives (<4 Hz and 6-12 Hz) remain unclear. The lack of 

correlation between the <4 Hz common drive and short term synchrony that is 

associated with the 15-30 Hz drive suggests that it may not necessarily be transmitted 

via the corticospinal tract (Farmer et al., 1993a; Semmler et al., 1997). Here an 

assessment is made in both a distal hand and two axial muscles of the coherence and 

synchronisation between pairs of single motor units situated within the same muscle or 

in homologous muscles on either side of the body. This provides insight into possible 

differences in the anatomy of the pathways underlying these different oscillatory drives.

3.1 Methods

Ipsilateral or bilateral activity in the first dorsal interosseous (l-FDI and B-FDI), lumbar 

paraspinal (l-PSP and B-PSP) and splenius capitis (l-SPL and B-SPL) muscles were 

investigated in thirteen healthy male subjects (mean age 34.2 y ± 7.6 S.D.). The 

number of conditions assessed in each subject in summarized in table 3.1.
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Number of 

conditions assessed 6 5 4 3 2 1

Number of subjects 4 0 2 2 5 0

able 3.1 Summary of the number of conditions assessed in each subject. The 6

conditions were l-FDI; B-FDI; l-PSP; B-PSP; l-SPL; B-SPL.

When examining the FDI, the subjects’ right forearm was supported pronated on a 

table and the subject abducted the index finger against a firm stop. The PSP muscles 

were assessed whilst the subject sat astride a chair with the subject partly supporting 

their weight with their arms on a table placed in front to minimise discomfort. Splenius 

capitis was assessed whilst the subject was sitting with the degree of flexion or 

extension, side flexion or rotation being within 15° of the neutral position defined as 

looking straight ahead. In line with other studies the head position which activated this 

muscle often varied between subjects (Keshner et al., 1989). Subjects were asked to 

produce a weak contraction of the relevant muscle. Auditory and visual feedback of the 

firing of individual motor units was given, the subject was asked to keep the motor unit 

firing as regular as possible although they were not asked to keep the units firing at any 

prespecified rate.

Individual motor units were recorded using 2 concentric needle electrodes. When 

recording from ipsilateral muscles the electrodes were placed 0.75 -1 .5  cm apart in the 

muscle belly. When recording from bilateral PSP and SPL the electrodes were at least 

5 cm apart. The needles inserted into the paraspinals were medial to the lateral raphe 

at the level of L4, in the lumbar iliocostalis and lumbar longissimus (Bogduk and 

Twomey, 1987). Splenius capits, runs from the nuchal ligament and thoracic midline 

supero-laterally to a line extending along the occitput to the mastoid process 

(Richmond and Vidal, 1988), the most distal needle was at the level of C3, 3 cm lateral 

to the midline at a depth of up to 2.5 cm (Mayoux-Behamou et al., 1995; Mayoux- 

Behamou et al., 1997). The proportion of left and right muscles assessed in the 

ipsilateral condition was the same for each muscle. The signals were band pass filtered 

and amplified. Individual motor units were identified on an oscilloscope and individual 

motor unit potentials that crossed an adjustable voltage level were registered as 

transistor-transistor logic (TTL) pulses.

The percentage of MVC produced during the experiment was established for the FDI 

and PSP in 6 subjects. Surface EMG electrodes (Ag-AgCI) were attached onto the 

muscle belly either side of the needle electrode(s). Prior to the insertion of the needle 

electrodes the maximal voluntary contraction (MVC) was recorded, the surface 

electrodes remained in place during the experiment. Surface EMG was not recorded
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from splenius capitis as it lies below other more superficial muscles, such as 

sternocleidomastoid, would have contaminated the EMG signal (Mayoux-Behamou et 

al., 1995).

Motor unit data were only accepted for spectral analysis after the following checks :

(1) Motor units were assessed by eye to determine that the TTL pulses coincided with 

motor units of constant shape.

(2) Motor units had to fire for over 60 seconds without ceasing activity for longer than 2 

seconds.

(3) Interval histograms of 1ms resolution and a maximum interval of 3 s were 

constructed from each TTL pulse channel. Data were accepted if less than 1% of 

the total counts had an interval of less than 20ms or greater than 500ms.

3.1.1 Analysis techniques

The times of occurrence of the motor unit spikes, registered by the leading edge of the 

TTL pulses, were assumed to be realisations of stochastic point processes. The data 

were analysed in the frequency domain as previously described (Chapter 2). The 

pooled coherence, phase and cumulant density estimates are presented to summarize 

the results in each condition. A test was performed to determine whether within one 

condition the values of the individual coherence data differed significantly from each 

other at each frequency (method 2, chapter 2). To investigate common modulation of 

motor unit discharge at very low frequency (<4 Hz) the technique described by DeLuca 

and others was also used (DeLuca et al., 1982). This technique involved the cross

correlation of heavily smoothed time varying instantaneous motor unit discharge 

frequencies (see Fig 3.1 d and e). For each data set, two 5 second epochs of data were 

randomly chosen and the time varying instantaneous frequency calculated. The data 

was then smoothed over a 400 ms wide symmetric Hanning filter and high pass filtered 

to remove d.c bias. The 2 records were then cross-correlated for lags of ± 0.5 seconds 

and the highest positive peak within ± 50 ms of time zero was calculated. This has 

previously been termed the common drive coefficient (p) (Semmler et al., 1997), a term 

that will be used throughout. A summary of the different analysis techniques is given in 

figure 3.1.

The results obtained from muscles on the left and right sides were similar. For 

statistical analysis data obtained from each subject was averaged across sides and 

records for each condition. Common drive coefficients, interspike intervals and the 

percentage MVC were each compared across conditions using a one way analysis of 

variance (ANOVA). Any missing variables were substituted with the group average for 

that condition. Statistical significance was taken as p<0.05.

57



c

16.1 16.2 16.3 16.4 16.5
Time (s)

ImV

ImV

D

20n

-M 15-

.1 54

Il II H II II I
II I I I I I I I V

15.0 16(0
H-H4

0 . 1 5

0)
g O'O

'I
O 0.05

0.00

m nn iinm i i n innnnnmntu
f i #
+4++f

11H II II 111H t | III II im | n m n -t+t
17.0 18:0 19:0 20:0

Time (s)

°0.0 16:0 ' Î7Ô 18:0
Time (s)

19.0

20 40 60 80
Frequency (Hz)

20.0

100

X 2.0 n ■ A ^O'Wat -“VTx/

o 0.0

R -1 .0
-500 -250 0.0 250

Lag (ms)
500

0.0
- 0.2

-0.5 0.0 0.5
Time (s)

Fig 3.1 Individual data from a subject and summary of methodology used in the present study (A) Motor unit potentials recorded from 2 motor 

units within FDI and their associated TTL pulses. The area inside the box is expanded above. Coherence and associated cumulant density estimates (B 

and C). The cumulant density peak is expanded as an inset in figure (0). Instantaneous frequency for the 2 motor units over the period indicated (D) and 

the cross-correlogram (E) between the Manned waveforms in (D).

58



3.2 Results

The number of motor unit pairs recorded in each condition, their average interspike 

interval and the percentage of MVC are shown in table 3.2. The interspike interval 

varied significantly between conditions (one-way ANOVA p<0.0001), with units within 

SPL, FDI and PSP having respectively progressively longer intervals. The interspike 

interval of motor units obtained during the bilateral as opposed to unilateral condition 

was longer in SPL (apriori repeated contrast, p<0.05) but no differences were found in 

either FDI or PSP. The differences in the interspike intervals are reflected in the peaks 

in the autospectra at the appropriate firing frequency (see figures 3.2-3.7). During 

motor unit recording the contraction produced was a significantly greater percentage of 

the maximum (MVC) in the PSP, compared with FDI.

Condition Subject

Number.

Number of 

Motor Unit 

Pairs

Total duration 

of data (min)

Mean interspike 

interval(s)(+SD)

Mean 

percentage 

MVC (+SD)

l-FDI 10 25 61 0.12 ± 0.05

11.2 ±9.4B-FDI 6 . 23 47 0.12 ± 0.04

l-PSP 9 26 71 0.15 ±0.04

36.6 ± 27.7B-PSP 7 22 61 0.16 ±0.04

l-SPL 8 25 45 0.09 ± 0.03 N/A

B-SPL 8 28 46 0.10 ±0.03 N/A

TABLE 3.2 - Motor unit parameters for the 4 task conditions l-FDI (ipsilateral FDI), 

B-FDI (bilateral FDI), l-PSP (ipsilateral PSP) and B-PSP (bilateral PSP), l-SPL 

(ipsilateral SPL), B-SPL (bilateral SPL). N/A = Not assessed.

3.2.1 Coherence analysis 

Ipsilateral FDI

The pooled coherence was significant below 10 Hz and between 12-40 Hz (Fig 3.2 a). 

The incidence of peaks of significant coherence within 3 frequency bands (<4 Hz; 6-12 

Hz; 12-40 Hz) and significant peaks in the cumulant density estimate is indicated in 

table 3.3. Pooled phase and cumulant density estimates showed that the motor units 

were synchronised up to 40 Hz (Fig 3.2 b,c).
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Above 10 Hz the magnitude of coherence in individual records was not statistically 

different as indicated by a non-significant x test. However below 10 Hz the x test 

showed that the coherence of the lower frequency peaks varied between individual 

recordings (Fig 3.2 d). Assessment of the individual data revealed that all 10 subjects 

demonstrated a peak below 4 Hz and 9/10 showed a peak between 6 -  12 Hz in at 

least one unit pair. However, the size of the peaks in these frequency bands varied 

between subjects and from record to record in each subject.

Condition

%MU

pairs

with

coherence 

<4 Hz

% MU pairs 

with

coherence 

6-12 Hz

% MU pairs 

with

coherence 

15-40 Hz

% significant 

peaks ± 5 ms 

in cumulant 

density

Common

Drive

Coefficient 

(p)(± SEM)

l-FDI 60 36 24 60 0.40 ±0.05*

B-FDI 0 0 0 0 0.09 ±0.05

l-PSP 57 12 4 12 0.58 ± 0.04*

B-PSP 14 0 0 14 0.25 ±0.05*

l-SPL 76 4 0 0 0.53 ±0.01*

B-SPL 4 0 0 0 0.03 ± 0.01

TABLE 3.3 -Incidence of peaks in the coherence and cumulant density estimates 

above the 95 % confidence limit and average common drive coefficient (p) ±

standard error of the mean (SEM). A peak was defined as being at least 3 consecutive 

data points (2.8 Hz or 3 ms wide for the coherence and cumulant density estimates 

respectively). * Indicates that p was significantly different from the unrelated data 

(p<0.001, one way ANOVA). Coefficients for the unrelated data were calculated from 

the time-varying instantaneous firing frequency of two motor units taken from different 

subjects. A total of 50 pairs were assessed.

Bilateral FDI

The pooled coherence between 2 motor units located in the FDI on opposite sides of 

the body was not significant at any frequency (Fig 3.3a). In accord with this the motor 

units showed no consistent phase relationship (not shown) and no significant peak in 

the pooled cumulant density (Fig 3.3b) or in any of the individual data (table 3.3). The
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pooled data were representative of the sample as there was no significant difference 

between the individual coherence values at any frequency (Fig 3.3c).

Ipsilateral PSP

The pooled coherence between 2 motor units located in the paraspinal muscles on the 

same side was significant below 5 Hz (Fig 3.4a). The cumulant density estimate (Fig 

3.4c) and phase relationship (Fig 3.4b) suggested the motor unit pairs were 

synchronised. As with the unilateral FDI data, the test indicated that there were 

significant differences in the incidence and size of coherence between different records 

over these frequencies (Fig 3.4d).

Bilateral PSP

The pooled coherence indicated a small but significant peak at below 3 Hz (Fig 3.5a). 

Only 3 subjects showed significant peaks in the cumulant density (table 3.3) and this 

was reflected in the pooled cumulant density that was non-significant (Fig 3.5c).

Ipsilateral SPL

Similar to the ipsilateral PSP data significant coherence was only present at low 

frequencies (<8 Hz, Fig 3.6a), with the motor units being synchronised (Fig 3.6b,c). The 

incidence of low frequency coherence was high (76% of all records, table 3.3) but the 

amplitude varied between records as indicated by the significance test (Fig 3.6d). A 

significant peak was observed on the pooled cumulant density estimate (Fig 3.6c) and 

in 56% of records a significant 1-2 ms wide peak was seen within ± 5ms of zero. 

However no individual peaks were ever >3 ms wide (table 3.3).

Bilateral SPL

Significant coherence was only seen below 4 Hz in 1/28 motor unit pairs assessed 

(table 3.3) and this is reflected in the non-significant pooled coherence (Fig 3.7a) and 

cumulant density estimates (Fig 3.7b) and test (Fig 3.7c).
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3.2.2 Common drive coefficient

Although the ipsilateral FDI, PSP, SPL and bilateral PSP conditions demonstrated 

coherence below 4 Hz, coherence was estimated over long periods. Some of this low 

frequency coherence might therefore represent small voluntary fluctuations in the level 

of tonic contraction. This effect was limited by excluding those data in which more than 

1% of the TTL pulses had an interval greater than 500 ms, thus excluding regular gaps 

in the data that would have affected the frequency analysis. The similar variance in 

interspike interval, total number of motor unit pairs recorded and total length of 

recording between unit pairs with and without significant low frequency coherence, 

would also argue that the observed differences in coherence at low frequency were not 

greatly influenced by voluntary waxing and waning of the contraction force or fatigue. 

Additionally therefore the common drive coefficient (p) was calculated from the 

instantaneous firing frequency of motor units over short (5 second) data sections, in 

which the firing rate of motor units remained stable and unaffected by voluntary 

modulation. Individual examples from each condition are illustrated in figures 3.8 and 

3.9. The common drive coefficient p varied greatly for a given motor unit pair 

depending on which epochs were chosen, which is to be expected for a statistical 

parameter estimated from only 5 seconds of data. The common drive coefficients for 

each condition were compared to those obtained by correlating sets of unrelated data. 

The average maximum coefficients are indicated in table 3.3 and the averaged 

correlation summarised in figure 3.10. A one way ANOVA revealed a significant 

between group effect (p<0.001). An a priori simple contrast test indicated that there 

was no significant difference between the B-FDI or B-SPL and data obtained from 

unrelated data sets. Differences were significant between all the remaining conditions a 

and unrelated data (p<0.001).
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coefficient for motor units situated within FDI. Individual motor 
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units within the right FDI (R1 and R2) were recorded 

simultaneously with a motor unit within the left FDI (L1). (C-E) 

cross-correlations between the smoothed instantaneous firing 

frequencies between the motor units indicated

coefficient for motor units situated within PSP. Individual motor unit 

potentials and associated TTL pulses for 3 motor units (A) and their 

associated instantaneous firing frequency (B). Two motor units within 

the right PSP (R1 and R2) were recorded simultaneously with a motor 

unit within the left PSP (L1). (C-E) cross-correlations between the 

smoothed instantaneous firing frequencies between the motor units 

indicated.
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3.3 Discussion

3.3.1 High frequency oscillations

A high frequency band of coherence between 2 motor units from 12-40 Hz was present 

in the ipsilateral FDI condition. The presence of high frequency coherence and the 

degree of synchronisation were not felt to be influenced by the differences in the motor 

unit firing rate or percentage of maximal contraction. Firstly, the firing rate was highest 

in splenius captis, which demonstrated no high frequency coherence and a smaller 

degree of synchronisation than l-FDI. Further, high frequency coherence was seen only 

once between motor units within the paraspinals despite their producing a higher 

percentage of maximal contraction which may favor the detection of high frequency 

oscillations (Merton, 1981; Mima et al., 1999).

Previously, Farmer et al (1993a) found a lower incidence of significant coherence in the 

1 6 - 3 2  Hz frequency band between 2 motor units in biceps brachii compared to FDI, 

both muscles contracting at 10% of their maximum. This and the present results 

suggest that the more proximally located the muscle, the lower the chance of finding 

any significant coherence at high frequencies during isometric contractions. The 

coherence at higher frequencies is felt to reflect the relative activation of direct 

corticomotoneuronal input to the motoneurones in a given muscle. Although evidence 

of direct corticomotoneuronal projections to proximal and axial muscles exists in man 

(Gandevia and Applegate, 1988; Plassman and Gandevia, 1989), they are felt to be 

more numerous to the intrinsic hand muscles (Ferbert et al., 1992; Palmer and Ashby, 

1992). Much of the supply to the axial muscles from the cortex is indirect via relays in 

the brain stem (Kuypers, 1981), which, via the multiple synaptic relays involved, may 

disperse this synchronised drive before it can influence the axial motoneuronal pool.

Nevertheless, it is possible that tasks different to those used in the present study may 

show high frequency coherence between axial muscles. Task specific changes in 

synchronisation have been observed within both distal (Bremner et al., 1991; Huesler 

et al., 1998) and axial muscles (Adams et al., 1989; Gibbs et al., 1995). Gibbs et al 

(1995), for example, showed that synchronisation between the erector spinae muscles 

was more common when standing and balancing than when activating the muscles 

voluntarily in lying. The pattern of coherence between motor units or muscles in tasks 

such as these remains to be established.

3.3.2 Low frequency oscillations

There may be two drives to motor units of low frequency. The first at around 10 Hz was 

more evident in the hand than the back. This drive may contribute to physiological 

tremor (Halliday et al., 1999), and both coherence at low frequency (Amjad et al., 1997) 

and physiological tremor (Wade et al., 1982) show a large inter-subject variability as
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reflected in the significant x test at this frequency. The second drive had a frequency 

of less than 4 Hz and may be due to a central “common drive" which co-modulates the 

firing rates of motor units (DeLuca and Erim, 1994). Only the latter common drive was 

manifest in the ipsilateral SPL and bilateral PSP condition. Voluntary activation and 

relaxation of muscle activity or variations in activity due to fatigue (Krogh-Lund and 

Jorgensen, 1992) could have contributed to low frequency coherence, but a similar 

pattern was also seen after cross-correlation of short epochs during which the firing 

rate of motor units remained more-or-less stable.

Interestingly, low frequency coherence was highest and most frequently observed 

within l-SPL. This may reflect the functional requirements of this muscle. The splenius 

capitis has a complex architecture, with the lateral part of the muscle being divided into 

separate compartments by horizontally aligned tendinous inscriptions (Richmond et al., 

1985), this may expand the range of the muscles' optimum length tension relationship 

(Abrahams, 1981). However, in order to produce an effective force each compartment 

must contract simultaneously. This does not seem to be achieved by a branching of 

motoneurons as each compartment is strictly innervated by a separate spinal segment 

(Richmond et al., 1985). Therefore a centrally generated common drive to each of the 

spinal segments may allow the muscle to contract as a functional whole. Ideally this 

theory could be investigated by analysing two motor units lying within separate 

compartments. The deep nature of this muscle seems to preclude this investigation in 

humans, however in cats inter-compartmental synchronisation within SPL as well as 

between other muscles has been described (Loeb et al., 1987).

3.3.3 Comparison of bilateral control o f the hand and axial muscles 

The lack of any significant coherence between the firing times of motor units or 

correlation between their instantaneous firing frequency in bilateral FDI is in agreement 

with previous findings examining the presence or absence of peaks in cross- 

correlograms constructed from 2 motor unit trains (Farmer et al., 1990) or multi-unit 

data (Carr et al., 1994). The neural control of the hand is predominantly from the 

contralateral hemisphere. In the monkey only an estimated 5.9% and 1.6% of 

corticospinal fibers project ipsilaterally from area 4 and 6 respectively (Toyoshima and 

Sakai, 1982). In contrast, axial muscles receive both an ipsilateral as well as 

contralateral supply from several levels of the neuraxis (Kuypers, 1981; Mori et al., 

1995). Indeed, those corticospinal fibres that project ipsilaterally in the monkey tend to 

arise from the areas of cortex representing trunk and axial muscles (Kuypers and 

Brinkman, 1970). The significant correlation between instantaneous firing frequencies 

in the bilateral PSP condition provides support for a bilateral innervation of this muscle 

in humans. In contrast the common drive coefficient was not significant between units 

bilaterally situated within SPL, despite evidence from animals suggesting a strong
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bilateral innervation for example from the medial vestibulospinal tract (Wilson and 

Peterson, 1988). A similar difference has been seen in the response to cortical 

stimulation in humans with the erector spinae showing a bilateral response (Ferbert et 

al., 1992), whilst splenius capitis only demonstrating a contralateral response 

(Gandevia and Applegate, 1988). These differences may reflect functional differences 

in the descending projections to lumbar and neck muscles or differences in the 

proportion of bilateral descending projections.

3.3.4 Functional implications

The absence of 15-30 Hz frequency coherence between axial motor units suggests 

that the function of this drive may not be solely to efficiently recruit motoneurons during 

isometric contractions (Kilner et al., 1999). If this were the case one may expect the 

mechanism to be utilised by both axial and distal limb muscles alike, particularly as the 

former muscle group often act as synergists, stabilising body parts during distal limb 

movement. Instead the oscillations may have a cortical-based function such as binding, 

planning or attentional processes (see chapter 1). If these oscillations are strong 

enough they may entrain pyramidal cells and thus influence those muscles that have 

direct corticomotoneuronal connections. However, the absence of higher frequency 

(>15 Hz) coherence between axial motor units may be due to the task performed as 

discussed earlier (section 3.3.1) and possible sampling errors seen when only a few 

motor unit pairs are sampled from the large population available._ln contrast the low 

frequency common drive affected axial and distal muscles alike and may allow groups 

of motor units both within and between muscles to act as a functional whole.

70



3.4 Summary of key points

• Motor unit pairs were recorded in healthy subjects that either lay in the same

muscle (ipsilateral condition) or in the homologous muscle on the opposite side 

of the body (bilateral condition).

• Muscles analysed were the first dorsal interosseous, lumbar paraspinals and

splenius capitis.

• High frequency coherence in the 15-30 Hz band was only present between the

firing times of units that lay in the ipsilateral first dorsal interosseous. This 

oscillatory drive is felt to arise from the contralateral motor cortex and it is 

interpreted as reflecting the greater proportion of direct corticomotoneuronal 

projections to distal hand muscles.

• Low frequency oscillatory drives were present in the ipsilateral lumbar paraspinal

and splenius capitis and first dorsal interosseous. The splenius capitis has a 

complex muscular architecture and this synchronising drive may allow the 

muscle to act as a functional whole.

• Low frequency oscillatory drives were also seen between lumbar paraspinal motor

units situated bilaterally. This is felt to reflect the bilateral innervation to such 

axial muscles.
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Chapter 4: Frequency analysis of EMG activity in patients with idiopathic 

torticollis

In chapter 3 it was demonstrated that if two motor units lay within the same splenius 

capitis muscle then they were often strongly coherent <8 Hz whilst no relationship was 

noted between units that lay in the same muscle but on opposite sides of the body. 

Here the investigation of neck muscles is extended by examining in subjects with 

idiopathic torticollis and in healthy controls the inter-relationship between the 

sternocleidomastoid and contralateral splenius capitis that act synergistically to rotate 

the head. Torticollis (cervical dystonia, spasmodic torticollis) is a syndrome 

characterised by sustained involuntary muscle contraction, resulting in abnormal 

posture and twisting movements of the neck. In ‘simple’ rotational torticollis the 

sternocleidomastoid and splenius capitis muscles contralateral and ipsilateral to the 

direction of head turning are principally involved with the vast majority of cases being 

idiopathic (Dauer et al., 1998; Buchman et al., 1998).

The pathophysiology of torticollis is still unclear. No consistent pathological or structural 

abnormality has been demonstrated (Dauer et al., 1998), although, as in other types of 

dystonia, functional imaging has implicated the basal ganglia (Leenders et al., 1993; 

Hierholzer et al., 1994; Galardi et al., 1996; Magyar Lehmann et al., 1997). 

Abnormalities in cortical control are also seen, for example cortico-cortical inhibition of 

the motor cortical area projecting to sternocleidomastoid is reduced (Hanajima et al., 

1998), and somatosensory evoked potential studies support the possibility of a shift in 

favor of excitation in the precentral cortex contralateral to head rotation (Kanovsky et 

al., 1998). Other studies have demonstrated that vestibular abnormalities are common 

in torticollis, although these may be secondary to the chronic abnormal head posture 

(Bronstein and Rudge, 1988; Lekhel et al., 1997). Abnormalities in brainstem (Tolosa et 

al., 1988; Nakashima et al., 1989) and spinal inhibition (Panizza et al., 1990; DeuschI 

et al., 1992) have also been found in dystonie torticollis, but these cannot alone be 

responsible for the abnormal movement pattern as they may be seen outside of the 

clinically involved area, and may not be limited to patients with dystonia (Berardelli et 

al., 1998).

The general conclusion of these studies is that the basal ganglia control of motor 

activities is disturbed, particularly at the level of the cortex, and results in reduced 

inhibition leading to excessive muscle activity and overflow to uninvolved muscles 

(Berardelli et al., 1998). That these abnormalities may affect cortical oscillations and 

the oscillatory drive to muscle in dystonia is suggested by the reduced movement 

related beta desynchronisation (Toro et al., 2000) and the abnormal beta coherence 

between agonist and antagonist muscles in upper limb dystonia (Farmer et al., 1998).
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Here, an investigation is made of the oscillatory drives to the synergistic muscles that 

are affected in idiopathic torticollis.

4.1 Methods

4.1.1 Subjects

Eight patients (7 females) aged between 35 to 69 years (mean 56.3 + SD 11.7 years) 

and 8 healthy age matched controls participated (3 females, range 35 to 69 years, 

mean 55.5 + SD 12.5 years). The patients had a rotational torticollis, four left-sided and 

four right-sided and no other neurological disease. All patients were receiving regular 

treatment with botulinum toxin injections and were either tested before injections were 

effective (n=3, tested a median of 6 days after the last injection), or after the effect of 

the last injection had worn off (n=5, tested a median of 122 days after the last 

injection). Case 1 was on benzhexol (daily dose 8 mg). The position of the patients’ 

head varied from 10° to 40° rotation from the straight-ahead position (mean 25.6° + SD 

12.1°). Five of the patients had a slight laterocollis (5 to 10°), and three had a clinically 

mild, predominantly dystonie tremor of the head in the horizontal plane (yaw direction). 

The frequency of this head tremor, estimated from the EMG power spectrum, varied 

between 0.2 Hz and 0.5 Hz. The control group matched the side of rotation and the 

head position of the patients during the experiment (mean 25.6° + SD 12.9°).

4.1.2 Methodology

EMG activity was recorded in the sternocleidomastoid (SOM) and splenius capitis 

(SPL) muscles contralateral and ipsilateral to the direction of head turning. Patients and 

controls were seated in a chair with their chin in a chin rest, while fixating a target 

straight-ahead. Firstly the maximal voluntary contraction (MVC) of SCM was recorded 

using surface EMG electrodes placed 1.5 cm apart over the muscle belly. Concentric 

needle electrodes were then placed in the middle of the SCM and in SPL. Patients 

were asked to keep their head in a neutral position if possible or, failing this, in a 

dystonie position which was subsequently matched by the healthy controls. Three 

periods of 120 seconds of dystonie or weak voluntary contraction were recorded in 

patients and controls, respectively with a one-minute interval between recordings. The 

percentage of MVC which patients produced during the experiment was calculated and 

their age-matched controls were asked to produce an identical percentage of their 

MVC. Verbal feedback of on-line SCM EMG was given. In the patient group the mean 

contraction of SCM during the dystonie movements was 51.6 + 28.3% (SD) MVC, 

whilst the control group made voluntary contractions of 53.5 + 24.5% (SD) MVC. Five 

healthy subjects also imitated tremulous torticollis by making rotational head 

movements for 120 seconds at 0.2 Hz and 0.5 Hz (moving controls).
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Surface and needle EMG were amplified and filtered between 53- 3000 Hz. Second 

order Butterworth high pass filtering was used to limit movement-related artifact. 

Needle EMG from SCM and SPL were identified on an oscilloscope and motor unit 

potentials that crossed an adjustable voltage level were registered as transistor- 

transistor logic (TTL) pulses. The trigger level was always greater than 50uV and 

produced approximately the same number of TTL pulses per record. These TTL pulses 

derived from multi-unit EMG signals will be henceforth termed as SCM EMG and SPL 

EMG, according to the muscle sampled. Levelling the data as opposed to using the 

raw analog signal was preferred as this prevented any movement-related artifact being 

included in the signal analysed, an important consideration given the finding of 

abnormally strong low frequency drive to cranial muscles in dystonia. An accelerometer 

was attached to the forehead to detect head tremor about the yaw axis and electro

oculography (EOG) was recorded with surface electrodes over the outer canthus of 

each eye to confirm fixation of the target. Acceleration and EOG were amplified and 

filtered (DC-300 Hz and 0.03-300 Hz, respectively). Surface EMG and needle EMG 

were sampled at 5 kHz whilst eye movements, head acceleration and TTL pulses were 

sampled at 1 kHz.

4.1.3 Analysis

The autospectra for SCM, SPL and yaw acceleration were calculated and the 

coherence and phase between SCM and SPL multi-unit EMG were estimated up to a 

frequency of 100 Hz as described previously (chapter 2) with SCM EMG being the 

input reference signal. The segment length was 2048 data points giving a frequency 

resolution of 0.48 Hz. The cumulant density estimate between SCM and SPL EMG was 

also calculated with a bin width of 1 ms. For each subject individual trials were pooled 

and the total number of segments analysed per subject was identical (116= 237 

seconds). The patients and controls were summarised in the figures by pooling the 

data from all subjects in each group. To compare statistically between patient and 

control groups the average coherence and the average autospectral power was 

calculated over six frequency bands 0.48-3.4 Hz; 3.9-6.8 Hz; 7.3-10.3; 10.7-13.7 Hz; 

14.2-17.1 Hz and 17.6-21.0 Hz. These bands were chosen after assessment of 

individual results to encompass the main differences between the patient and control 

groups. The coherence was then converted into transformed coherency estimates. The 

average transformed coherency and the average autospectral power over the six 

frequency bands were compared using a one-way ANOVA (Method 3; chapter 2). The 

pooled phase and cumulant density estimates from each subject were used to 

calculate the temporal relationships between the muscles. The width of the peak in the 

cumulant density estimate was defined as the interval between crossings of the 95% 

confidence limit (sustained for at least 5 consecutive points). The latency of any peak 

was defined as the timing of the bin with the largest value.
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4.2 Results

Examples of raw EMG and head acceleration records from the control group and 

torticollis with and without tremor are shown in figure 4.1 whilst a summary of the 

differences between the two groups is given in table 4.1.

Acc 50 cm I 

Left Spl C 1 mV I

Right SCM lm V |

0.5 s

Acc 50 cm s '

Right Spl C 1 mV

Left SCM 1 mV 11Ilk til

0.5 s

c
Acc 50 cm s^ 

Left Spl C 1 mV I

Right SCM 1 mV ;

/A

0.5 s

Figure 4,1 Representative examples of raw unrectified EMG and head 

acceleration (Acc). (A) Control subject during voluntary rotation of the neck 35° to 

the left (B) Patient with simple dystonie torticollis, in whom the neck was 

involuntarily rotated 30° to the right. (C) Patient with a tremulous dystonie 

torticollis, in whom the neck was involuntarily rotated 35° to the left.
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Frequency band (Hz)

Parameter 0.5-3.4 3.9-6.8 7.3-10.3 10.7-13.7 14.2-17.1 17.6-21

SPL Power T>C T>C NS O T NS NS

SCM Power T>C NS NS O T O T NS

Acceleration

Power

T>C NS NS NS NS NS

SCM-SPL

coherence

T>C T>C NS NS NS NS

Table 4.1 Summary of statistical differences between control and torticollis 

group. The statistical results of a one-way ANOVA for SPL, SCM, acceleration 

autospectral power and SCM-SPL coherence are indicated. T>C = torticollis 

significantly higher than controls. C>T = controls significantly higher than torticollis 

subjects. NS = no significant difference (p > 0.05).

4.2.1 EMG autospectra

The pooled autospectra of SCM EMG and SPL EMG during sustained contraction 

in the patient and control groups are shown in figures 4.2 a,b, and 4.3 a,b. In SPL 

and SCM the autospectral power was significantly higher in the control group 

compared to the torticollis group between 10.7 -  13.7 Hz and additionally for SCM 

between 14.2-17.1 Hz. Conversely at lower frequencies (SPL 0-6.8 Hz and SCM 

0-3.4 Hz) the EMG power was higher in the torticollis group (Table 4.1). A 

significant peak in the SPL autospectra above 10 Hz was seen in 7/8 control 

subjects and none of the patients.

4.2.2 EMG-EMG coherence

In the torticollis group the coherence between SPL and SCM EMG was significant up to 

12 Hz, being most pronounced at low frequencies (<~6Hz) as summarised in fig 4.2c. 

One individual record demonstrated a significant peak at 25 Hz. In contrast coherence 

estimated during a voluntary sustained contraction in the control group was significant 

<2 Hz and between 8.1 - 15.5 Hz (Fig 4.3c). There was no significant difference 

between earlier and later trials, thus there was no increase in coherence due to 

possible fatigue.
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From 0.48-6.8 Hz the coherence was significantly higher in the torticollis group (1-way 

ANOVA, 0.48-3.4; 3.9-6.8 Hz; p<0.05). Significant individual coherence above the 99% 

confidence level was seen between 3.9-6.8 Hz in 7/8 subjects with torticollis and in 4/8 

controls. In contrast the coherence between 10.7-13.7 Hz was higher in the control 

group although this did not reach significance (p=0.087).
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Figure 4.2; Pooled results in all eight patients. A: Autospectrum of SCM EMG, B: 

Autospectrum of contralateral SPL EMG, C: Coherence spectrum of SCM-SPL D: 

Phase spectrum. E: Cumulant density estimate. SCM and SPL show strong 

coherence up to 7 Hz and the activities are in phase. The central peak reflects the 

latter in the cumulant density. In this and subsequent figures vertical bars give the 

magnitude of the upper and lower 95% confidence limits in power spectra, 

horizontal dotted lines are 95% confidence limits in coherence spectra and 

cumulant density estimates, and the short thin line in phase spectra is the linear 

regression line. The SCM EMG was always the input signal used in the analysis.
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Figure 4.3: Pooled results in eight healthy age matched controls making 

sustained contractions of SCM and contralateral SPL. A: Autospectrum of SCM 

EMG, B: Autospectrum of contralateral SPL EMG, C: Coherence spectrum of SCM- 

SPL EMG, D: Phase spectrum, E; Cumulant density estimate. Note that there is a 

clear peak in the autospectrum of SPL at about 12 Hz, which was absent in the 

patients. Fig 4.2 and 4.3 are plotted to the same scale

4.2.3 Comparison between tremulous patients and “moving controls”

The amplitude of the acceleration, as measured from the autospectral power, was 

significantly higher within the torticollis group compared to the control group 

between 0.48-3.4 Hz (table 4.1). This highlights the presence of tremor in the 

torticollis group that was clinically observable in 3 patients. Therefore the higher 

coherence at low frequencies (<6.8Hz) and the lack of >10 Hz peaks in the SPL 

autospectrum could be due to the presence of tremor. In light of this, five controls 

were asked to mimick tremor (“moving controls”). In these controls there was no 

difference in the accelerometer autospectral power at any frequency between this
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group and the three patients with tremor or the torticollis group as a whole (table 

4.2). There was no significant difference in the EMG power or coherence between 

the tremulous torticollis patients and the “moving controls” over the frequency band 

0.48-3.4 Hz (1-way ANOVA , p>0.05; table 4.2). Therefore it can be concluded that 

the differences seen between the original torticollis and control group over the 0.48-

3.4 Hz frequency band are probably due to the presence of tremor. However, 

despite the similarity in the head movements, the SCM-SPL coherence and the 

SCM and SPL autospectral power was still significantly higher between 3.9-6 8 Hz 

in the tremulous patients compared to the “moving control” group (1-way ANOVA, 

p<0.05) as summarised in fig 4.3 and table 4.2. Further all five moving controls had 

a significant peak in the SPL autospectrum >10 Hz, which was never seen in the 

torticollis patients. Therefore the high coherence between 3.9-6.8 Hz and the lower 

SPL spectral power >10 Hz seem to be specific to the torticollis group and cannot 

be explained by the presence of movement (Table 4.3).

Frequency band (Hz)

Parameter 0.5-3.4 3.9-6.8 7.3-10.3 10.7-13.7 14.2-17.1 17.6-21

SPL Power NS T>C NS NS NS NS

SCM Power NS T>C NS NS NS NS

Acceleration

Power

NS NS NS NS NS NS

SCM-SPL

coherence

NS T>C NS NS NS NS

Table 4.2 Summary of statistical differences between “moving controls" and 

patients with tremulous torticollis. The statistical results of a one-way ANOVA for 

SPL, SCM, acceleration autospectral power and SCM-SPL coherence are 

indicated. T>C = torticollis significantly higher than controls. C>T = controls 

significantly higher than torticollis subjects. NS = no significant difference (p ^ 0.05).

4.2.4 Temporal relationship between SCM and SPL

The EMG-EMG phase results for the patients and controls are shown in figures 4.2- 

4.3. The pooled results suggested that the patient group SPL and SCM were in 

phase over the frequency band 0.5 to 12.2 Hz (latency = 0.36 + 8.1 ms 95% 

confidence limit, fig 4.2 c). In contrast in the control group the SCM phase led SPL 

by 10.0 ms + 5.3 ms (95% confidence limit) over the frequency band from 8.7 -14.2 

Hz (fig 4.3 c). These results are supported by the pooled cumulant density estimate. 

In the torticollis group there was a significant central peak (Fig 4.2e), with a width of 

154 ms and a peak at 0 ms, a second central peak was seen on top of the first peak 

with an estimated width of 13 ms.
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Figure 4.4: Pooled results in three patients with tremulous torticollis (A-F) and five control subjects (G-L) making phasic contractions of SCM and

contralateral SPL. Pooled autospectra of SCM (A and G), SPL (B and H), and yaw acceleration (C and I). Coherence spectra of SCM-SPL show that patients 

have a band of significant coherence from 4-7Hz (E) in contrast to controls (K). The cumulant density (D and J) and phase (F and L) indicate that at low 

frequencies (<4 Hz) SPL and SCM were in phase in both groups whilst between 10-14 Hz SCM phase led SPL in the control
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Case 5 showed significant pooled coherence around 25 Hz and although this drive 

is known to contribute to short-term synchronization (Farmer et al., 1993a), the 

pooled cumulant density of the patient group did not change when this patient was 

excluded from the analysis. In the control group the pooled cumulant density 

showed a significant but much smaller peak with a width of 3 ms and a peak at -11 

ms (Fig 4.3e).

In the “moving controls” the phase relationship between 10.3-16.1 Hz was 

similar to that seen in the control group with SCM phase leading SPL by 14.6 ms 

(+ 2.8 ms 95% CL). However the “moving controls” demonstrated a near zero 

phase relationship at <4.8 Hz and a broad cumulant density estimate with a 

peak centered on zero lag as seen in the torticollis group (fig 4.4). This suggests 

that the phase relationship between SCM and SPL may be attributed in part to 

movement resulting from tremor, although with torticollis the SCM and SPL could 

be in phase up to frequencies of 12 Hz which was never seen in the control or 

“moving control” group.

Significant peak >10 

Hz in autospectra of 

SPL EMG *(%)

Significant coherence 

from 4 to 7 Hz 

between SCM EMG 

and SPL EMG^

Sensitivity 88 80

Specificity 100 39

Table 4.3 Factors discriminating between torticollis patients and controls.

Power and coherence spectra were calculated with a resolution of 0.48 Hz. The 

results are from all 8 patients and controls. Tremor or movement did not lower 

the specificity or sensitivity. >*95% confidence level. >^99% confidence level. 

The sensitivity and specificity differ from that reported in Tijssen et al (2000)as 

the data was not banned in the present study.

4.3 Discussion

4.3.1 Descending drive to synergistic muscies in healthy subjects 

Significant 10-12 Hz coherence was seen between synergistic muscles involved in 

head rotation in the control subjects. It was previously demonstrated (chapter 3) that 

there was no coherence between two motor units situated within the left or right 

SPL. However, significant, but low (<0.05) coherence between the left and right 

SPL from 10-14 Hz can be observed if multi-unit recordings are made from each 

muscle even in subjects in whom single unit recordings reveal no relationship (not
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shown). This difference, therefore, is probably due to a sampling error. With multi

unit data, as used in the present study, there is a greater chance of revealing weak 

correlations compared to only sampling 1-3 motor units pairs per subject as 

performed in chapter 3.

4.3.2 Abnormal descending drive in dystonia torticoiiis

In the patients with rotational torticollis a synchronizing drive at -4-7 Hz common 

to SCM and SPL during involuntary contraction, was present, which was not 

detected in healthy control subjects during a matched volitional contraction. It 

seems unlikely that this coherence at low frequency was entirely related to head 

tremor, as exclusion of the three patients with clinically tremulous torticollis did 

not change the pattern of coherence. Moreover, coherence between 4-7 Hz was 

significantly less in controls imitating head tremor than in patients with torticollis. 

Furthermore, there was a tendency for reduced coherence between 10 to 14 Hz 

in the patients with torticollis, compared to healthy controls, who showed a 

discrete peak in this band. Related to this was the peak of similar frequency in 

the autospectrum of voluntarily contracting SPL which was absent in torticollis. 

The absence of a peak at 10-14 Hz in autospectra of SPL and the presence of 

significant coherence between SCM and SPL at 4-7 Hz are sensitive and 

specific features distinguishing dystonie torticollis from voluntary contraction, 

regardless of whether the latter is sustained or phasic (Table 4.3).

The synchronised low frequency coherence between SCM and SPL in the 

torticollis subjects was similar to that seen in healthy subjects between motor 

units lying within the same SPL (see chapter 3). This low frequency drive has not 

however been observed between neck muscles in control subjects. Therefore it 

seems that there is an abnormality in the distribution of this synchronising low 

frequency drive in torticollis. A similar situation is seen between upper limb 

muscles in dystonia. Normally 15-30 Hz coherence is seen between co-active 

hand and forearm muscles (Conway et al., 1998a) but is not seen between co

contracted agonist-antagonist muscles (Farmer et al., 1998), the 15-30 Hz 

having a presumed cortical origin. However, in the presence upper limb dystonia 

coherence is seen between the dystonie agonist-anatgonist pairs with motor 

units between the muscles being synchronised. The coherence was significant 

over 1-12 Hz and 14-33 Hz. The former band encompasses the abnormal drive 

found between synergistic muscles in torticollis (Farmer et al., 1998). The lack of 

high frequency (>15 Hz) coherence in all but one patient is consistent with the 

finding that high frequency drives are not found between motor units in a given 

axial muscle during isometric contraction.
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The origin of the <7Hz low frequency drive seen in the subjects with torticollis as 

well as the 10-14 Hz drive seen in the healthy controls remains unclear. In the 

torticollis group the SPL and SCM were synchronised up to frequencies of 12 

Hz, whilst in the control subjects SCM phase led SPL at frequencies >10 Hz. In 

response to magnetic stimulation of the motor cortex in healthy subjects there is 

minimal difference in the latency of response in the contralateral SPL and 

ipsilateral SCM (Berardelli et al., 1991). This suggests that the synchrony seen 

in the torticollis group may arise from abnormal cortical oscillatory activity 

resulting in synchronous activation of SPL via a direct monosynaptic 

corticospinal and SCM via a presumed disynaptic cortico-reticulospinal pathway 

(Gandevia and Applegate, 1988; Thompson et al., 1997). Alternatively, these low 

frequency drives may arise via brainstem or spinal pathways and not via the 

cortex. In the cat for example stimulation of the entopeduncular nucleus, the 

homologue of the globus pallidus internus whose function may be affected in 

torticollis (Magyar Lehmann et al., 1997), can cause ipsilateral SCM excitation 

through a brain stem-spinal cord pathway rather than via the primary or premotor 

cortices (Filion and Hebert, 1983; Kavaklis et al., 1992). With stimulation of the 

entopeduncular nucleus the excitation of the ipsilateral SCM motoneuron 

outlasted the stimulus duration suggesting the presence of a reverberating circuit 

within the brain stem and/or spinal cord (Kavaklis et al., 1992). The hypothesis 

that such a circuit involving the globus pallidus internus could be affected in 

torticollis is supported by the findings of a case of familial myoclonic dystonia 

who presented with either jerking movements of the head occurring at a 

frequency of 4 Hz or a sustained dystonie head rotation. Here local field 

potentials recorded from the globus pallidus internus during surgery were 

coherent at 4 and 8 Hz with the contralateral sternocleidomastoid and 

therapeutic high frequency stimulation of the globus pallidus internus relieved 

the symptoms (Liu et al., 2000).
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4.4 Summary of key points

During an isometric head rotation, multi-unit data from the ipsilateral splenius 

capitis and contralateral sternocleidomastoid was recorded in subjects with 

idiopathic torticollis and controls who were matched for age, position and 

force of contraction.

Control subjects showed a 10-14 Hz peak in the autospectrum of splenius 

capitis and coherence between the muscles at this frequency.

Subjects with torticollis did not show a 10-14 Hz peak in the autospectrum of 

splenius capitis and reduced inter-muscular coherence at this frequency. 

Additionally low frequency (< 7Hz) coherence was observed which tended to 

cause motor units to fire in synchrony.

A comparison of subjects with head tremor associated with torticollis and 

controls mimicking this movement suggested that the very low frequency 

coherence (<4 Hz) could be explained in part by movement-related activity.

In contrast the 4-7 Hz coherence was seen only in the torticollis subjects and 

was felt to reflect an abnormal oscillatory drive that tended to cause 

excessive synchronisation of motor units and co-contraction of synergistic 

muscles in this condition. It is suggested that this drive may be generated by 

networks lying within the brain stem and/or spinal cord that are modulated by 

activity in the basal ganglia.
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Chapter 5: Distal limb inter-muscle coherence in patients with Parkinson's 

disease: Effects of therapeutic intervention

Parkinson’s disease is caused by degeneration of the dopaminergic innervation of the 

basal ganglia and the beneficial effects of dopaminergic medication have been known 

since the 1960s. Recent insights into the pathophysiology of the disease have 

accompanied the development of animal models of Parkinson’s disease, most notably 

parkinsonian symptoms can be observed following administration of the neurotoxin 

MPTP (1 -methyl-4-phenyl-1,2,3,6-tetrahydropyridine) or injections of 6- 

hydroxydopamine (6-OHDA). Such animal models have demonstrated over-activity of 

neurons in the subthalamic nucleus whilst in the parkinsonian state which in turn cause 

overactivity in the output nuclei of the basal ganglia, including the globus pallidus 

internus (Miller and DeLong, 1987; Bergman et al., 1994; Wichmann et al., 1999). This 

and the finding that lesioning specific nuclei in the basal ganglia could alleviate 

parkinsonian symptoms (Bergman et al., 1990; Aziz et al., 1991) led to the re- 

introduction of stereotactic techniques aimed at either lesioning the target nuclei or 

inserting a stimulating macroelectrode into the target nuclei. Subsequently either 

pallidotomy (Lozano and Lang, 1998; Melnick et al., 1999; Kimber et al., 1999), 

subthalamotomy (Guridi and Obeso, 1997) and high frequency stimulation of the 

globus pallidus internus (Benabid et al., 1998; Volkmann et al., 1998) or subthalamic 

nucleus (Benazzouz et al., 1993; Limousin et al., 1998b) have been shown to be 

effective in relieving the cardinal symptoms of Parkinson’s disease namely 

bradykinesia, tremor and rigidity and in reducing drug induced dyskinesias and motor 

fluctuations that may occur after chronic treatment with levodopa.

Recently it has been suggested that alterations not only in the firing rate but also in the 

pattern of firing of groups of neurons within nuclei of the basal ganglia may be 

important in the pathophysiology of Parkinson’s disease (Obeso et al., 1997). Neurons 

within the subthalamic nucleus and globus pallidus internus have an intrinsic tendency 

for their membrane potential to oscillate (Nambu and Llinas, 1994; Beurrier et al., 1999; 

Bevan and Wilson, 1999). An increase in lower frequency (<16 Hz) oscillatory activity 

within the subthalamic nucleus (Bergman et al., 1994) or globus pallidus internus 

(Filion and Tremblay, 1991; Mini et al., 1995; Wichmann et al., 1999) can be observed 

following administration of MPTP in the monkey. Such oscillations may contribute to 

the pathogenesis of the disease (Obeso et al., 1997). As discussed in chapter 1 

(section 1.42) evidence exists in humans demonstrating that in Parkinson’s disease 

there is a reduction in the cortically-derived high frequency (>15 Hz) oscillatory input to 

muscle and that this can be reversed with administration of dopaminergic medication 

(Salenius et al., 2000). It has been suggested that the abnormal oscillatory activity 

seen within the subthalamic nucleus and globus pallidus internus in the parkinsonian
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State may, via its connections to the thalamus block these cortically generated high 

frequency oscillations (Brown and Marsden, 1998; Brown, 2000).

As seen in chapter 4, the pattern of inter-muscular coherence can provide insight into 

the pattern of oscillatory drives to muscle synergists. Previous work has demonstrated 

that the EMG signals recorded from co-contracting distal hand and forearm muscles in 

healthy control subjects are coherent around -20 Hz (Conway et al., 1998a) and that 

this is due to a descending oscillatory drive from the contralateral motor cortex (Baker 

et al., 1997; Kilner et al., 1999). The present chapter examines inter-muscular 

coherence between co-contracting distal forearm and hand muscles in patients with 

idiopathic Parkinson’s disease. Two separate groups of patients were examined and 

the effects of high frequency stimulation of the subthalamic nucleus or the 

administration of dopaminergic medication on the pattern of inter-muscular coherence 

assessed. Therefore this chapter aims to provide insights into the effects that these 

therapeutic interventions have, particularly on the descending cortically derived 

oscillatory drives to the contralateral limb.

5.1 Methods

Two experiments were performed and inter-muscular coherence was examined in 

subjects with idiopathic Parkinson’s disease whilst they were on/ off subthalamic 

nucleus macroelectrode (STNME) stimulation (experiment 1) and on/off dopaminergic 

medication (experiment 2). In both experiments the subjects had been on over-night 

withdrawal of their normal anti-parkinsonian medication. When examining the effects of 

high frequency STNME stimulation the initial condition (on or off stimulator) was 

randomised and their usual clinically effective stimulator parameters were used. When 

assessing the effect of medication the “off medication” condition was always assessed 

first. Following the administration of 100-200mg levodopa (in combination with a dopa 

decarboxylase inhibitor) a period of 45-60 minutes elapsed prior to any clinical/ 

experimental assessment. The results were compared to age and sex matched healthy 

control subjects with no previous neurological history. The control subjects performed 

the task twice (control conditions 1 and 2) separated by a 5-10 minute rest. This helped 

account for any possible order effects in the second experiment, for example related to 

fatigue or practise. In experiment 1, when the order of STNME stimulation was 

randomised in the parkinsonian group, the results from control conditions 1 and 2 were 

similarly randomised. The methodology and analysis performed was identical in both 

experiments.
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Whilst on/off stimulation or dopaminergic medication the degree of rest tremor, rigidity 

and bradykinesia was determined (United Parkinson’s disease rating scale (UPDRS) 

points 20, 22 and 24, table 5.1). During the experiment the forearm of each subject was 

supported in pronation and the subjects performed simultaneous isometric wrist 

extension and finger abduction. This “fan” task was chosen as we had previously found 

consistent coherence (< -30 Hz) between distal hand muscles and the wrist extensors 

in healthy subjects during the performance of this task (Fig 5.1).
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Figure 5.1. The pattern of inter-muscular coherence in a healthy 48 year old 

female subject performing an isometric contraction of distal hand and wrist 

muscles. A Raw data of first dorsal interosseous (FDI) and wrist extensor (WE) EMG. 

Autospectra of the FDI (B) and WE (C) EMG signals. D and E Coherence and phase 

relationship between FDI and WE. The phase estimate is bounded by the 95% 

confidence limits and FDI was the input signal in this and subsequent diagrams. The 

wrist extensor EMG phase led the FDI signal by the latency indicated (± 95% 

confidence level). The spectra were calculated over a 90 second period of data.
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Each subject held the “fan” position for 45-90 seconds and this was repeated two to 

three times with at least 2 minutes rest in between. Muscle activity was recorded with 

surface electrodes placed on the muscle belly of the wrist extensors (WE) and the first 

dorsal interosseous (FDI) muscle. Surface EMG signals were amplified and bandpass 

filtered (56-300 Hz) prior to being AD converted (CED 1401, Cambridge Electronic 

Design) and sampled at 1 kHz. Signals were monitored on-line and stored using the 

SPIKE2 program. The level of EMG activity was matched between the on and off 

stimulator/medication conditions with verbal feedback being given by the assessor 

where necessary. Subsequently with the stimulator switched on or whilst the subject 

was on medication, manual resistance was used to record the maximal voluntary 

isometric contraction of both the wrist extensors and first dorsal interosseous. This was 

used to calculate, after full wave rectification, the percentage of the maximal (on 

stimulator/medication) voluntary contraction (MVC) with which the muscles contracted 

during the task. The control subjects were required to contract with the same 

percentage of their MVC as seen in the patient group, as judged by on-line monitoring 

of the EMG level following assessment of their MVC.

Score (Task performed) Description of rating task

20

Tremor at rest

0 = Absent

1= Slight and infrequently present 

2= Moderate in amplitude, but only intermittently present 

3= Moderate in amplitude and present most of the time 

4= Marked in amplitude and present most of the time

22

Rigidity

(Judged on passive 

movement of the wrist)

0= Absent

1= Slight or detectable only when activated by mirror or 

other movements 

2= Mild to moderate

3= Marked, but full range of motion easily achieved 

4= Severe, range of motion achieved with difficulty

24

Hand Movements 

(Patient opens and closes 

hands in rapid succession 

with as large an amplitude 

as possible)

0= Normal

1= Slightly impaired

2= Moderately impaired

3= Severely impaired

4= Can barely make fist or open hand

Table 5.1 Description of United Parkinson’s disease rating scale (UPDRS) scores 

20,22,24 used to rate the effects of clinical intervention.
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5.1.1 Analysis

After rectification of each EMG signal the autospectra, cross-spectra, coherence and 

associated phase were estimated with FDI EMG being the reference, input signal. 

Artifact free sections of data from each individual were pooled and the total number of 

segments analysed for each subject, and therefore the variance of the spectral 

estimates, was equal (174 segments, 90 seconds of data). The frequency resolution of 

all spectra was 1.96 Hz. Using an analog signal as opposed to levelling the data as in 

chapter 4 was preferred so as to preserve as much of the frequency content as 

possible. Here we could exclude cross contamination of signals by electrical cross talk 

or movement artifact by ensuring that there was an appropriate and consistent phase 

difference seen between WE and FDI.

A comparison was made of the EMG autospectral power and inter-muscular 

coherence whilst on and off stimulation/medication and between patient and control 

groups. The autospectral power of the EMG signal varies between subjects depending, 

for example, on the electrode impedance and position relative to the underlying 

muscle. Therefore to allow a comparison of the control and patient groups the 

percentage of the total power up to 100 Hz was calculated. The average percentage 

power in 5 frequency bands 2-5, 7-14, 15-30, 31-60 and 61-100 Hz was then 

determined. Over each of these frequency bands the power between on and off 

stimulator/medication conditions and between patient and control groups was 

compared using a two-way ANOVA. Similarly the average coherence over the five 

frequency bands (2-5, 7-14, 15-30, 31-60 and 61-100Hz) were determined for each 

subject. The modulus of the coherency was calculated and the variance of this 

measure was then normalised by applying the Fisher (tan h '^) transform. These 

normalised transformed measures were compared for both group and 

stimulator/medication effects over each frequency band using a two way repeated- 

measures ANOVA (chapter 2, method 3).

Finally, the data from both experimental groups were combined and a correlation 

between the average coherence in each frequency band and the clinical UPDRS 

scores was made (Spearman’s rank correlation, SPSS version 8.0).
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5.2 Results: Clinical description

The number of subjects and muscle pairs assessed in each patient group and their 

severity of distal upper limb symptoms, as judged by the individual and total average 

UPDRS and Hoehn and Yahr scores, are indicated in table 5.2. The average 

percentage of the maximal contraction produced during the experimental period for

both WE or FDI is also indicated in table 5.2. The corresponding values for the control

subjects are :

Experiment 1: WE = 26.8% (± 14 SD) ; FDI = 16.3 % (± 10.5)

Experiment 2: WE = 25.4 % (±16.5) : FDI = 14.0 % (± 8.0).

There was no difference in either experiment in degree of WE and FDI activation, as 

judged by the percentage of maximal contraction, between experimental conditions 

(stimulator/medication off/on) or between the patient and control groups (2-way 

ANOVA : p>0.05).

Experiment 1 

STNME stimulation

Experiment 2 

On/off medication

Subject No.

(Number of females)

9

(4)

5

(3)

Mean age (± SD) 57.5 years (± 6.8) 51.8 years (±6.1)

Muscle pairs 16* 7**

% WE MVC (± SD) 20.6 (±12.2) 35.7 (± 17.0)

% FDI MVC (± SD) 12.7 (±7.2) 11.1 (±1.0)

Hoehn and Yahr 

(off medication/ 

stimulation ± SD)

2.8 (±1.5) 3.2 (±1.0)

Stimulator/ 

medication condition

On

STNME

Off

STNME

On

Medication

Off

Medication

Tremor (4) (±SD) 0 (±0) 1.1 (±1.1) 0.6 (± 0.5) 1.1 (±0.9)

Bradykinesia(4)

(±SD)

1.0 (±0.9) 2.4 (± 0.9) 1.0 (± 0.0) 2.3 (± 0.8)

Rigidity (4) (± SD) 0.8 (± 0.7) 2.3 (± 0.8) 1.7 (±0.8) 2.3 (± 1.0)

Total (12) (±SD) 1.7 (±0.3) 5.8 (±1.4) 2.3 (±1.7) 5.7 (±2.1)

Table 5.2 Clinical description of subjects participating in experiments 1 and 2.

The average percentage of maximal voluntary contraction (MVC) for both FDI and WE 

combined across stimulator / medication states is indicated. The maximum Hoehn and 

Yahr score is 5, the maximum individual UPDRS score is 4 whilst the maximal total 

score is 12 as indicated in brackets in the far left column.* 8 subjects had bilateral 

stimulators, one of whom was only tested on one side. ** 2 subjects were tested 

bilaterally.
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Results : Experiment 1 - Effects of STNME stimulation

Nine subjects (4 female, mean age 57.5 yrs ± 6.8 SD) with idiopathic Parkinson’s 

disease were seen following surgical implantation of macroelectrodes into the 

subthalamic nucleus either bilaterally (n=8) or unilaterally (n=1). The subjects were 

recruited from either the Department of Clinical and Biological Neurosciences, Joseph 

Fourier University, Grenoble or the Department of Neurology, Phillips-university, 

Marburg. In subjects 1-7 isometric contractions of both hands were assessed 

simultaneously. In subject 9 with a left STNME stimulator implant and subject 8 only 

the right side was assessed, in the latter subject both STNME stimulators were either 

on or off during assessment. The subjects were compared to nine control subjects (3 

female, mean age 53.2 yrs ± 4.9) in whom 16 muscle pairs were similarly recorded.

5.3.1 Changes in power and coherence

An example of the raw EMG data whilst on and off stimulation for one subject and their 

respective autospectra and inter-muscular coherence is indicated in figure 5.2. The 

averaged autospectra expressed as a percentage of the total power up to 100 Hz and 

the pooled coherence and phase are indicated in figure 5.3.

The average percentage autospectral power in both the FDI and WE were higher in the

2-5 and 7-14 Hz bands in the parkinsonian patient group (2 way ANOVA, p<0.05 effect 

of group. Fig 5.3 A, B). Further, post-hoc analyses revealed that the 7-14 Hz WE 

autospectral power was higher when parkinsonian subjects were off as opposed to on 

STNME stimulation (one-way ANOVA, p<0.05,Fig 5.3B). In contrast the average 

autospectral power between 15-30 Hz was higher in the wrist extensors in the control 

group (2-way ANOVA, p<0.05 effect of group) with a tendency to be higher in the 31-60 

Hz band (2-way ANOVA, p=0.052 effect of group. Fig 5.3 B).

Inter-muscular coherence was significantly higher between 2-5 Hz in the parkinsonian 

group (2-way ANOVA, p<0.05. Fig 5.3 C,D). There was a significant group x stimulation 

(control group 1/on stimulation vs control group 2 / off stimulation) interaction between 

15-30 Hz (p<0.05 2 way ANOVA). Post-hoc analysis revealed that there was a 

significantly higher coherence between 15-30 Hz in the parkinsonian group when the 

stimulator was turned on (one-way ANOVA p=0.05) as opposed to when the stimulator 

was turned off. Further, 15-30 Hz coherence was significantly higher in the control 

group compared to the parkinsonian group when the stimulator was turned off (one 

way ANOVA p<0.05) but not when the stimulator was turned on (Fig 5.3 C and D).
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Figure 5.2 Individual example of changes in power and coherence with 

subthalamic stimulation. Raw data taken during an isometric contraction of the left 

FDI and wrist extensors whilst on (A) and off (B) bilateral STNME stimulation. C-F 

shows the autospectra of the left wrist extensors (C) and FDI (D) and the resultant 

coherence (E) and phase (F) whilst on (solid lines) and off STNME stimulation (dotted 

lines). Vertical lines in C and D and the horizontal lines in E indicate the 95% 

confidence level. Phase (F) is only indicated over the frequency band over which the 

coherence in (E) was significant. The wrist extensor EMG phase led FDI with a latency 

of 7.8 ms (± 3.5 ms, 95% confidence limit) and 10.3 ms (± 0.5) whilst on and off 

stimulation respectively.
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Figure 5.3 Summary of the differences in autospectral power and inter-muscular 

coherence between STNME stimulation conditions and control subjects. Results 

from 9 parkinsonian and 9 control subjects (16 muscle pairs in each group) are 

summarised. The grand average percentage of the total power up to 100 Hz is 

indicated for both FDI (A) and WE (B). The pooled inter-muscular coherence and 

phase estimates for the parkinsonian subjects (C and E) and control subjects (D and F) 

are shown whilst either on/ off stimulation (red solid and dotted lines respectively) or in 

the two control groups (solid and dotted black lines respectively). Note the drop in 

coherence between 15-30 Hz whilst off STNME stimulation (C) and the higher 

autospectral power at low frequencies whilst off stimulation (A and B).

93



In both the parkinsonian and the control groups the wrist extensor EMG signal phase 

led the FDI signal (Figs 5.1 E, 5.2F and 5.3 E and F). Phase measurements met criteria 

in the parkinsonian group in 8/16 records (6/9 subjects) whilst on stimulation and in 

5/16 records (4/9 subjects) whilst off stimulation and in the two control conditions in 

13/32 records (6/9 subjects). Over the band of significant coherence (range 2-29 Hz), 

the wrist extensors phase led the FDI signal by a latency of 11.0 ms (± 8.6 SD, 

standard deviation) and 9.0 ms (± 6.3) whilst on and off STNME stimulation 

respectively and by 8.2 ms (± 6.2) in the control group. These delays are similar to the 

difference in the activation times of the wrist extensors and FDI seen after cortical 

stimulation (Rothwell et al., 1991). There was no significant difference in the phase 

measurements between stimulation conditions (2-tailed t-test p>0.05) or between the 

control and parkinsonian group (2-tailed t-test p>0.05).

5.4 Results: Experiment 2 -  Effects of dopaminergic medication

The effects of dopaminergic medication on inter-muscular coherence and autospectral 

power were assessed in 5 subjects with idiopathic Parkinson’s disease (3 female, 

mean age 51.8 yrs ± 6.1 SD). Similar to experiment 1 these subjects had a subthalamic 

macroelectrode previously implanted and recordings from these macroelectrodes are 

described in chapter 6. A total of 7 muscle pairs were assessed and the stimulator was 

switched off throughout the experiment. The severity of this group whilst off medication 

was similar to the group assessed in experiment 1 and the clinical change with 

medication was of a similar magnitude to that seen in experiment 1 with STNME 

stimulation (table 5.2). This group was compared to five control subjects (3 female, 

52.8 yrs ± 4.2 SD) matched for mean percentage of MVC and body side tested. The 

controls had also participated in experiment 1.

5.4.1 Changes in power and coherence

The mean percentage autospectral power in the 15-30 Hz band for both the FDI and 

WE signals was significantly higher in the control group as summarised in figure 5.4 A 

and B. Similarly the average coherence between 15-30 Hz was higher in the control 

group (Fig 5.40). In light of the significant effects of STNME stimulation in experiment 1 

and the tendency for a significant group x medication interaction in the present 

experiment (p=0.079, 2-way ANOVA) a further post-hoc comparison was made. This 

comparison revealed that the 15-30 Hz coherence was significantly higher in the 

parkinsonian group when on as opposed to off medication (p<0.05, one-way ANOVA). 

In both groups there was an effect of order at low frequencies (2-5 Hz) with significantly 

higher coherence being seen in this band when the task was performed on the second
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occasion, either on medication or in control condition 2 (p<0.05, 2-way ANOVA, effect 

of order). This may have been due to the effects of fatigue.
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Figure 5.4 Summary of the differences in inter-muscular coherence and 

percentage autospectral power between parkinsonian subjects whilst on and off 

dopaminergic medication and age-matched controls. Results from 5 parkinsonian 

and 5 control subjects (7 muscle pairs in each group) are summarised. The grand 

average percentage of the total power up to 100 Hz is indicated for both FDI (A) and 

WE (B). The pooled inter-muscular coherence and phase estimates for the 

parkinsonian subjects (C and E) and control subjects (D and F) are shown whilst either 

on/ off medication (red solid and dotted lines respectively) or in the two control groups 

(solid and dotted black lines respectively). Note the greater autospectral power and 

coherence between 15-30 Hz in the control group and that the coherence estimate for 

the parkinsonian patients (C) is plotted on the same scale as in figure 5.3.
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The wrist extensors phase led the FDI EMG with a latency of 11.9 ± 5.0 ms in the 

parkinsonian group (3 cases whilst on medication and 1 case whilst off medication, Fig

5.4 E) and by 6.1 ± 8.2 ms in the control group (5/14 records from 4/5 subjects, Fig 5.4

F). These latencies were not significantly different (2-tailed t-test, p>0.05).

5.5 Correlation of coherence with clinical state

Over the 7-14 Hz, 31-60 Hz and 61-100 Hz bands there was no correlation between 

the average significant coherence and any of the individual UPDRS scores measured 

(20,22 and 24). As illustrated in figure 5.4 there was however, a weak but significant 

negative correlation between the total UPDRS score (scores 20+22+24) and the 

average significant coherence within the 15-30 Hz band, higher coherence measures 

being associated with lower total UPDRS scores (R^= 0.34, p<0.05).

0.10 -

o 0.05 -

0.00

Total UPDRS score

Figure 5.5 Correlation between the total UDRS score and average coherence in 

the 15-30 Hz band. Data from all subjects whilst both on and off stimulation/medication 

were used to allow a range of UPDRS scores to be assessed.
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5.6 Discussion

High frequency (-15-30 Hz) oscillatory drives to distal limb muscles are present during 

isometric contractions and are derived from the contralateral sensorimotor cortex 

(Salenius et al., 1997a, Kilner et al., 1999). The present series of experiments 

examined the effects of different therapeutic interventions in patients with Parkinson’s 

disease on these cortically derived drives. Both clinically effective stimulation of an 

electrode implanted into the subthalamic nucleus and the administration of 

dopaminergic medication resulted in a significant increase in 15-30 Hz inter-muscular 

coherence. A similar increase in high frequency coherence between sensorimotor 

cortical signals as measured using EEG or MEG and contralateral muscle has been 

reported following pallidotomy (Conway et al., 1998; Conway et al., 1999) and the 

administration of dopaminergic medication (Salenius et al., 2000). Future work could 

examine the effects of both deep brain stimulation and the administration of 

dopaminergic medication on inter-muscular coherence in the same subject in the same 

experimental session. This would help to elucidate whether one mechanism is more 

effective than another in promoting the expression of high frequency oscillations and 

whether their effects are additive.

In experiment 1 the percentage of autospectral power over 2-5 Hz and 7-14 Hz and the 

degree of inter-muscular coherence between 2-5 Hz was significantly higher in the 

parkinsonian group than in the control group. Experiment 2 suggested that some low 2- 

5 Hz frequency coherence could be induced by fatigue as it increased in both the 

control and parkinsonian group with repeated trials. However fatigue effects were 

accounted for in experiment 1 by randomising the order of STNME stimulation and 

control trials. Previous work has suggested that whilst off medication there is higher 

autospectral power around -10 Hz which decreases with administration of 

dopaminergic medication (Brown, 1997; Brown et al., 1998a). This is in keeping with 

experiment 1 where a significantly higher percentage of the total power in the wrist 

extensors was seen between 7-14 Hz whist off as opposed to on STNME stimulation. 

However no significant decrease in autospectral power around the frequency of action 

tremor (-10 Hz) was observed when subjects were on medication in experiment 2 and 

no alterations in 7-14 Hz inter-muscular coherence was seen with either therapeutic 

intervention. The cause of this is unclear. The previous work cited examined changes 

in autospectral power during maximal contractions as opposed to 10-35 % of the 

maximal voluntary contraction used in the present study. Therefore it may be that such 

changes are more marked during stronger contractions (Brown, 1997; Brown et al., 

1998a). In the present series of experiments tremor was not a prominent feature in the 

patients recorded (UPDRS score 20, Table 5.2), although rest tremor rather than action
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tremor was rated. Nor have changes in 10 Hz drive been reported in all parkinsonian 

subjects. Salenius et al (2000) for example, examined weak (20-40 % MVC) isometric 

contractions in parkinsonian subjects and demonstrated a decrease in 5-12 Hz cortex- 

muscle coherence and autospectral power with the administration of dopaminergic 

medication in only 3 / 7  patients. Therefore the patients that demonstrate a low 

frequency component in the muscle signal that is responsive to therapeutic intervention 

may comprise a particular subgroup of parkinsonian subjects.

It has been suggested that the reduction or abolition of high frequency cortically 

generated drives to contralateral muscle in Parkinson's disease whilst off dopaminergic 

medication could contribute to symptoms in two ways (Brown, 2000). Firstly, the normal 

functioning of the higher frequency (>15 Hz) oscillations in the cortex would be altered 

(Brown and Marsden, 1998), although until the function of these oscillations is 

elucidated it is difficult to determine what the consequences of this may be. Secondly, 

the unopposed low frequency drive to muscle may simultaneously promote tremor at 

-10 Hz (Volkmann, 1998; Salenius et al., 2000; Hellwig et al., 2000) and contribute to 

the weakness seen in this patient population by preventing tetanic fusion during a 

strong contraction (Brown et al., 1997). The negative relationship between the total 

UPDRS score and the degree of coherence within the 15-30 Hz band further supports 

the view that a lack of central high frequency oscillatory activity is related to the 

symptomatology seen in Parkinson’s disease.

In conclusion this chapter suggests that high frequency 15-30 Hz cortical oscillations 

may be modulated by therapeutic interventions that affect the basal ganglia. The 

possible role of the subthalamic nucleus in the genesis and modulation of these high 

frequency oscillations will be further investigated in chapter 6.
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5.7 Summary of key points

• Recordings were made from the first dorsal interosseous and wrist extensor

muscles during a simultaneous isometric contraction in two groups of subjects 

with idiopathic Parkinson’s disease. The effects of subthalamic stimulation and 

administration of dopaminergic medication on the coherence between the two 

EMG signals and their percentage of the total autospectral power up to 100 Hz 

was investigated.

• Both high frequency stimulation of the subthalamic nucleus and dopaminergic

medication caused an improvement in clinical symptoms. In both patient groups 

the improvement in symptoms was accompanied by a significant increase in 

inter-muscular coherence within the 15-30 Hz band.

• The percentage of the total autospectral power in the 2-5 and 7-14 Hz bands

tended to be higher in the parkinsonian group compared to age/sex matched 

control subjects. In contrast control subjects often demonstrated a higher 

percentage of autospectral power in the 15-30 Hz band.

• A significant negative correlation between the average coherence in the 15-30 Hz

band and the total UPDRS score was found.
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Chapter 6: Subthalamic nucleus, sensorimotor cortex and muscle 

interrelationships in Parkinson's disease: effects of motor task and medication

Chapter 5 provided evidence that an alteration in the function of the basal ganglia was 

associated with a modulation in the degree of cortically-derived high-frequency (15-30 

Hz) oscillatory activity. How such a modulation is achieved remains unclear. It could be 

that such oscillatory activity is generated within certain nuclei of the basal ganglia 

and/or they are entrained in an oscillatory circuit that involves the motor cortical areas. 

Alternatively, in Parkinson’s disease, alterations in the basal ganglia output may 

indirectly lead to alterations in oscillatory activity in distant target sites.

Neurons firing with low frequency bursts (<16 Hz) can be recorded from the nuclei of 

the basal ganglia in Parkinson’s disease (Hutchinson et al., 1998; Hayase et al., 1998; 

Lozano et al., 1999; Hurtado et al., 1999) and in animal models of the parkinsonian 

state (Filion and Tremblay, 1991; Bergman et al., 1994; Mini et al., 1995; Wichmann et 

al., 1999). Indeed the subthalamic nucleus and the external globus pallidus through a 

combination of their reciprocal connections and their intrinsic membrane properties 

may be responsible for the generation of such oscillations (Beurrier et al., 1999; Bevan 

and Wilson, 1999; Plenz and Kital, 1999; Bevan et al., 2000). In contrast higher 

frequency oscillatory bursts (>20 Hz) can be recorded from neurons in the basal 

ganglia in neurologically intact monkeys although such neurons comprise a small 

percentage (~1 %) of the total population (Bergman et al., 1994). Thus evidence exists 

that oscillatory activity can be found in the subthalamic nucleus. The alternative, though 

not mutually exclusive, hypothesis that the basal ganglia influences oscillatory activity 

at distant target sites has been suggested by Pare et al (1990). They proposed that the 

enhanced inhibitory activity seen in the globus pallidus internus in Parkinson’s disease 

could lead to hyperpolarisation of target neurons within the thalamus resulting in 

intrinsically generated oscillatory activity via activation of low threshold calcium currents 

(Pare et al., 1990). Such oscillatory activity could in turn lead to cortical oscillations at 

frequencies associated with rest/action tremor (Salenius et al., 2000; Hellwig et al., 

2000) and/or affect the expression of higher frequency oscillations that can be recorded 

from the sensorimotor cortex in healthy subjects (Defebvre et al., 1996; Wang et al., 

1999; Salenius et al., 2000).

In this chapter direct recordings were made from awake human subjects with idiopathic 

Parkinson’s disease. Local field potentials from a macroelectrode placed within the 

subthalamic nucleus were recorded when they performed motor tasks whilst on and off 

dopaminergic medication. The simultaneous recording of contralateral muscle activity 

allowed an assessment of whether the high frequency, centrally generated drives to 

muscle examined in chapter 5 also affected the subthalamic nucleus. These high 

frequency drives to muscle, as assessed using cortex-EMG coherence, have
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previously been shown to be task specific. 15-30 Hz coherence is prominent during 

isometric contractions (here referred to as tonic task) but abolished/reduced during 

movement (here referred to as phasic task) (Baker et al., 1997; Kilner et al., 1999). In 

contrast during movement a higher frequency oscillatory drive in the band 31-60 Hz 

may be seen (Brown et al., 1998c). Whether such task specificity exists for the 

relationship between muscle and subthalamic nucleus was also assessed.

Further, where possible, activity was recorded from the sensorimotor cortex, allowing 

an assessment of cortical-subthalamic nucleus interactions. This is particularly 

relevant as the cause of the increased firing rate and altered pattern of firing seen 

within the subthalamic nucleus in the parkinsonian state is unclear. Electrophysiological 

and biochemical data (Miller and DeLong, 1987; Herrero et al., 1996; Hassani et al., 

1996) suggest that subthalamic nucleus overactivity may not be due to a decrease in 

the inhibitory input from the globus pallidus externus as originally thought (Miller and 

DeLong, 1987; Albin et al., 1989; Filion and Tremblay, 1991). Alternative causes of 

subthalamic nucleus overactivity and altered firing pattern might be a decrease in 

dopaminergic control exerted by the substantia pars compacta (Blandini et al., 2000) or 

overactivity in projections from the intralaminar nuclei or the direct projections from the 

cerebral cortex (Levy et al., 1997; Orieux et al., 2000). Therefore it was hypothesised 

that if cortical projections were directly responsible for the altered discharge pattern of 

the subthalamic nucleus in the presence of impaired dopaminergic activity then the 

nature of cortical drives should differ in the presence or absence of exogenous 

dopaminergic stimulation.

6.1 Method

Ten patients with idiopathic Parkinson’s disease participated and their clinical details 

are given in table 6.1. Patients were recruited from the National Hospital for Neurology 

and Neurosurgery (NHNN, subjects 1-6), Kings College Hospital (KCH, subject 7), 

Department of Clinical and Biologic Neurosciences, Grenoble (GUH, subjects 8-9) or 

the Toronto Western Hospital (TWH, Subject 10). The operative procedure and 

beneficial clinical effects of stimulation have been described previously (Hutchinson et 

al., 1998; Limousin et al., 1998b). Macroelectrodes were inserted after the subthalamic 

nucleus had been identified on MRI/CT and localised using microelectrode recording 

and microstimulation whilst the subject was awake (Hutchinson et al., 1998). In 5/10 

subjects a macroelectrode was inserted bilaterally either in a two-stage operation with

3-4 months separation (subjects 1,2 and 4) or simultaneously (subjects 8-9). This 

resulted in local field potentials (LFPs) being sampled from a total of 15 subthalamic 

macroelectrodes (STNME).
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All subjects were assessed prior to or 45-60 minutes following administration of 100- 

200mg levodopa in combination with a dopa decarboxylase inhibitor. Subjects had 

been off medication for at least 8 hrs and by necessity the off medication state was 

assessed first. Whilst in both states the subjects performed either an isometric 

contraction of the wrist extensors (tonic task) or self-paced phasic wrist extension and 

flexion movements (phasic task). The forearm was supported in pronation and all 

movements were unconstrained. Five subjects (n=7 STNME recordings) were also 

recorded whilst at rest when the mean rectified electromyographic (EMG) level in the 

wrist extensors was less than 50uV.

During each task LFPs from the contralateral STNME were recorded simultaneously 

with EMG from the forearm extensor muscles in every subject. The degree of EMG 

activity was monitored on-line and was matched on and off medication. During the 

phasic task verbal feedback was also provided to match the rate of movement (0.2-0.4 

Hz) whilst on and off medication. EMG was band pass filtered at 56-300 Hz (NHNN 

and GUH) or 2-1000 Hz (TWH) and amplified (x 1000-5000).

LFPs were recorded from the adjacent 4 contacts of the macroelectrode (STNME 0-1,

1-2, 2-3). In one subject (case 9) with a bilateral implant, artefact whilst off medication 

only allowed the recording of the most distal bipolar contact ( 0 - 1 )  on each side. This 

subject had also previously had a globus pallidus internus macroelectrode implant that 

was not stimulated during the course of the experiment. As the STNME contacts had a 

maximum center-to-center separation of 3 mm it is estimated that at best only 1 or 2 

contacts were in the subthalamic nucleus (Hutchinson et al., 1998; Ashby et al., 1999).

The 3- dimensional position of the subthalamic nucleus relative to either the anterior or 

posterior commissure was determined pre-operatively from MRI. The position of the 

most caudal and rostral macroelectrode contact relative to the same reference point as 

used pre-operatively was then determined from post-operative MRI scans. In the 9/10 

subjects in whom the post-operative position of the distal and rostral STNME contacts 

could be accurately determined, at least one of the STNME contacts was within or less 

than 1mm from the position of subthalamic nucleus as determined from pre-operative 

scans. The measurement error of measuring the position of anatomical landmarks 

relative to the anterior or posterior commissure on both pre and post-operative scans 

was +1mm.
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Subject/ Sex/ Age 

(Hoehn-Yahr rating)

Best Contact

Frequency / voltage /pulse 

width

R = R stimulator

UPDRS

On Medication

Tremor/Rlgldlty/

Bradyklnesla

( R =rlght hemlbody)

UPDRS

Off Medication

Tremor/Rlgldlty/

Bradyklnesla

1. M / 47 yrs

(3)

L STNME 2 - (Monopolar) 

145 Hz/2 .5  V/eOus

RO/ 1  / I R 1 1212

R STNME 2- (Monopolar) 

130 Hz/2 .3 V / 60 us

L O / 1 / 1 L 3 / 3 / 3

2. M / 58 yrs 

(3)

L STNME 2- 3+

130 Hz/3 .0 V / 60 us

R 1 / 1 / 1 R 1 / 2 / 1

R STNME 2- (Monopolar) 

130 Hz/3 .6 V / 60 us

L 1 / 2 / 1 L O / 2 / 1

3. F / 45 yrs

(4)

R STNME 2-1 +

160 Hz/2 .8 V / 60 us

L O / 0 / 1 L O/ 1 / 2

4. F / 51 yrs 

(3)

L STNME 3- (Monopolar) 

130 H z /3  V/60US

R O / 0 / 1 R 1 1213

R STNME 2- (Monopolar) 

130 Hz/2 .5  V / 60 us

L O / 0 / 1 L 1 / 2 / 3

Table 6.1 Continued on next page
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5. F / 58 yrs 

(5)

L STNME 3-1 +

130 Hz/2.3 V/SO us

RO/ 1  / I R 1 / 4 / 3

6. M / 56 yrs 

(4)

R STNME 0- 2+ 

130Hz/5.6V/SO us

L O/ 1 / 2 L O / 2 / 3

7. M / 66 yrs 

(4)

R STNME 1-2+

300 Hz / 3 V / 60 us

R 1 / 3 / 3 R O / 3 / 2

8. M / 45 yrs 

(4)

L STNME 3- (Monopolar) 

145HZ/3.6 V / 6 0  us

RO/ 1  /O R O / 3 / 2

R STNME 3- (Monopolar) 

130 Hz/2.2 V / 6 0  us

L O / 0 / 0 R O / 3 / 3

9. M / 60 yrs 

(4)

L STNME 2- (Monopolar) 

145 H z / 2.6 V / 6 0  us

RO/ 2 / 0 R 2 / 3 / 3

R STNME 2 -  (Monopolar) 

130 H z /2  V / 6 0  us

L O / 2 / 0 L 1 / 3 / 3

10. M / 63 yrs 

(Unavailable)

R STNME 3- (Monopolar) 

170 H z / 1.7 V / 6 0  us

L O / 0 / 2 L O / 3 / 1

Table 6.1 Clinical description of subjects. Summary of clinical rating (off medication/ off stimulation Hoehn and Yahr score), best contacts for clinical 

effect and the effects of medication on distal upper limb function (UPDRS scores 20,22,24) assessed in the absence of any chronic electrical 

stimulation. With monopolar stimulation the case of the stimulator was always the anode.
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Due to the presence of dressings and prominent EMG artefact in lateral channels, EEG 

records were only available from Cz-FCz in 9 instances and from either C3-FC3 and 

C4-FC4 ipsiiateral to the STNME impiant in three cases. STNME LFPs and EEG were 

filtered 0.5-300 Hz (NHNN, KCH and GUH) or 2-1000 Hz (TWH) and amplified (x 5-500 

xIO^). Signals were AD converted (CED 1401, Cambridge Electronic Design, UK or an 

Am pi icon card, Brighton, Uk), monitored on-line and stored either directly onto SPIKE2 

software (Cambridge Electronic Design, UK) or via Dacquire software (D. Buckwell, 

Medical research council. Human Movement and Balance Unit). Signals were sampled 

at a rate of IkHZ (NHNN), 625 Hz (GUH) and 1142 Hz (TWH). In the latter case any 

effects of aliasing were felt to be minimal as the mean background noise level was only

1.2 to 2.6 T|V per Hz in the 500 Hz to 5kHz band. For the subjects from GUH and TWH 

the data was either interpolated or decimated and re-sampled at a frequency of 1 kHz to 

produce frequency spectra with an identical bin width in all subjects.

Whilst on and off medication the degree of bradykinesia, rigidity and rest tremor of the 

upper limb was determined (United Parkinson’s disease rating scale (UPDRS) points 

20, 22 and 24, see table 5.1). In addition, the contacts, voltage and frequency that 

produced the most marked clinical effect were assessed by P.Limousin-Dowsey and P. 

Ashby (table 6.1). This was performed as part of the patients' clinical management and 

the assessors were blind to the results of the experiment.

6.1.1 Analysis

During both tonic and phasic contractions only those data segments were used where 

there was wrist extensor EMG activity and an absence of artefacts such as EMG or eye 

movements in the accompanying EEG. Data gathered over multiple trials of a given 

task were pooled.

The autospectra of simultaneously recorded signals as well as the coherence between 

them were calculated. For the EMG-STNME LFP and EMG-Cz-FCz comparisons the 

EMG was always the reference, input signal. For the STNME LFP -Cz-FCz 

comparison the STNME LFP was the input, reference signal. Spectra for tonic, phasic 

and rest tasks whilst on and off medication were estimated from 116 segments for all 

subjects corresponding to 60 seconds of data per condition. As multiple comparisons 

were performed the confidence limits for auto- and coherence spectra were calculated 

after Bonferroni correction.

The STNME contacts that when stimulated produced a clinical improvement 

determined which STNME LFPs were used for subsequent statistical analysis. As 

discussed in section 6.2.8 there was a correspondence between the contacts used for 

clinically effective stimulation and the contacts that gave rise to the highest coherence
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between STNME LFPs and either Cz-FCz or EMG. If clinical stimulation was 

monopolar (with the stimulator box as the anode) then the power/coherence obtained 

using LFPs recorded from the bipolar contacts adjacent to the cathode were averaged 

prior to statistical analysis. Similarly if clinical stimulation occurred across more than 

one STNME contact (for example subject 6, table 6.1) then the average of the power / 

coherence obtained using LFPs recorded between the intervening bipolar contacts was 

used.

Changes in the autospectra

The constant position of all recording electrodes and, presumably, impedance and the 

assumption that electrode impedance was constant throughout the experiment allowed 

a direct comparison of autospectral power between task and medication conditions. 

The average logio transformed power in 3 frequency bands 7-14 Hz; 15-30 Hz and 31- 

45 Hz was therefore compared using a 2-way repeated measures ANOVA (SPSS 

version 8) over each frequency band. The factors were medication (on and off) and 

task (tonic and phasic). The low and high frequency cut off were chosen to avoid 

movement and mains artifacts.

Changes in coherence

Comparisons were made between rectified EMG and STNME LFPs, STNME LFPs and 

EEG and rectified EMG and EEG. Differences in the degree of coherence between 

task or medication effects were evaluated using method 3 (chapter 2, section 2.2.5). 

The average coherence over 3 frequency bands 7-14; 15-30; 31-45 Hz was firstly 

determined; the Fisher transformed coherency measures calculated and the results 

compared using a 2-way repeated measures ANOVA, factors being medication (on and 

off) and task (tonic and phasic). As data was gathered from only 5 subjects (7 STNME) 

whilst at rest the pattern of coherence within this condition was analysed separately 

using a one-way ANOVA. All results were considered significant if p^0.05.

The phase and cumulant density estimates and partial coherence were calculated as 

described in chapter 2.

6.2 Results

Clinical details (6.2.1) and differences in autospectral power (6.2.2) will be described 

prior to describing the coherence and phase relationship with both task and medication 

state between:

EMG and STNME LFPs (6.2.3)

STNME LFPs and Cz-FCz with task and at rest (6.2.4)

EMG and Cz-FCz (6.2.5)
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A comparison of Inter-relationships seen when recording from C3/4-FC3/4 and Cz-FCz 

(6 .2 .6)

Inter-relationship between all 3 recorded signals (STNME LFPS and EMG and EEG) 

(6.2.7)

Finally, further localisation of coherent oscillatory activity recorded from the STNME 

and its relationship to the contact that produces the largest clinical effect upon high 

frequency (>130 Hz) stimulation will be described (6.2.8).

6.2.1 Clinical details

A clinical effect of stimulation was seen in all subjects, the STNME contacts that gave 

the best clinical response on chronic stimulation are given in table 6.1. The average off 

medication/ off stimulation Hoehn and Yahr score was 3.8/5 (± 0.7 SD, standard 

deviation, 9 subjects only) and the average total UPDRS score measured was 5.6 ± 1.8 

SD (maximum possible score 12, 3 conditions). There was no difference in mean 

rectified EMG levels over any frequency band between different tasks or medication 

states or in the frequency of phasic movements whilst on and off medication (p>0.05,

2-tailed t-test). An example of simultaneous recordings of wrist extensor EMG, Cz-FCz 

EEG and LFPs from all three STNME contacts taken during a tonic contraction is given 

in figure 6.1 A. The respective power spectra are given in figures 6.1 B-D and the 

coherence spectra in figures 6.1 E-G. Note that significant coherence was 

predominantly seen over 1-45 Hz and this is the range plotted in subsequent figures.

6.2.2 Auto-spectra power 

EMG power (n=15, 10 subjects)

EMG power was not significantly different between tasks or on/off medication.

STNME LFP power (n=15, 10 subjects)

The average power of the LFP recorded from the STNME contacts over 7-14 Hz was 

significantly higher during phasic as opposed to tonic contractions (2-way ANOVA 

p<0.05, factor task), but was not different between medication states. There was no 

significant difference in spectral power within the 15-30 Hz band with medication or 

task.

Cz-FCz power (n=9, 7 subjects)

In the 7-14 Hz band Cz-FCz power was significantly higher during the tonic as opposed 

to the phasic task (2 way ANOVA, P<0.05 factor task). There was also a significant 

interaction in this band (2-way ANOVA task x medication interaction p<0.05) with 

power tending to be higher whilst off medication as opposed to on medication in the 

tonic task whilst the converse was true in the phasic task. Post hoc analysis revealed 

that these changes with medication were however non-significant (2-tailed t-test). In
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the 15-30 Hz band there was a significant effect of medication with Cz-FCz power 

being significantly higher whilst on medication (2-way ANOVA, p<0.05, factor 

medication).

Cz-FCz 40 uV

Rig ht SINM E 2-3 vA/V' 40 uV

40 uVRight S1NME1-2-

Right SlNMEO-1 — 40 uV

Left wri^ ext ^

B
S1NME2-3 
S1NME1-2 
SINM E 0-1 D

Left wrist auto spectrum Right S1NMEautospectrum

0.5 s

Cz-FCz auto spectrum
0.0 0.0 0.0
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Figure 6.1 Cz-FCz, STNME LFP, EMG inter-relationships in one subject.

A: Raw data recorded from case 3 performing tonic wrist extension whilst on 

medication. B-D; Autospectra calculated whilst on medication during tonic wrist 

extension: Left rectified wrist EMG (B), Right STNME LFPs (C) and Cz-FCz EEG (D). 

E-G Individual coherence spectra between rectified wrist extensor EMG and STNME 

LFPs (E), STNME LFPs and Cz-FCz EEG (F) and rectified EMG and Cz-FCz EEG (G). 

In C, E and F results from contacts 0- 1,1-2 and 2-3 are shown. Note that the STNME 

power and coherence with either EMG or Cz-FCz varies with the bipolar STNME 

contact sampled.
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Figure 6.2 Comparison of differences in EMG-STNME LFP coherence and phase 

with different tasks and medication states in case 1. Left wrist extensor EMG- 

STNME LFP (contact 1-2) coherence and phase during the tonic task whilst on (A and 

0) and off (B and D) medication and during the phasic task whilst on (E ) and off (F and

G) medication. The phase is only shown over the frequencies where coherence was 

significant and met criteria for measurement, it is bounded by the 95% confidence limit. 

The EMG signal was the reference, input signal. The STNME LFP lag is given 

alongside the phase spectra (± 95% confidence limit).
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6.2.3 EMG-STNME LFP relationship

An example of individual EMG-STNME LFP coherence and phase spectra for both task 

conditions and medication states is shown in figure 6.2. Group summaries of the phase 

relationship and the incidence of significant coherence are given in figures 6.3 and 6.4.

EMG-STNME LFP coherence

The peak coherence between rectified EMG and STNME LFPs varied from 0.025 - 

0.25, tending to be higher in subjects in whom the STNME contact spacing was 3 mm 

as opposed to 1.5 mm. Significant coherence was seen over a broad band from 7-45 

Hz in both on and off states and during tonic and phasic contractions (Figure 6.4 A and 

B). The degree of coherence between EMG and STNME LFPs varied depending on 

which contacts the STNME LFPs were recorded between. In 14/15 cases LFPs 

recorded from the most distal bipolar contact (0-1) demonstrated the least coherence 

whilst the highest coherence was seen when LFPs were recorded between contacts 1- 

2 and 2-3. An example of this difference between contacts is illustrated in figure 6.1 E. 

There was significantly higher coherence in the 15-30 Hz and 31-45 Hz bands during 

the tonic and phasic tasks, respectively (fig 6.4 A and B, 2-way ANOVA 15-30 Hz 

p<0.05; 31-45 Hz p=0.05, factor task). In the 7-14 Hz band there was a significant 

interaction with the degree of coherence in the phasic task decreasing from off to on 

medication whist the converse occurred in the tonic task (2 way ANOVA, task x 

medication interaction p<0.05). Post- hoc analysis revealed that these task-related 

differences in the effect of medication in the 7-14 Hz band were non-significant.

Muscle-STNME phase

Examples of individual phase spectra are given in figures 6.2 0, D and G. On average, 

EMG led STNME by 23.4 ms (± 15.6 SD). Task and treatment state did not have any 

consistent effect on phase (Fig 6.3).

Figure 6.3 Phase relationships between STNME 

LFPs and EMG. The EMG signal phase led the 

STNME LFP. Phase met our criteria for 

measurement in 3/10 subjects and 2/10 subjects 

during tonic and phasic contractions, respectively. 

Phase is indicated with error bars indicating the 

95% confidence limit. Crosses indicate those 

latencies calculated off medication. All measures 

were measured within the range 7-41 Hz and taken 

from spectra calculated between EMG and STNME 

LFPs recorded between contacts 1-2 or 2-3.
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Figure 6.4 Group summaries Indicating the percentage of spectra showing 

significant coherence at a given frequency. LFPs recorded from all STNME 

contacts were pooled in these calculations. The effects of medication are compared in 

graphs A-E. The coherence between rectified wrist extensor EMG and STNME LFPs 

(A=tonic task; B= phasic task) and STNME LFPs and Cz-FCz (C=tonic task and 

D=phasic task) are indicated. 6.4E is a comparison of the coherence between STNME 

LFPs and Cz-FCz at rest whilst on and off medication. In the EMG-STNME LFP 

coherence spectra (A and B) note the higher incidence of significant coherence 

between 15-30 Hz during tonic task and a higher incidence of significant coherence 

between 31-45 Hz in the phasic task.
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6.2.4 STNME LFP- Cz-FCz relationship

An example of Individual STNME LFP-Cz-FCz coherence and phase spectra for both 

task conditions and medication states is shown in figure 6.6.

STNME LFP- Cz-FCz coherence -  task and medication effects 

This comparison was possible in 7/10 subjects (9 STNME LFP - Cz-FCz comparisons). 

The peak coherence between STNME and Cz-FCz varied between 0.025 -  0.25 (fig

6.1 F, and 6.6 A.B.D and E). There was a broad band of significant coherence between

7-45 Hz (fig 6.4 C and D). The STNME bipolar site that showed the highest STNME 

LFP- Cz-FCz coherence did not always correspond to the STNME bipolar site that 

demonstrated the highest STNME LFP -EMG coherence (fig 6.1 E and F). In 6/9 cases 

the bipolar site where coherence between STNME LFPs and Cz-FCz was highest did 

not coincide with but was adjacent to that site that demonstrated the highest coherence 

with EMG. Over the 31-45 Hz band an effect of task was seen with coherence being 

significantly higher in the tonic task (2-way ANOVA p<0.05, factor task). There was a 

significant interaction in the 15-30 Hz band with coherence tending to be lower whilst 

off medication in the tonic task whilst no change with medication occurred in the phasic 

task. Post hoc testing revealed that the decrease in 15-30 Hz coherence off medication 

in the tonic task was non-significant (2-tailed t-test p=0.13).

STNME - Cz-FCz phase

Examples of individual phase spectra are given in figures 6.6C and F. On average Cz- 

FCz led the STNME LFPs with a latency of 24.0 (±9.4) ms. Task and treatment state 

did not have any consistent effect on phase (fig 6.5).
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Figure 6.5 Phase relationships between 

STNME LFPs and Cz-FCz. Time difference 

between STNME LFPs and Cz-FCz for tonic, 

phasic and rest conditions. The Cz-Fcz phase led 

the STNME LFP. Phase met our criteria for 

measurement in 4, 2 and 6 subjects during tonic, 

phasic and rest conditions, respectively. Phase is 

indicated with error bars indicating the 95% 

confidence limit. Crosses indicate latencies that 

were calculated off medication. All measures were 

-taken from coherence spectra between Cz-FCz 

and STNME LFPs recorded between contacts 1-2 

or 2-3 within the range 7-39 Hz.
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Figure 6.6 A comparison of differences in STNME LFP-Cz-FCz coherence and 

phase with different tasks and medication states in case 3.

Left STNME LFP (contact 2-3) -  Cz-FCz coherence and phase during the tonic task 

whilst on (A and C) and off (B) medication and during the phasic task whilst on (D and 

F) and off (E) medication. The STNME LFP lag (± 95% confidence limit) is given 

alongside the phase spectra. The latency measured during the phasic task whilst on 

medication (F) was not included in the final analysis as the associated coherence 

spectra (D) was not significant over sufficient data points. The STNME LFP was the 

input, reference signal in the analysis. Note that the decrease in coherence whilst off 

medication was marked in this subject compared to the group as a whole.
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STNME LFP - Cz-FCz coherence -  rest

This condition was assessed in 5 subjects (7 STNME recordings). A similar pattern of 

coherence between STNME LFP - Cz-FCz to that seen during tonic and phasic 

contractions was seen at rest (Fig 6.4E). Note that this pattern was evident at rest 

when forearm EMG-STNME LFP coherence was predictably absent (not shown), 

although coherence between STNME LFPs and other non-recorded muscles cannot be 

excluded while subjects rested quietly in the chair. Coherence did not significantly alter 

between medication states over any frequency band (1-way ANOVA p>0.05). Phase 

measures were also obtained whilst the subject was at rest (Fig 6.5). The average lead 

of EEG was 22.8 (± 12.2) ms; not significantly different to the phase lead during the 

tonic or phasic tasks (p>0.05, two-tailed t-test).

6.2.5 Muscle-Cz-FCz relationship

Coherence between the wrist extensor EMG and Cz-FCz EEG was smaller (always 

below 0.05, Fig 6.1 G) and less consistent than between STNME LFPs and either EMG 

or Cz-FCz, consistent with the reported source of cortex-EMG coherence in the primary 

motor cortex (Conway et al., 1995; Salenius et al., 1997a; Halliday et al., 1998; Brown 

et al., 1998c). Despite this in the 15-30Hz band coherence was higher in the tonic task 

as opposed to the phasic task (2-way ANOVA, p>0.05, factor task). No phase 

relationships that met criteria were found.

6.2.6 Inter-relationships seen when recording from C3/4-FC3/4 and Cz-FCz 

STNME LFP -C3/4-FC3/4 coherence

In only three subjects (1, 6 and 9) could EEG be simultaneously recorded over both the 

midline (Cz-FCz) and sensorimotor cortex (C3/4-FC3/4) ipsiiateral to the STNME 

without muscle artifact.

In subject 6 there was no significant difference in the size of coherence seen between 

EMG or STNME LFPs and either cortical signal (Cz-FCz and C4-FC4, test method 1 

chapter 2). However, in subjects 1 and 9 the coherence in the 15-30 Hz band between 

STNME LFPs and Cz-FCz was significantly greater than the coherence between the 

same STNME signal and FC3/4-C3/4 (Fig 6.7 D, E). In contrast the coherence between 

EMG and contralateral sensorimotor cortex (C4-FC4 or C3-FC3) was greater over 15- 

30 Hz than between the same EMG signal and Cz-FCz (Fig 6.7 A, B). These results 

suggested that the cortical site for the best EMG -  cortex coherence lay lateral to the 

site for the best STNME LFP - cortex coherence. In case 9 the phase relationship 

between EMG and C4-FC4 met criteria (Fig 6.7 C), with C4-FC4 phase leading EMG 

by a latency of 21.1 ms (± 0.3 95% confidence limit). In case 6 C4-FC4 phase led 

STNME LFPs by a latency of 38.8 ± 3.3 ms (95% confidence limit).
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Figure 6.7 Variation of coherence with EEG position. Individual coherence spectra 

for case 9 while on medication and performing the tonic task. The coherence between 

the left wrist extensor rectified EMG and Cz-FCz (A) and C4-FC4 (B) and between the 

right STNME LFPs (contact 1-2) and Cz-FCz (D) and C4-FC4 (E). Note that coherence 

between STNME LFP-EEG was highest when signals were recorded at Cz-FCz (D) 

whilst coherence between EEG and EMG was greatest when signals were recorded at 

C4-FC4 (B). All signals were recorded simultaneously. The phase relationship between 

EMG-C4-FC4 and STNME LFPs-Cz-FCz is indicated in (C) and (F) respectively along 

with the latency measures (± 95% confidence limit). EEG phase leads EMG and 

STNME LFPs. In both cases the EMG was the input, reference signal.
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6.2.7 Inter-relationships between EMG, STNME LFPs and EEG 

The simultaneous recording of Cz-FCz, C3/4-FC3/4, STNME LFPs and EMG provided 

the opportunity for investigating the inter-relationships and dependencies between 

each of these signals via multivariate linear analysis (chapter 2, section 2.2.6). This 

allowed one to determine whether the described coherence between 2 signals, for 

example STNME LFPs and EMG is simply a result of a common third input, for 

example from Cz-FCz. If this were the case the resulting first-order partial coherence 

would have a value of zero. The calculation of the first-order partial coherence between 

muscle and STNME LFPs taking into account the linear effect of the simultaneously 

recorded signal between Cz-FCz caused no alteration in the degree of coherence 

between STNME LFPs and EMG (n=7 subjects, 9 comparisons). In contrast the 

calculation of the first-order partial coherence between muscle and STNME LFPs 

taking into account the linear effect of the simultaneously recorded signal between C4- 

FC4 caused a small 16-37 % decrease in peak coherence in cases 6 and 9 (Figure

6.8). No change was observed in case 1.
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Figure 6.8 EMG-STNME LFP coherence and first order partial coherence taking 

into account the linear contribution of the EEG signal in cases 6 (A) and 9(B). The

coherence between EMG and STNME LFP is indicated by black lines whilst the result 

of the first order partial coherence taking into account the linear effects of either Cz- 

FCz and C4-FC4 are indicated by blue and red lines respectively.
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6.2.8 Correlations with best electrode contact and UPDRS score 

The cathode with best clinical effect was contact 3 (5/15 cases), 2 (8/15 cases), 1 (1/15 

cases) or 0 (1/15 cases). Often the stimulation was monopolar with the anode being 

the stimulator box (see table 6.1). The bipolar STNME site that demonstrated the 

highest coherence across task conditions within the 15-30 Hz band was determined. In 

11/15 (73%) instances the best contact pair for STNME LFP - EMG coherence 

included the contact which when stimulated as the cathode gave the best clinical 

response (linear regression, p<0.05. Fig 6.9A). Those contact pairs affording the best 

STNME LFP-Cz-FCz coherence included the contact that gave the best clinical 

response in 7/9 (78%) cases (linear regression, p<0.05. Fig 6.9B). Note that, as 

previously stated, the bipolar STNME sites showing the highest coherence with Cz-FCz 

did not always correspond to those that gave the highest coherence with EMG, 

although they could share a common contact.

Examination of the polarity of the cumulant density estimate between EMG or Cz-FCz 

and adjacent bipolar STNME LFPs further helped to confirm the relationship between 

the source of 15-30 Hz oscillations and the best electrode contact for clinical 

effectiveness. In 3 of the 8 cases in whom the cathode was contact 2, the polarity of 

the cumulant density estimate between STNME LFP-EMG reversed between contacts 

1-2 and 2-3, thus localising the oscillatory activity to contact 2 (fig 6.9C). In subjects 6 

and 7, who were stimulated between contacts O(-) -  2(+) and l(-) -  2(+) a polarity 

reversal was seen about contacts 1 and 2 respectively (Fig 6.9D). Similarly in case 3, 

in whom the most clinically effective cathode was contact 2, the polarity of the cumulant 

density estimate between STNME LFP -FCz-Cz reversed around contact 2. Thus it 

seems that the site of best clinical effect corresponded to the source of the 15-30 Hz 

coherence.

There was no correlation between the UPDRS score whilst on/off medication and the 

average coherence between STNME LFPs and EMG or Cz-FCz in either of the three 

frequency bands assessed.
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Figure 6.9. Site of coherent STNME LFP 15-30 Hz oscillations corresponds to the 

site with greatest clinical efficacy upon stimulation.

A and B correlation between the STNME contact used as a cathode to give the best 

clinical response and the bipolar site whose LFPs most frequently demonstrated the 

highest coherence with EMG (A) or Cz-FCz (B) across all task conditions and 

medication states. Both correlations were significant (p<0.05, correlation coefficient^ 

indicated in graph). C and D Polarity reversal in the EMG-STNME LFP cumulant 

density estimate during tonic contractions. Estimates were calculated during tonic wrist 

extension. Red traces are cumulant density estimates where the STNME LFPs were 

recorded from the more rostral bipolar pair and have been inverted to highlight the 

polarity reversal. (C) and (D): cases 3 (Right STNME) and case 7 (Right STNME) show 

cumulant density polarity reversal at contact 2. Horizontal lines indicate the Bonferroni 

corrected 95 % confidence levels. Note that the period of oscillations is about 50ms.
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6.3 Discussion

Animal models of Parkinson’s disease have found that the parkinsonian state is 

associated with an increase in oscillatory activity within the basal ganglia. However this 

is predominantly between 4-7 Hz and 10-16 Hz (Bergman et al., 1998). Oscillatory 

activity detected in the present study is often of a higher frequency and as will be 

discussed reacted in a similar manner to oscillations recorded from the motor cortex in 

healthy subjects. In light of this it is considered that the coherent oscillatory activity 

presently recorded were in part physiological although its relative expression may be 

altered in the parkinsonian state.

Chapter 5 ascertained that the high frequency oscillatory drive to muscle, which is 

generated in the primary motor cortex, could be modulated by alterations in basal 

ganglia function. This was further investigated in this chapter by recording oscillatory 

activity from a depth electrode whose position within the subthalamic nucleus was 

confirmed by intra-operative recordings (Hutchinson et al., 1998), peri-operative 

imaging and the clinical efficacy of subsequent high frequency stimulation. This chapter 

demonstrates that the high frequency drives that affect distal limb muscles also 

influence the subthalamic nucleus as indicated by significant EMG-STNME LFP 

coherence. This suggests that the subthalamic nucleus is part of an oscillatory circuit 

involving the motor cortex rather than influencing cortical oscillatory activity indirectly. 

Significant STNME LFP-Cz-FCz coherence was also seen over the same frequency 

band which in the tonic task tended to be modulated by the administration of 

medication in line with alterations seen in Cz-FCz autospectral power. Partial 

coherence analysis revealed that this relationship was independent of the EMG- 

STNME LFP relationship. These data suggest that there may in fact be two oscillatory 

drives to the subthalamic nucleus from midline and ipsiiateral motor cortical areas that 

are presumed to correspond to the supplementary motor area and the primary motor 

cortex respectively.

6.3.1 EMG-STNME LFP and Cz-FCz-STNME LFP relationship 

Significant coherence was seen between EMG and STNME LFPs in the 7-45 Hz band. 

This coherence displayed a similar task-specificity to the coherence seen between 

primary motor cortex and EMG in healthy subjects (Brown et al, 1998c) and seen 

between EMG and Cz-FCz in the present study. Thus EMG-STNME LFP coherence in 

the beta (15-30 Hz) range was significantly higher during tonic than phasic tasks, whilst 

31-45 Hz coherence was higher during phasic tasks. The EMG signal phase led the 

STNME LFP by about 23 ms. This phase relationship may have been caused by a 

corollary discharge to the subthalamic nucleus from cortical neurons projecting to the 

pyramidal tract (Kitai and Deniau, 1981; Giufrida et al., 1985) or by peripheral feedback 

from muscle. As a comparison the latency from median nerve stimulation to an evoked
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response recorded from a contralateral subthalamic macroelectrode is -15  ms (Ashby 

et al., 1999; Pinter et al., 2000). Both proposed mechanisms involve an oscillatory drive 

to muscle from the primary motor cortex, that is relayed to the subthalamic nucleus 

either via internal re-afference or by peripheral feedback.

The EEG recorded over the presumed supplementary motor area (Cz-FCz) phase led 

the STNME LFP by about 24 ms. This is similar to the latency of the major midline 

frontal cortical potentials evoked by STNME stimulation (Limousin et al., 1998a). This 

suggests that the cortex was partly driving the STNME LFPs as with the sleep- 

associated oscillations recorded in animals (Magill et al., 2000). Cortical activity could 

influence the subthalamic nucleus either indirectly via the striatum/ globus pallidus 

externus or by a direct projection to the subthalamic nucleus (Parent and Hazrati, 

1995).

6.3.2 Features distinguishing the different cortical oscillatory drives to the subthalamic 

nucleus

The coherence between STNME LFPs and the EEG recorded over presumed 

supplementary motor cortex (Cz-FCz) and over the presumed primary motor area 

(C3/4-FC3/4) varied. Higher coherence was seen between STNME LFPs and Cz-FCz 

as opposed to C4-FC4. Similarly, in almost half of the cases, the STNME bipolar 

contacts which demonstrated the highest STNME LFP-Cz-FCz coherence did not 

correspond with those bipolar contacts which demonstrated the highest STNME LFP- 

EMG coherence, the latter presumably being driven by the primary motor cortical 

areas. This presumption is supported by the results of the first order partial coherence 

analysis that in 2 subjects demonstrated a decrease in EMG-STNME LFP coherence 

when the linear effects of the signal recorded between C4-FC4, as opposed to Cz-FCz, 

were taken into account. The small decrease (16-31%) in coherence with this analysis 

may be due to the EEG electrode placement as slight variations in electrode position 

can greatly affect the detection of oscillatory activity that is coherent with EMG 

(Halliday et al., 1998). Overall this suggests a functional segregation of drives from 

supplementary motor area and sensorimotor cortex in humans. This supports reports of 

anatomical segregation of cortical inputs to subthalamic nucleus in primates (Parent 

and Hazrati, 1995). Further recordings of midline and ipsiiateral sensorimotor cortex 

EEG simultaneously with contralateral muscle and LFPs from the subthalamic nucleus 

would help to confirm this hypothesis.

6.3.3 Alterations with dopaminergic medication.

Following administration of dopaminergic medication there was a significant increase in 

Cz-FCz power in the 15-30 Hz band. Similarly in the tonic task 15-30 Hz coherence 

between STNME LFPs and Cz-FCz tended to increase whilst on medication. This is in
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keeping with other studies suggesting an increase in both 15-30 Hz post-movement 

synchronisation (Pfurtscheller et al., 1998b) over the sensorimotor cortex and 15-30 Hz 

EMG-sensorimotor cortex coherence when subjects with Parkinson’s disease were on 

medication or following pallidotomy (Conway et al., 1999; Salenius et al., 2000). This 

also supports the inferences made in chapter 5 that that amelioration of parkinsonian 

symptoms, either through the administration of dopaminergic medication or 

subthalamic stimulation, was associated with an increase in high frequency 

sensorimotor cortical activity. That the trend towards increased STNME LFP -  Cz-FCz 

coherence when on dopaminergic medication in the tonic task was non-significant and 

that no change in STNME LFP -EMG coherence was observed may be in part due to 

inter-subject variability in the area of the subthalamic nucleus recorded in the present 

study. To resolve this issue may require experimentation on animal models of 

Parkinson’s disease, where oscillatory changes within the basal ganglia have already 

been found (Bergman et al., 1994). Here more extensive cortical recordings could be 

made simultaneously with recordings from multiple sites in the basal ganglia and the 

exact electrode location could be determined post-mortem. Such multi-site recordings 

have already been performed in neurologically intact rats where the interactions 

between sleep-associated oscillations within the frontal cortex and globus pallidus and 

subthalamic nucleus have been investigated (Magill et al., 2000). The mechanism 

underlying the alteration in 15-30 Hz oscillatory activity with administration of 

dopaminergic medication remains unclear. It may be that in the parkinsonian state low 

frequency oscillations, generated between the subthalamic nucleus and globus pallidus 

internus as suggested recently (Plenz and Kital, 1999), block cortically generated high 

frequency oscillations which normally phase lead and drive activity in the subthalamic 

nucleus. However in the present study no significant change in low frequency 

oscillatory activity was seen. Further, according to this theory low frequency oscillations 

recorded via the STNME would be expected to phase lead those recorded from the 

cortex, however phase relationships <7 Hz were not obtained in the present study. 

Therefore it remains possible that expression of 15-30 Hz cortical activity may be 

decreased in the parkinsonian state by other mechanisms. This could include 

alterations in the membrane potential of neurons outside the subthalamic nucleus 

which are important in the intrinsic genesis of high frequency oscillatory activity.

6.3.4 Clinical implications

Those STNME contact sites that demonstrated the highest STNME LFP -Cz-FCz/EMG 

coherence in the 15-30 Hz band closely corresponded to those sites that produced the 

best clinical effect when they were subsequently electrically stimulated at high 

frequencies. This finding, if confirmed, could be used intra-operatively, in combination 

with micro-electrode recordings and the clinical effects of stimulation, to help determine 

the best position for the subthalamic nucleus macroelectrode. This conclusion is
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however made with the assumption that the impedance at each contact, which was not 

assessed in the present study, was constant. Differences in electrode contact 

impedance would affect both the size of the signal recorded and the effectiveness of 

stimulation if a constant voltage is always applied.
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6.4 Summary of key points

In 10 subjects with idiopathic Parkinson’s disease recordings were made of local 

field potentials from a macroelectrode situated within the subthalamic nucleus 

(STNME LFPs) simultaneously with contralateral wrist extensor EMG (n=15) 

and midline (CZ-FCz, n=9) and ipsiiateral sensorimotor EEG (C3/4-FC3/4;n=3).

Recordings were made during isometric (tonic) wrist extension/ phasic wrist 

extension/flexion (n=15) or at rest (n=7).

The coherence between EMG and STNME LFPs in the frequency band 7-45 Hz 

showed task-specific changes being higher in the 15-30 Hz band during tonic 

contractions and higher in the 30-45 Hz band during phasic contractions. EMG 

signals phase led STNME LFPs by 23.4 ms (±15.6 SD).

Coherence between STNME LFPs-Cz-FCz was seen in a similar frequency range 

but was independent of the relationship between EMG-STNME LFPs. Signals 

from Cz-FCz phase led STNME LFPs by a delay of 24.0 ms (± 9.4, tonic and 

phasic contractions combined).

STNME LFP -C4-FC4 coherence tended to be lower than Cz-FCz-STNME LFP 

coherence. In contrast C4-FC4-EMG coherence was higher than Cz-FCz-EMG 

coherence.

It is proposed that contralateral muscle and the subthalamic nucleus are both 

influenced by high frequency oscillations arising from the primary motor cortex. 

The subthalamic nucleus also receives a separate cortical oscillatory drive from 

the supplementary motor area.

Following administration of dopaminergic medication there was an increase in Cz- 

FCz 15-30 Hz autospectral power and a tendency for STNME LFP -Cz-FCz 

coherence to increase in the tonic task over the same frequency band.
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Chapter 7: Coherence between ventralis intermedius. cortex and muscle

Chapters 5 and 6 demonstrated that nuclei of the basal ganglia are entrained in 

oscillatory circuits that involve the sensorimotor cortex and contralateral muscle and 

they can in turn modulate oscillatory activity within these circuits. It is also possible that 

another major subcortical system involved in motor control, the cerebellum, may 

influence premotor and motor cortical oscillatory activity via the ventro-lateral 

(posterior) nucleus of the thalamus, which in humans is often referred to as the 

ventralis intermedius (Macchi and Jones, 1997). Evidence from animals support this 

possibility as high frequency (>13 Hz) local field potential (LFP) oscillations have been 

recorded from the cerebellar cortex and the ventro-lateral (posterior) nucleus of the 

thalamus (Pellerin and Lang, 1997; Timofeev and Steriade, 1997). The high frequency 

oscillations in the ventro-lateral (posterior) nucleus of the thalamus are in turn 

synchronised with high frequency oscillations in area 4 of the motor cortex (Timofeev 

and Steriade, 1997).

High frequency electrical stimulation of the ventralis intermedius in humans is 

increasingly being used successfully as a treatment for rest tremor in Parkinson’s 

disease (Benabid et al., 1991; Benabid et al., 1996), and action tremor of cerebellar 

origin in multiple sclerosis (Geny et al., 1996; Montgomery et al., 1999) and in essential 

tremor (Hubble et al., 1996; Ondo et al., 1998; Limousin et al., 1999). Therefore, in the 

present chapter, recordings were made of LFPs from a macroelectrode inserted into 

the ventralis intermedius simultaneously with active muscle and signals from the 

sensorimotor cortex. Previous studies have recorded individual neurons from the 

ventralis intermedius nucleus of the thalamus using a microelectrode intra-operatively. 

These studies have demonstrated spontaneous bursts of neural activity at the tremor 

frequency in patients with Parkinson’s disease and essential tremor which is used to 

localise the site of subsequent electrical stimulation or thalamotomy (Starr et al., 1998). 

The tremor-related neural activity recorded using such methods is coherent with 

contralateral muscle activity at the tremor frequency (Lenz et al., 1985; Lenz et al., 

1988; Lenz et al., 1994; Hua et al., 1998a,b). In Parkinson’s disease, neurons which 

are activated by sensory (usually proprioceptive) stimulation often phase lag the 

muscle (Ohye et al., 1989; Lenz et al., 1994). In contrast, neurons which are activated 

by voluntary movement often phase-lead the muscle activity (Lenz et al., 1994) and it 

has been suggested that such pathological tremor-related activity within the ventralis 

intermedius may, via the cortex, drive muscle at the same frequency (Pare et al., 1990; 

Lenz et al., 1993; Volkmann et al., 1996).
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7.1 Methods

Patients were recruited from the Toronto Western Hospital (TWH) and the National 

Hospital for Neurology and Neurosurgery (NHNN). Their clinical features are 

summarised in table 7.1. Cases 1-3 had tremor as their only symptom (with the 

exception of epilepsy in case 3). Cases 4-7 had tremor associated with signs of 

cerebellar ataxia.

7.1.1 Thalamic target, anatomical considerations and definitions

The target for thalamic stimulation was ventralis intermedius, which is felt to be the 

projection zone of the fibres from the deep cerebellar nuclei (Macchi and Jones, 1997; 

Strafella et al., 1997). The electrodes were positioned stereotactically (Leskell, model G 

or CRW frames) after registration of MRI or CT scans with the Schaltenbrand and 

Bailey atlas. At TWH the border between the ventro-caudal nucleus, which receives 

leminiscal input, and the ventralis intermedius was also identified by the response to 

tactile stimuli. The target site was anterior to this border and here activity was recorded 

in response to kinaesthetic stimulation and /or active movement (Macchi and Jones, 

1997). In both groups stimulation of the target site arrested tremor. The microelectrode 

used for target localisation was replaced with a macroelectrode once the target area 

had been localised.

Although the electrodes were positioned stereotactically it is impossible to confirm the 

position of each macroelectrode contact with respect to ventralis intermedius 

antemortem. The ventralis intermedius in humans is wedge shaped with its base 

laterally. The dimensions are estimated as 3-3.5 mm rostrocaudally in its lateral part 

and 1.5-2.0 mm rostrocaudally in its medial part. The dorsoventral height and the 

mediolateral width are 8-9 mm and 1.5-2.0 mm respectively (Hirai et al., 1989). As the 

contact-to-contact separation of the macroelectrode was 3 mm some contacts may 

have been sited outside this nucleus. Therefore the site of electrode contact pairs was 

classified as Vim if low intensity electrical stimulation lead to the suppression of tremor 

and/or ongoing tonic voluntary activity (Ashby et al., 1995). Further, the site where low 

intensity electrical stimulation evoked paraesthesiae and/or gave the highest amplitude 

sensory evoked potential (SEP) following median nerve shocks (cases 1-5) was 

defined as Vim-s.
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Subject 

(Centre 

of study)

Sex / Age (yrs)

/ Side of thalamic 

stimulation

Disease and its 

duration

Frequency of tremor at 

time of study

Medication Abnormal Pre-operative signs / 

Tremor Type

1

(TWH)

F 69 

(Left)

ET, 20 yrs

6 Hz

Lithium

Carbamazipine

Bilateral hand tremor 

(Postural tremor)

2

(TWH)

M 60 

(Left)

ET, 11 yrs No tremor (temporary 

micro-thalamotomy 

Effect)

None Bilateral hand tremor 

(Postural tremor)

3

(TWH)

M63

(Left)

BTPD, 6yrs

4 Hz

Phenytoin Right arm tremor. No rigidity or

bradykinesia

Epilepsy

(Rest tremor)

4

(NHNN)

MSI

(Right)

MS, 3 yrs No tremor (temporary 

micro-thalamotomy 

effect)

None OA

Severe cerebellar syndrome

Mild spastic paraparesis

(Kinetic, intention and postural tremor)

5

(TWH)

M67

(Right)

ET, 12 yrs, 

ataxia noted 

post-operatively

No tremor (temporary 

micro-thalamotomy 

effect)

Propranolol

Nifedipine

Course tremor R >L hand

Mild generalised cerebellar ataxia

(Kinetic,intention and postural tremor)

Table 7.1 (continued on next page)
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Subject 

(centre 

of study)

Sex / Age (yrs)

/ Side of thalamic 

stimulation

Disease and its 

duration

Frequency of tremor at 

time of study

Medication Abnormal Pre-operative signs / 

Tremor Type

6

(NHNN)

F 37 

(Right)

MS, 8 yrs 

L thalamotomy 

3 yrs prior to 

study

4 - 5  Hz None OA

Severe cerebellar syndrome 

Bilateral INC

(Kinetic,intention and postural tremor)

7

(NHNN)

F 39 

(Right)

MS, 8 yrs 3 Hz (temporary partial 

micro-thalamotomy 

effect)

Baclofen

Paroxetine

Propranolol

OA

Severe cerebellar syndrome 

Bilateral INO 

Mild spastic paraparesis 

(Kinetic,intention and postural tremor)

Table 7.1: Clinical description of subjects. TWH = Toronto Western Hospital, NHNN = National Hospital for Neurology and Neurosurgery, ET = 

essential tremor, BTPD = benign tremulous Parkinson’s disease, MS = clinically definite multiple sclerosis, OA = optic atrophy, INC = internuclear 

ophthalmoplegia. Severe cerebellar syndrome = nystagmus, cerbellar dysarthria, axial ataxia, and severe postural and action tremor of limbs, except in 

case 5 in whom cerebellar signs were limited to left upper limb. None of the cases had clinical evidence of weakness of the upper limbs or any sensory 

loss. The tremor type is as defined in DeuschI et al, 1998
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To record thalamic SEPs, adjacent bipolar recordings of the macroelectrode were 

performed simultaneously with EMG from a contralateral hand muscle during 

contralateral stimulation of the median nerve. Macroelectrode LFPs were filtered (1.6- 

3000 Hz), amplified (x 500,000), AD converted and stored using the SigAv programme 

(Cambridge electronic designs, Cambridge, U.K.). The average of 256 sweeps taken 

over the period of 30 ms prior to and 70 ms following the stimulus were taken and the 

amplitude and latency of response recorded. In all subjects Vim-s was the most 

caudal-ventral recording site (contact 0 - 1 ) .  The exact location of Vim-s however 

cannot be determined. It may reside in the ventro-caudal nucleus, that lies posterior to 

ventralis intermedius, within the shell lying anterior to the ventro-caudal nucleus and 

receiving muscle and joint afferent input or within ventralis intermedius itself, where 

neurons also respond to sensory stimulation (Ohye et al., 1989; Macchi and Jones, 

1997).

7A .2 Recording procedure

Each subject was seated and recorded during an unconstrained or manually resisted 

isometric contraction involving the wrist or hand muscles contralateral to the thalamic 

macroelectrode with the forearm supported. In 4 cases (cases 1,3 ,5  and 6) recordings 

were also made whilst the subject was at rest. Bipolar thalamic macroelectrode 

recordings were made from adjacent contacts of the macroelectrode simultaneously 

with contralateral EMG activity (n=7) the muscles recorded being the first dorsal 

interosseous (FDI), abductor digiti minimi (ADM) or the wrist extensors/flexors. In case 

3 recordings could only be made between macroelectrode contacts 0-2 and 2-3.

In 6 cases (1 and 3-7) EEG was simultaneously recorded using bipolar Ag-AgCI scalp 

electrodes ipsilateral to the thalamic macroelectrode in positions FC3/F3-C3 or FC4-C4 

depending on the side of stimulation and in case 5 in position C3-P3. Other electrode 

positions (FP1-F3 and Cz-C4,C3-P3) were recorded ipsilateral and contralateral to the 

side of stimulation depending on the access given by surgical dressings. The signals 

were amplified and pass band filtered (0.16-0.5 Hz -  0.5/1 kHz) prior to AD conversion 

and stored using the SPIKE 2 program.

7A .3 Analysis

The coherence and phase between LFPs recorded from adjacent contacts of the 

macroelectrode and rectified EMG or EEG and rectified EMG -  EEG was calculated 

and repeated trials of the same task pooled. For the EMG-Vim LFP and EMG-EEG 

comparisons the EMG was the input signal whilst for the Vim LFP -EEG comparisons 

the Vim LFP signal was the input signal. Confidence limits and criteria for 

measurement of phase relationships were as previously described (chapter 2) and a 

Bonferroni correction was made for multiple comparisons. Finally, In the 6 cases when
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EEG, rectified EMG and Vim LFPs were all recorded a partial coherence analysis was 

performed to determine whether any of the significant relationships observed were due 

to the influence of the third signal recorded.

7.2 Results

Coherence between the Vim LFPs and contralateral EMG or ipsilateral Rolandic EEG 

fell into two bands (Table 7.2). There was a low frequency band that corresponded to 

the frequency of the clinically evident tremor and a higher frequency band from 8-27 

Hz.

7.2.1 Coherence at tremor frequency

Coherence between Vim LFPs and EMG at tremor frequency was only clearly present 

during an isometric contraction in case 1 with essential tremor (fig 7.1 D and G) and at 

rest in case 3 with BTPD. The latter patient had a rest tremor but no clinical tremor 

upon voluntary muscle activity. The absence of coherence at tremor frequency in other 

subjects may have been due to a microthalamotomy effect, that is an abolition or 

decrease in tremor due to a minor lesion in the target area during surgery. Such an 

effect was seen in cases 2,4,5 and 7. Low frequency coherence corresponding to the 

tremor frequency was also observed between EEG and Vim LFP in case 6 (MS with 

action and postural tremor. Fig 7.6F).

Subject Diagnosis
Significant coherence with isometric contraction

Tremor Frequency 8-27 Hz

EMG-Vim Vim-EEG EMG-Vim Vim-EEG

1 ET Y Y Y Y
2 ET N NA Y NA
3 BTPD Y

(at rest)
N Y Y

4 MS N N Y Y
5 ET+

ATAXIA
N N Y Y

6 MS N Y N N
7 MS N N N N

Table 7.2 Summary of the presence of significant coherence between muscle 

and Vim LFP or Vim LFP and EEG (sensorimotor cortex). Abbreviations as in table 

1. NA = not assessed.
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Figure 7.1 Raw data from case 1 with essential tremor during moderate (30-50% MVC) (A) and maximal (B) isometric contractions of the right FDI.

Autospectra of left LFPs recorded between contacts 1-2 (C,E) and rectified right FDI EMG (D,F) during moderate (C,D) and maximal (E,F) contractions, and 

coherence between Vim LFP (contact 1-2) and rectified FDI EMG during moderate (G) or maximal (H) contractions are illustrated. The peak in Vim LFP-EMG 

coherence at tremor frequency is arrowed in G. Note the coherence in a band from 8-24 Hz (G and H). In these and subsequent figures vertical lines in 

autospectra and horizontal dotted lines in coherence spectra indicate the 95 % confidence limits.
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7.2.2 High frequency coherence in cases with isoiated tremor

All of the patients with a history of Isolated tremor (cases 1-3) showed coherence 

between Vim LFPs and EEG or EMG in the 8-27 Hz band. Raw data from case 1 

(essential tremor) during both maximal and moderate (approximately 30-50 % MVC) 

isometric contraction of FDI is illustrated in fig 7.1 A and B.

In case 1, during a moderate contraction the pathological 6 Hz tremor was evident in 

the raw EMG (fig 7.1 A) and as a peak in the FDI autospectrum (fig 7.1 D). Coherence at 

this tremor frequency was also seen between the Vim LFP and FDI (arrowed in fig

7.1 G). Essential tremor was much less marked during maximal contraction (fig IB, F 

and H). In addition, coherence was also found, regardless of contraction strength, in 

the 8-24 Hz range (fig 7.1 G and H). Coherence between Vim LFP and sensorimotor 

EEG followed a similar pattern, with coherence at both tremor frequency and between 

8-24 Hz during moderate isometric contraction (fig 7.2A) and at rest, although the peak 

at tremor frequency was reduced at rest (Fig 7.2B). Note that with the hand at rest 

activity in other muscles cannot be ruled out.

L Vim Vs FC3-C3 L Vim Vs FC3-C3

^  0.2 Moderate contraction

Frequency (Hz)

B Rest

Frequency (Hz)

Figure 7.2 Case 1 (essential tremor). Coherence between the left Vim LFPs 

(contact 1-2) and FC3-C3 during moderate contraction (A) and whilst at rest (B).

Note that coherence within the 8-24 Hz band was present during moderate contraction 

and at rest. In addition a peak was seen at tremor frequency which was larger during 

activity (arrowed). Coherence estimates in fig 7.1 (G) and 7.2 (A) were derived from the 

same Vim LFP.

Coherence between macroelectrode LFPs and EMG or EEG was greatly reduced 

when signals were recorded from Vim-s, that is between those macroelectrode 

contacts picking up the largest response to sensory stimulation (see methods). This is 

illustrated for case 2 (essential tremor) in fig 7.3. This patient had a microthalamotomy 

effect and no clinically evident pathological tremor during the study period. The raw 

EMG (fig 7.3A) and EMG autospectrum (fig 7.3B) however revealed the presence of 

tremor at about 10-11 Hz, this is higher than that expected for essential tremor and is 

presumed to be physiological tremor. Significant coherence was observed in the range
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10-19 Hz between rectified EMG activity and LFPs recorded from contacts 1-2 and 2-3 

(Vim, fig 7.3G and H). In contrast, coherence between contact 0-1 (defined as Vim-s) 

and EMG was low across all frequencies (fig 7.3F).

A

L Vim 2-3 

LV im l-2

L Vim 0-1 | 10 uV

0.2 s

RFDI
0

2

0 20 40 60 80 100
Frequency (Hz)

C
L Vim 0 - 1

§
Q)

0 20 40 60 60 100
Frequency (Hz) 

F Vim 0 - 1 Vs FDI
0 .2 i

0
S 0,1

L Vim 1 - 2 L Vim 2 - 3

I
Ï£

40 60 f
Frequency (Hz)

00
Frequency (Hz)

G  Vim 1 - 2 Vs FDI
0 .2 i

I
g  0.1

Vim 2 - 3 Vs FDi
0.2

0,0.AA A A v ^ . A ^ ,  O Q .A /L aJ L a ^ / W L  n n ^  V i U l W w V V ,
0 20 40 60 80 100 o 20 40 60 80 100 0 20 40 60 80 100

Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure 7.3 (A): Raw data during moderate isometric contraction of the right FDI in 

case 2 with essential tremor Contacts 0-1 and contacts 1-2 and 2-3 were in left Vim- 

s and Vim respectively. Autospectra of rectified FDI EMG (B), Vim-s LFP (0), and Vim 

LFP (D and E), and coherence between FDI and Vim-s (F) or Vim (G, contact 1-2 and 

H contact 2-3) are also shown. Physiological tremor at about 11 Hz is evident in the 

rectified EMG in A, in the peak at this frequency in the power spectrum of EMG in B 

and in the EMG-Vim LFP coherence spectrum in G and H. The small peaks in the 

autospectra at 60 Hz are due to mains artefact. Note that significant coherence only 

occurred between muscle and Vim (contacts 1-2 and 2-3).
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Coherence between Vim LFPs and EMG or EEG was not limited to the patients with 

isolated ET, but was also found in case 3 with BTPD who had rest tremor. Here, 

coherence between 10-18 Hz was seen between the right wrist flexors and either 

contralateral sensorimotor cortex (fig 7.4 A) or contralateral Vim LFPs (Vim, fig 7.30) 

and also between Vim LFPs and cortex (fig 7.4E). The coherence between muscle / 

Vim (contact 0-2) and cortex was highest between F3-C3 as opposed to FP1-F3 or 03- 

P3. EEG was only recorded in 6 cases and consistent EMG-EEG coherence was only 

seen in case 3.

A
RADM Vs F3-C3

0.1&1

Frequency (FIz)

-3
0

RADM Vs L Vim 0-2

10 20 30
Frequency (Hz)

C 0.15

Frequency (Hz)

D

90 ms {+!- 9,4)
m 0-

To 20

0,15

Frequency (Hz)

F3-C3VS L Vim 0-2

3-

S0) 0

I
-3

Frequency (Hz)

y f  3 1 ,3 m s (+ /-2 ,2 )

10 20 30
Frequency (Hz)

Figure 7.4 Coherence and associated phase calculated in case 3 with BTPD and 

rest tremor during a tonic isometric contraction between (A and B): right abductor 

digiti minimi (ADM) and left sensorimotor cortex (F3-C3), (C and D): right ADM and left 

Vim (contact 0-2) and (E and F): left Vim and F3-C3. All signals were recorded 

simultaneously. The phase is indicated over the range when coherence was significant 

and is bounded by the 95% confidence limit. The phase between rectified EMG and 

F3-C3 (B) did not reach our criteria for measurement. The latency with which the Vim 

LFPs lagged either EMG (D) or F3-C3 (F) is indicated (± 95% confidence limit).
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Figure 7.5 Case 4 with cerebellar syndrome due to multiple sclerosis (action and 

postural tremor). Coherence between the left abductor digiti minimi (ADM) EMG and 

right Vim-s LFP (contact 0 -  1 A) and Vim LFP (contacts 1-2 B and 2-3 0). The SEP 

evoked by stimulation of the left median nerve is shown as an inset, the sharp vertical 

line indicates the stimulus artefact. Note coherence is most extensive at the contacts 

giving the poorest SEP. D indicates the phase relationship (± 95% confidence limit) 

between left ADM and Vim LFPs recorded between contacts 2-3. The latency with 

which the Vim LFP lagged EMG is indicated (± 95% confidence limit). E and F: 

Coherence between the right Vim LFP (contact 2-3) and FC4 -  C4 (E) and FC3 -  C3 

(F). Note that significant coherence in the 8 -  27 Hz band was only seen between Vim 

LFPs and ipsilateral sensorimotor cortex.
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7.2.3 High frequency coherence in cases with cerebeilar pathology

The presence of coherence within the 8-27 Hz band was only seen in two patients with 

tremor and clinical evidence of a cerebellar syndrome (cases 4 and 5 with postural and 

action tremor). Fig 7.5A-C shows the significant coherence between EMG (left 

abductor digiti minimi) and the right Vim-sA/im LFPs between 10-25 Hz in case 4. The 

degree of significant coherence increased as the size of the SEP evoked by median 

nerve stimulation decreased. Significant coherence was also observed between the 

right Vim LFPs and right sensorimotor cortex but not the left sensorimotor cortex (fig

7.5 E and F).

Significant coherence between the Vim LFPs and muscle around 18 Hz was also found 

in case 5, but this coherence was low. The remaining two patients (cases 6 and 7), 

who had prominent cerebellar syndromes and associated action and postural tremor, 

showed negligible coherence between Vim LFPs and EMG at any frequency, and only 

coherence at low frequencies between Vim LFPs and cortex. This is illustrated for case 

6 in fig 7. 6.

7.2.4 Phase relationship between oscillatory activities

The phase between separate oscillatory activities met our criteria for measurement 

(see methods) in cases 1-4. Examples of phase spectra are given in fig 7.4B,D,F and 

7.5D and the results summarised in fig 7.7. As indicated in fig 7.7 there was a large 

spread in the latencies recorded in different subjects between both EMG-Vim LFP and 

Vim LFP-sensorimotor cortex. Part of this inter-individual variation maybe due to 

differences in the muscles recorded, the site of the EEG electrodes and the exact 

frequency band analysed. However, the general trend (i.e. which structure led or 

lagged) was consistent between subjects. Oscillatory activity recorded from 

contralateral muscle phase led that recorded within the Vim (average 35.1 ± 30.3 ms 

standard deviation) whilst oscillatory activity recorded from the ipsilateral cortex phase 

led that within the Vim (31.1 ± 14.8 ms; fig 7.7). The phase lead of sensorimotor cortex 

over Vim LFPs was also seen during rest (22.1 ±11.1 ms). The phase between the 

sensorimotor cortex and muscle did not meet criteria for measurement in any subject. 

As a comparison the latency of the SEPs evoked in the thalamus in response to 

contralateral median nerve stimulation for the 5 subjects recorded was 14.4 ms (± 0.5 

standard deviation).
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Figure 7.6 (A): Raw data in case 6 with a cerebellar syndrome due to multiple 

sclerosis (action and postural tremor). Recordings were made from the right Vim-s 

(contact 0 -1 ) and Vim (contact 1-2 and 2-3), left FDI and right somatosensory cortex 

(C4-CF4) during a moderate isometric contraction. Autospectra of Vim LFPs (B, 

contact 1-2), rectified EMG in FDI (C) and EEG over the somatosensory cortex (D) are 

shown, together with coherence between the Vim LFPs and FDI (E) or somatosensory 

cortex (F) and between FDI and the somatomotor cortex (G). Note the absence of 

coherence between EMG and the Vim LFPs or EEG.
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Figure 7.7 Mean lags between EMG and Vim LFPs during an isometric 

contraction and Vim LFPs and EEG during either an isometric contraction or 

rest. Cases ^{•) and 2 (■) with essential tremor (postural tremor), case 3 ( A )  with 

BTPD (rest tremor) and case 4 (x) with cerebellar tremor due to multiple sclerosis 

(action and postural tremor) are indicated. The lag was only calculated if phase met our 

criteria for measurement and the frequency lay within the band 8-26 Hz. Error bars 

indicate the 95% confidence limits. Negative values indicate that thalamic activity 

lagged either the EMG or EEG signal. The forearm and hand muscles and EEG 

electrodes recorded from varied in some of the subjects.

7.2.5 Partial coherence analysis

The first order partial coherence between rectified EMG and Vim LFPs taking into 

account the common linear effect of the EEG signal was calculated. For the cases with 

cerebellar pathology there was no alteration in the size of EMG-Vim LFP coherence 

when the influence of the EEG signal ipsilateral to the cerebellar thalamus was taken 

into account. In contrast cases 1 (essential tremor) and 3 (BTPD) demonstrated a 

decrease in the partial first order coherence at either 20 Hz or 16 Hz respectively (fig

7.8). Compared to the coherence estimate when the EEG signal was not accounted 

for, the decrease in the first order partial coherence was between 11-45 %. In both 

cases the first-order partial phase, defined as the argument of the partial cross

spectrum, was unchanged. That is the timing of any residual coupling between the 

EMG and Vim LFP remained unchanged after the removal of any common effects of 

the EEG signal.
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Figure 7.8 EMG-Vim LFP coherence and first order partial coherence taking into 

account the linear contribution of the EEG signal in cases 3 (A) and 1(B). The

coherence between EMG and contralateral Vim LFP is indicated by black lines whilst 

the result of the first order partial coherence is indicated by the red lines. Both cases 

are individual examples taken during a maximal isometric contraction, the muscles and 

thalamic contacts analysed are indicated. The EEG signals used as a predictor was 

F3-C3 in case 3 and FC3-C3 in case 1.

7.3 Discussion

The main finding in the present study was the presence of oscillatory activity of high 

frequency recorded from presumed ventralis intermedius, which was coherent with 

both activity in contralateral muscle and ipsilateral sensorimotor cortex. Coherence was 

found in a broad band from 8-27 Hz in the three patients with isolated tremor and in two 

of the four patients with tremor and signs of cerebellar disease.

7.3.1 Coherence at the frequency of clinical tremor

Coherence between Vim LFPs and rectified EMG at tremor frequency was seen in 

case 1. Coherence between spike trains and rectified EMG has also been reported in 

subjects with essential tremor (Hua et al., 1998a) and subjects with Parkinson’s 

disease (Lenz et al., 1988; Lenz et al., 1994). However, previous cross-correlation 

analysis of LFPs and EMG in subjects with Parkinson’s disease has also revealed a 

lack of the coherence at tremor frequency (Alberts et al., 1965), and Lenz et al (1988) 

have reported that thalamic spike trains and thalamic LFPs are often uncorrelated. 

Therefore it may be that spike trains, rather than LFPs, are more effective in the 

detection of coherence at tremor frequency. The absence of coherence at the tremor 

frequency in the majority of our subjects may have also been due to the temporary 

microthalamotomy effects still present at the time of study although a more extensive 

sampling of muscles as used in previous studies may have revealed coherence at 

tremor frequency (Lenz et al., 1994). A temporary reduction in tremor in the absence of
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stimulation immediately following functional neurosurgery is common. In one 

retrospective study such a microthalamotomy effect was observed in 10/19 patients 

(Tasker, 1998).

7.3.2 Coherence in the 8-27 Hz range

LFPs recorded from Vim were coherent with ipsilateral EEG and contralateral EMG in 

the 8-27 Hz band in 5 of the 7 subjects. Significant coherence between spike trains and 

rectified EMG within the frequency band 8-27 Hz is apparent in published coherence 

spectra from patients with ET, although not previously commented upon (Hua et al., 

1998a). The 8-27 Hz band includes two frequency ranges in which oscillations of 

central origin that affect the motor system have been detected in healthy subjects 

namely the 8-12 Hz and cortically-derived 15-30 Hz band. It is therefore suggested that 

the coherence detected in the 8-30 Hz band in the present study is physiological and 

similar to that seen in healthy subjects. This is supported by previous evidence 

suggesting that the descending 15-30 Hz drive from sensorimotor cortex is preserved 

in patients with essential tremor (Halliday et al., 1997) and in treated parkinsonian 

patients who do not have bradykinesia (Brown, 2000). Similarly, the 8-12 Hz 

physiological tremor seems to be preserved in essential tremor and can become 

apparent following thalamotomy when the essential tremor of lower frequency is 

reduced or abolished (Lakie et al., 1992). This may have occurred in case 2 who 

showed coherence around 11 Hz between Vim LFPs and EMG in the presence of a 

microthalamotomy effect, in future electrophysiological recordings of pre-operative 

tremor would help to clarify such issues.

7.3.3 Phase relationships between Vim LFPs and EEG and EMG.

The phase relationships between the three different signals recorded in the present 

study varied considerably between subjects, although variability within subjects was 

small and in every instance but one both EMG and EEG signals phase led signals 

recorded from Vim.

The general phase lead of EMG and EEG over Vim LFPs is important in interpreting 

the coherence between these signals. Coherence could arise in one of two major ways. 

First, coherence might result from peripheral reafferance given the likelihood that the 

pyramidal tract tends to synchronise motor unit activity in line with cortical rhythmicity. 

Against this explanation is the absent or low coherence between LFPs in Vim-s and 

either EMG or EEG, Vim-s demonstrated the largest response to peripheral or median 

nerve stimulation. The latency of median nerve evoked SEPs was -14 ms whilst the 

phase lead of the EMG signals to Vim LFPs was higher in 6/8 measures. Further, 

coherence was present between Vim LFPs and sensorimotor cortex at apparent rest
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when reafferance should be greatly diminished and the thalamus phase lagged the 

EEG.

Alternatively, coherence between the Vim LFPs and EMG and between Vim LFPs and 

EEG might be due to the simultaneous driving of both spinal and supraspinal projection 

areas by the sensorimotor cortex. This was investigated by calculating the first-order 

partial coherence between Vim LFPs and EMG taking into account the common linear 

effects of signals recorded from the sensorimotor cortex EEG. Such a calculation in the 

patients with isolated tremor caused a 11-45 % drop in the peak coherence in the 8-28 

Hz range suggesting that, in part, the sensorimotor cortex did indeed drive both 

contralateral muscle and ipsilateral thalamus. The sensorimotor cortex could drive the 

Vim either directly, via cortico-thalamic and/or indirectly via a cortico-pontine- 

cerebellar-thalamic loop. In a large-scale realistic model the large cortico-thalamic 

projection has been implicated in the genesis of high frequency oscillations coherent 

between the thalamus and the cortex (Lumer et al., 1997a). In this model the cortical 

oscillations phase led those in the thalamus by ~4 ms (Lumer et al., 1997a), such a 

short-delay is consistent with the short-latency of the cortico-thalamic pathway (Sawyer 

et al., 1994). In the present study however, the lag of Vim LFPs over cortex was, with 

two exceptions, longer than 20ms, and perhaps therefore more in keeping with a long 

cortico-pontine-cerebellar-thalamic loop rather than a direct cortico-thalamic loop. The 

pontine nuclei have recently received attention as important nodal points in both the 

transmission and modification of descending oscillatory drives (Schwarz and Thier, 

1999). Such a pathway would also be consistent with the finding that coherence in the

8-26 Hz band was less apparent in MS patients with prominent cerebellar syndromes. 

Here it is tempting to speculate that coherence between Vim LFPs and sensorimotor 

cortex was lost due to demyelination related conduction block, desynchronisation or 

secondary axonal loss in cortico-cerebellar or cerebello-thalamic projections. Support 

for this is the finding that 15-30 Hz coherence between the sensorimotor cortex and 

contralateral muscle is reduced in the acute stages following a cerebellar infarct (Pohja 

et al., 2000). Further, short term synchrony between distal hand motor units, which is in 

part dependent on descending high frequency drives (Farmer et al., 1993a), is absent 

following a bilateral cerebellar haematoma (Datta et al., 1991).

7.3.4 Possible role of coherence between Vim, sensorimotor cortex and muscle 

One possible role of oscillations within the motor system may be to promote 

synchronous neural firing between different spatially distributed but functionally related 

neuronal populations (Singer, 1993a; Gray, 1994). If this is a way in which the 

sensorimotor cerebral cortex encodes information then mechanisms must exist 

whereby input from subcortical structures does not disrupt this distributed code. 

Similarly, the motor system does not work in a serial hierarchical manner rather there is
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a large degree of parallel distributed processing in cortical and subcortical sites during 

the preparation and execution of movement. Coherent oscillatory activity between 

cortical and subcortical structures, as shown here, may therefore serve to bind 

functionally related activities in these structures (Schwarz and Thier, 1999). Previous 

theories of “binding” within the cerebral cortical visual areas have stressed the 

importance of oscillatory synchronisation with zero phase lag which clearly was not 

seen in the present study between cortical and subcortical areas (Singer and Gray, 

1995). However in light of the long reaction times of 100-180 ms required to produce 

movement in response to a stimulus (Houk et al, 1993) it is possible that functionally 

relevant cortico-cerebello-thalamo-cortical interactions with phase delays in the order of 

those determined in the present study could occur.

An alternate but not necessarily mutually exclusive view is that the oscillations may 

represent some temporal aspect of movement. This has been suggested by Nicolelis et 

at (1995) who observed 7-12 Hz oscillations between the sensorimotor cortex and the 

ventral posterior medial nucleus of the rat during active rhythmic whisker exploration of 

the environment. Interestingly the thalamic activity lagged the cortical oscillations by up 

to 50 ms (Nicolelis et al., 1995), similar to that seen in the present study. Nicolelis et al 

(1995) proposed that the oscillations acted as an internally generated temporal 

representation of exploratory movements in the sensorimotor domain. The oscillations 

were felt to promote preferential processing of incoming afferent input during the 

exploratory protraction phase of whisker movement that coincided with the most 

depolarised phase of the membrane oscillation. Therefore it is possible that the 

coherent activities demonstrated here may provide a common mechanism for the 

temporal sampling of movement related activities within the sensorimotor cortex and 

cerebellar systems. In this scheme both efferent and afferent signals to and from the 

peripheral motor apparatus would be preferentially processed at certain phases of the 

oscillatory cycle. The ongoing coherent oscillatory activity seen at rest between the 

sensorimotor cortex and thalamus may reflect the need for such temporal sampling to 

be constant, ready to process forthcoming afferent and efferent commands. The finding 

from psychophysical studies in humans that oscillatory activity around -25 Hz may be 

important in temporal processing (Treisman et al., 1992; Gamzu and Ahissar, 2000) 

and the presence of deficits in timing perception in subjects with cerebellar pathology 

(Ivry and Keele, 1989; Ivry, 1996) support this putative hypothesis.
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7.4 Summary of key points

• During an isometric contraction of distal upper limb muscles, local field potentials

were recorded from a macroelectrode inserted into the ventral intermedius 

nucleus (Vim) of the thalamus simultaneously with contralateral EMG (n=7) and 

ipsilateral EEG (n=5).

• Pre-operatively subjects presented with either isolated tremor (essential tremor

n=2, benign parkinsonian tremor =1) or tremor associated with cerebellar 

dysfunction (n=4).

• Coherence in the 8-27 Hz band could be seen between EMG-Vim LFPs and

between Vim LFPs -ipsilateral EEG. EMG and EEG signals phase led those 

recorded from the Vim by 35.1 ms (±30.3 SD) and 31.1 ms (±14.8) respectively.

• EMG-Vim LFP coherence was largest between those macroelectrode contacts

that demonstrated the lowest response to contralateral median nerve 

stimulation. EMG-Vim LFP and Vim LFP-EEG coherence was absent in two 

subjects with cerebellar pathology and greatly reduced in another.

• The results of partial coherence analysis and the effects of pathology suggest that

high frequency, beta oscillations that are generated in the primary motor cortex 

are transmitted both to contralateral EMG and the ventralis intermedius, the 

latter possibly via a trans-cerebellar loop.
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Chapter 8: Organisation of cortical activities related to movement in humans

The variations in oscillatory drives to different muscle groups and how these 

descending drives are affected by pathology in particular affecting the basal ganglia 

and cerebellum have been described to date. The last two chapters have further 

demonstrated the influence of subcortical sites in the possible genesis and modulation 

of sensorimotor cortex oscillations. However, as described in chapter 1 the function of 

these cortical oscillations remains unclear with theories suggesting a role in attention, 

motor planning and binding together of spatially disparate but functionally related 

neuronal pools by means of the ability of oscillations to promote long range synchrony. 

In the present study recordings were made directly from the surface of the cortex in 6 

conscious patients who had arrays of electrodes implanted subdurally over frontal and 

parietal cortex to locate suspected foci of epileptic seizures. This allowed field 

potentials to be recorded simultaneously from a wide area of motor and sensory cortex 

while subjects performed either isometric or phasic movement tasks. Patients were 

selected because their motor areas appeared normal, as judged by magnetic 

resonance imaging and the absence of iota I or inter-ictal epileptic activity. Electrical 

activity was recorded bipolarly from pairs of adjacent cortical electrodes together with 

EMG from upper limb muscles and changes in the pattern of coherence with task 

between ECoG sites and muscle and selected ECoG sites determined. The use of 

subdural electrodes also allowed the functional properties of the very sites that were 

recorded to be determined. This therefore allowed an investigation of one necessary 

condition of the “binding hypothesis” by determining the relationship between 

oscillatory activity in functionally associated but spatially disparate cortical sites and 

how this in turn influences the motoneuronal pool.

8. 1 Methods

Case details are indicated in table 8.1. Cases 1 and 2 were recruited from the Toronto 

Western Hospital (TWH) and cases 3-6 were recruited from the Klinikum Grosshadern, 

University of Munich Hospital (MH).

Subdural electrodes (AD-Tech, RachineA/Visconsin, USA) were implanted as part of the 

patient’s pre-operative assessment, to localise the extent of the motor, sensory and 

language-related cortex prior to surgical resection and to determine the source of 

intractable seizures. The electrocorticographic (ECoG) electrodes (MH 3 mm diameter 

platinum; TW 5mm diameter stainless steel) had a 1 cm center-to-center separation, 

and were embedded in 1.5 mm thick silastic rubber. The electrode arrays that were 

recorded varied from 8 x 8 to 1 x 4. The arrays were placed over the lateral convexity 

of the cortical hemisphere. The position of the array was determined relative to the 

central sulcus visualised intra-operatively, and checked against the pattern of sensory
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evoked potentials and of motor responses to direct stimulation. Recordings were 

limited to areas of cortex that demonstrated no structural or functional abnormality. This 

was determined by normal magnetic resonance imaging appearances and the absence 

of ictal and inter-ictal activity on prolonged subdural telemetry: signals were not 

analysed from cortex that was subsequently resected. Analysis was felt to include at 

least part of the primary motor cortex, and up to 4-5 cm anterior to the central sulcus. 

This, and the fact that the electrodes were placed over the gyri whilst the primary motor 

cortex mainly lies in the anterior bank of the central sulcus especially in its inferior 

extent, meant that the premotor cortex (area 6) was also recorded (Zilles et al., 1995; 

White et al., 1997).

8.11 Determination of sensori-motor areas and sites of epileptogenic activity 

Extra- and intra-operative stimulation was routinely performed to determine electrode 

sites that were capable of producing motor or sensory responses. The procedures 

carried out at MH have been described previously (Luders et al., 1987). Anaesthesia 

(Nitrous Oxide 50-60%, Isofluran, Fentanyl) was administered during intra-operative 

stimulation whilst during extra-operative stimulation the subjects received their usual 

anti-epileptic medication and clobazam as necessary if stimulation induced seizures. 

Stimulation at each electrode site (Square pulses of 0.3 ms duration and 50 Hz rate for 

a total duration of 5 s) was delivered using a Grass S-88 dual output stimulator 

(Quincy, MA, USA). Bipolar stimulation of adjacent electrodes was performed with the 

reference electrode being one where no after-discharges or functional responses were 

observed, usually on the outside of the electrode array. Stimulation intensity was 

increased from 1 -1 5  mA in 2 mA steps until a functional response or after-discharges 

were observed. After this, stimulation intensity was increased in 1 mA steps. At TWH 

monopolar stimulation was applied through each electrode (square pulses of 6 mA and 

0.1 ms duration, at 1 Hz). In both centres the body part affected and the nature of each 

response was determined. “Motor” and “sensory” electrodes were defined as those that 

produced, on either intra or extra-operative stimulation, a motor or sensory response at 

a stimulation intensity <15 mA (Lesser et al., 1987). Electrodes in which short-latency 

evoked potentials were recorded in response to peripheral nerve stimulation were also 

defined as being “sensory” . Finally, the spatial extent of ictal and inter-ictal epileptic 

activity was recorded.
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Case
Age
/sex

Diagnosis 
Pre-op CNS signs

Drugs
(mg/day)

Site of
subdural
electrodes

Lesion site & histology
Post-op
outcome

Muscie(s)
analysed

1
32 F

Epilepsy None L motor Cortex 

(anterior to 

central sulcus)

Spike focus in face area. 

MRI head normal.

No histology available.

No

resection

performed

R Abductor 

Pollicis brevis

2

53 M

L Arteriovenous malformation (AVM)

R hemianopia, weak R leg, severe sensory loss R 

side (absent proprioception in the fingers).

Normal power in R arm.

Bilaterally extensor plantar responses.

Carbamazepine
400mg

Frisium lOmg 

Amytriptyline 

150mg

L sensorimotor 

cortex

MRI head showed 

normal cortex but an 

AVM in the L thalamus 

and internal capsule. No 

histology available.

No

resection

performed

R Deltoid

R Wrist 

extensors

3

23 F

Epilepsy Carbamazepine

1300mg

R sensorimotor 

Cortex

Post-central cortical 

dysplasia including 

sensory hand area as 

determined by electrical 

stimulation & median 

SEPs.

Engel 

class II

L wrist

extensors and 

flexors

Table 8.1 (continued on next page)
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Case
Age
/sex

Diagnosis 
Pre-op CNS signs

Drugs
(mg/day)

Site of
subdural
electrodes

Lesion site & histology
Post-op
outcome

Muscie(s)
analysed

4

20 F

Epilepsy Gabapentin

1600mg

Phenytoin

400mg

R

sensorimotor

Cortex

Cortical dysplasia in R 

superior frontal gyrus

Engel la L wrist 

extensors

5

32 M

Epilepsy Gabapentin

1200mg

Carbamazepine

leOOmg

R

sensorimotor

Cortex

R frontal cortical 

dysplasia, sparing 

motor hand area as 

determined by intra

operative stimulation

Engel la L wrist 

extensors 

and L first 

dorsal

interosseous.

6

34 M

Epilepsy Carbamazepine

ISOOmg

L motor cortex 

(anterior to 

central sulcus)

High resolution MRI 

was normal

Engel 1a R wrist 

extensors 

and flexors 

and deltoid

Table 8.1 Clinical details, site of subdural electrodes and post-operative outcome. Seizures are classified according to measures 
described in Engel et al (1993). R = Right ; L=Left.
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8.13 Experimental protocol and recording procedure

ECoG activity was recorded simultaneously with surface EMG from proximal (deltoid) 

and/or distal upper limb muscles (see table 8.1) during two tasks. Subjects performed 

either repeated self-paced phasic (frequency approximately 0.25 Hz) or maximal tonic 

(isometric) contractions of the relevant muscle. Individual tonic contractions lasted a 

minimum of 7 seconds, but were repeated every 20-60 s so that the total length of 

contraction analysed varied from 20 -100 s (mean 60s ± 31s SD). Individual runs of 

phasic movements lasted an average of 106 s (± 85 s) and, after exporting data 

segments with muscle activity, the total length of contraction analysed varied from 20- 

340 s (mean 64.4 s ± 96 s). The number of data segments used to calculate spectra in 

individual conditions are indicated in figure legends.

Recording parameters differed between TWH and MH. In TWH simultaneous bipolar 

electrode recordings of cortical potentials were performed from adjacent horizontal 

electrodes. ECoG and EMG were amplified and pass-band filtered (ECoG 0.5 -  1000 

Hz; EMG 20 -  1000 Hz) sampled at 1kHz and stored on a personal computer as SMR 

files after AD conversion. Any aliasing due to the low sampling rate was considered 

minimal, as the mean background noise level was only 1.2 to 2.6 qV per Hz in the 500 

Hz to 5kHz band. In MH, ECoG and EMG were both amplified, pass-band filtered (1 -  

200 Hz, except for cases 5 and 3 in whom signals were low pass filtered at 1000 Hz 

and 500 Hz) and sampled at 2 kHz (expect case 5: 5 kHz and case 6: 1kHz). Initially 

simultaneous monopolar electrode recordings were performed at each electrode site 

with the reference electrode either being situated on the dura or at a distant electrode 

site. The data were AD converted and stored (Neuroscan, Neurosoft Inc. Sterling 

USA). The signals were subsequently converted to SMR format (conversion 

programme written by D. Buckwell). Preliminary off-line analysis indicated that bipolar 

recordings derived from adjacent electrodes were less noisy than monopolar ECoG 

referenced to a distant electrode. Specifically, when using a distant reference electrode 

the coherence estimates between adjacent cortical sites were dominated by 50 Hz 

activity and volume conduction (Fig 8.1). This was reduced considerably using bipolar 

recordings (Fig 8.2 and 8.5). Thus bipolar ECoG was derived from all possible adjacent 

subdural electrode combinations in the horizontal, vertical and diagonal directions, 

within the area selected for analysis.
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Fig 8.1 ECog-EMG and ECoG-ECoG coherence using unipolar ECoG recordings.

A Position of subdural grid for case 6. In this and other figures the central sulcus and 

surgical resection line are indicated by black and grey lines respectively. Sites of 

unipolar recordings and the reference electrode are indicated. Autospectra calculated 

from signals recorded from ECoG site 1(B), contralateral wrist flexor EMG (C) and 

ECoG site 2 (D). Coherence spectra between ECoG site 1 and EMG (E), ECoG site 2 

and EMG (F) and ECoG site 1 and ECoG site 2. All spectra were estimated over 39 

segments and the same section of data as used in figures 8.2 and 8.5 which show the 

pattern of ECoG -EMG and ECoG -ECoG coherence when bipolar recordings were 

made. Note the 50 Hz artefact in the autospectra and the high coherence >50 Hz 

between ECoG sites. The vertical line at 17.5 Hz indicates the frequency of significant 

ECoG-EMG coherence seen when bipolar recordings were made between sites 1 and 

2 and the contralateral wrist flexor EMG (see figure 8.2 for a comparison). The 95% 

significance level is given both with (higher solid trace) and without (lower dotted trace) 

Bonferroni correction.
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8.13 Analysis

The coherence between the rectified surface EMG and the simultaneously recorded 

ECoG signal at each bipolar site was determined up to 100 Hz with a resolution of 1.95 

Hz (except for case 5 where the resolution was 2.4 Hz). As the number of coherence 

spectra calculated per condition varied from 3-63 between subjects, a Bonferroni 

correction was calculated for each subject to achieve an overall confidence limit of 

95%. Data exceeding this 95 % confidence limit was subsequently divided into one of 4 

frequency bands, 7-14 Hz, 15-30 Hz, 31-60 Hz and 60-100 Hz. Peaks of significant 

coherence were often discrete and comprised only 1 - 2  data points (a band width of 

up to ~4 Hz)_and therefore phase was not assessed.

It was also tested (section 8.21) whether cortical sites coherent with EMG were 

themselves synchronised at the same frequency. To do this the coherence between 

pairs of bipolar ECoG without common electrodes was calculated. Only the signals 

from bipolar electrodes that showed significant coherence with EMG at precisely the 

same frequency were assessed for significant coherence at that specific frequency. 

The incidence of significant coherence at this specific frequency was compared, using 

a Fisher’s exact test, to the incidence found between one of the above bipolar ECoG 

pairs and ones that either did not share the same frequency of coherence or did not 

demonstrate any significant coherence with EMG. The intervening distance between 

ECoG pairs and their functional properties were matched between the groups. This 

allowed an assessment of whether significant ECoG-ECoG coherence was simply due 

to the effects of volume conduction or whether signals recorded from separate cortical 

sites demonstrated some independence.

An investigation was made of the distribution of coherence in the 4 frequency bands 

relative to the functionally defined ECoG sites and relative to their location with respect 

to the central sulcus (section 8.22). Bipolar sites were defined as being motor if at least 

one electrode produced a motor response on stimulation, all other bipolar sites were 

defined as being non-motor. The actual distribution of coherence within each frequency 

band was then compared to the distribution expected based on the relative proportion 

of motor / non-motor bipolar sites using a test. Similarly, the location of each bipolar 

site was defined relative to the central sulcus (< 1.5, >1.5 cm anterior or posterior to the 

central sulcus and straddling the central sulcus). A test was then used to compare 

the distribution of coherence across frequency bands to that expected by chance after 

considering the relative distribution of bipolar sites. Significant coherence at a given 

bipolar electrode was also analysed to determine whether there was any significant 

difference in the coherence at that site between tonic and phasic contractions using 

method 2 (chapter 2). This method allowed a comparison of coherence values when
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number of segments used to calculate spectra for the two task conditions varied. 

Further, the total incidence of significant coherence within the frequency bands was 

compared between tasks.

The cumulant density was calculated with the EMG signal as the reference. Cumulant 

density estimates were used to assess changes in polarity of the ECoG when 

comparing signals from consecutive bipolar sites, and thus to help localise the site of 

oscillatory activity within the cortex. Only cumulant density estimates with data points 

above the 95 % confidence level (after Bonferronni correction) were assessed.

8.2 Results

8.21 Coherence between ECoG and EMG and ECoG and ECoG 

Significant coherence between ECoG and EMG was regularly seen over 15-30 Hz, 31- 

60 Hz and 61-100Hz, whilst coherence over 7-14 Hz was less frequent. Significant 

coherence was seen over a range of frequencies (7-100 Hz). However in any one task 

the coherence between a pair of cortical electrodes and muscle was often tuned to just 

a single frequency bin (~2 Hz width) in the range 7-100 Hz as demonstrated in figure 

8.2. This relationship was true of 84% of 77 spectra with significant coherence. The 

frequency of significant coherence (within a resolution of 1.95 Hz) was the same at two 

or more sites within the same record (fig 8.2F and fig 8.3 A and C) more often than 

would be predicted by chance (%̂ test df=3, p <0.001, fig 8.4A). Records showing 

coherence at the same frequency at 3 or more sites as summarised in figures 8.28 and 

8.3A and C, were however uncommon. Significant coherence in the 60-100 Hz band 

was observed in at least one condition in all subjects except case 2.
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Fig 8.2 ECoG-EMG coherence. Case 6. A; Location of the subdural grid, the 

functional properties of the electrodes are indicated in the key. B: Area recorded, the 

ECoG bipolar sites that showed significant coherence with rectified EMG are indicated 

by colour coded connecting lines (see key). (C)Raw data from EMG and three ECoG 

sites whose locations are indicated in (B). Autospectra for the EMG (D) and 3 ECoG 

sites (E) are shown, the origin of the latter spectra being indicated by arrows. All three 

sites showed coherence with muscle at 17.5 Hz as demonstrated by the ECoG-EMG 

coherence spectra in F. Spectral estimates were calculated over 39 segments. The 

95% significance level is given both with (higher solid trace) and without (lower dotted 

trace) Bonferroni correction. Note that raising the significance level with Bonferroni 

correction did not increase the number of bins over which significant coherence was 

seen.

151



Sites sharing the same frequency were clustered (Fig 8.3), but covered several cm^ of 

cortex. As in figures 8.3A and C such a clustering of coherence with muscle at the 

same frequency can be explained by a common cortical oscillatory source. However, in 

3 cases sites sharing the same frequency of coherence within a given analysis were 

separated by 1 - 1 .5cm without any intervening coherence with muscle (Fig 8.2B). In 

each of these cases the activities recorded at each of the bipolar ECoG sites were 

themselves coherent (5/6 comparisons) at the same frequency at which they were 

coherent with muscle (Fig 8.5). The pattern of ECoG-ECoG coherence was not as 

discrete as that seen between muscle and was significant over a wider frequency band 

that included the frequency of significant ECoG-EMG coherence (Fig 8.5 and 8.6). 

These results are consistent with the presence of several separate sources of activity 

each coherent with muscle and in turn with themselves at the same specific frequency. 

The alternative, that coherence between separate ECoG sites might result from volume 

conduction from a more localised single source, seems less likely given that volume 

conduction of spontaneous cortical activity is not seen between ECoG electrodes 

separated by as little as 3 mm (Copper et al., 1965). Moreover, in 87.5 % of 

comparisons (7/8) there was no significant coherence at the relevant frequency 

between those electrode pairs in the above 3 subjects coherent with muscle and 

equidistant sites which were not coherent at that frequency (Fig 8.5 and 8.6). This was 

significantly different to the incidence of coherence at a given frequency seen when 

both of the bipolar sites were also coherent with muscle (p=0.016; Fishers exact test). 

This suggests that significant ECoG -  ECoG coherence at certain frequencies was 

specific to sites that were functionally linked as demonstrated by their common 

relationship with muscle and did not just reflect volume conduction.
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Fig 8.3 Task-related changes in ECoG-EMG coherence during a tonic (left side) 

and a phasic task (right side) in case 5. Colour-coded summary of ECoG-EMG 

coherence between the right bipolar ECoG and left first dorsal interosseous during 

tonic (A) and phasic (C) contractions. The frequency of significant coherence is 

indicated if it is represented more than once in a given task. B: Position of the subdural 

grid. TONIC TASK D: Raw data recorded during the tonic contraction, the location of 

the ECoG sites indicated are circled in (A) with middle trace indicating signals recorded 

from the most rostral site circled in the summary chart (A). Autospectra from EMG (E) 

and the two ECoG sites (F) that are circled in A and the ECoG-EMG coherence at 58 

Hz (G) are indicated. Coloured spectra F (right) and G (right) are derived from the 

signals recorded from the most rostral ECoG site. PHASIC TASK H: Raw data taken 

during the phasic task, the location of the ECoG sites are circled in (C), the middle 

trace indicates signals recorded from the posterior site circled in the summary chart 

(C). Autospectra from EMG (I) and two ECoG sites (J) circled in C and the ECoG-EMG 

coherence at 63 Hz (K) are indicated. Coloured spectra J (left) and K (left) are derived 

from the signals recorded from the more posterior ECoG site. Spectra for the tonic and 

phasic tasks were calculated over 78 and 170 segments respectively. The 95% 

significance level is given both with (higher solid trace) and without (lower dotted trace) 

Bonferroni correction.
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Fig 8.5 ECoG-ECoG coherence in case 6. A: Site of the subdural grid. B: Location 

of ECoG sites 1-4; sites 1-3 were coherent with EMG at 17.5 Hz (see Fig 8.2F) whilst 

site 4 which produced a motor response on electrical stimulation demonstrated no 

significant relationship with EMG. C: Coherence spectra between the sites indicated, 

coherence at 17.5 Hz is indicated by the vertical lines. Note that site 4 was the same 

distance from sites 2 and 3 as site 1 and shared the same properties as determined 

by previous electrical stimulation. However no coherence was seen between sites 4 

and either sites 2 and 3 at 17.5 Hz. Coherence spectra were estimated from 39 

segments during tonic wrist flexion, the autospectra and their relationship with 

contralateral EMG are indicated in figure 8.2.
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Fig 8.6 ECoG-ECoG and ECoG -EMG coherence, case 5. A: Site of the subdural 

grid. B: Spatial pattern of significant ECoG-EMG coherence seen when performing 

tonic wrist flexion. The frequency of any significant coherence is indicated. Note that 

signals recorded from site 4 showed no coherence with contralateral EMG. 0: ECoG 

-ECoG coherence between the sites indicated. Note that site 1 is coherent at 20 Hz 

with sites 2 and 3 as indicated by the vertical line, in contrast site 4 is not coherent at 

20 Hz with sites 3 or 4 despite being a similar intervening distance as site 1.

156



8.22 Localisation of cortical activities correlated with muscle

Coherence with muscle in any of the frequency bands did not systematically favor 

electrodes giving a motor response upon electrical stimulation whether tonic and/or 

clonic, upon electrical stimulation, or those activating the contralateral proximal or distal 

upper limb p> 0.05, df=2).

In contrast, there was a tendency for the distribution of those ECoG sites coherent with 

muscle to differ between frequency bands, although this did not reach statistical 

significance p> 0.05, df=4). ECoG sites coherent with muscle within the 7-14 Hz 

and 15-30 Hz bands tended to straddle the central sulcus whilst those coherent with 

muscle within the 61-100 Hz tended to be found slightly anterior to the central sulcus 

(fig 8.7). Coherent activity within the 31-60 Hz band tended to be fairly uniformly 

distributed within the area analysed. The distribution of those ECoG sites coherent with 

muscle at frequencies below 30 Hz was confirmed in the time domain. In 4/6 subjects 

reversals in the polarity of the cumulant density were observed. The period of the main 

oscillatory activity as determined from the cumulant was between 50-70 ms in 8/9 

cumulant density estimates, and corresponded to a peak in the relevant ECoG-EMG 

coherence spectra in the 15-30 Hz band (fig 8.8 and 8.). In the remaining case the 

period was 125 ms, around 8Hz. In all eight cases where the cumulant estimates 

reflected 15-30 Hz activity, the polarity reversal was centered on an electrode that was 

within 1 cm of the central sulcus. The electrode about which the polarity reversal was 

centered was defined as producing a motor response on stimulation in 6/8 cases (fig 

8.9C). In the remaining cases where the cumulant had a period of 125 ms the electrode 

about which the polarity reversal occurred was one that produced a distal contralateral 

sensory response on stimulation, this electrode lay 1 cm posterior to the presumed 

central sulcus.
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Fig 8.7. Localization of ECoG sites coherent with muscle over a given frequency 

band. The location of ECoG sites is given relative to the central sulcus. When the 

bipolar signal from two ECoG sites were coherent with muscle and sites lay on 

opposite sides of the central sulcus this was defined as straddling the sulcus. The 

number of coherent ECoG sites averaged across all records for each subject is given 

after subtraction of that expected if coherent sites were randomly distributed across the 

whole sampled grid. A value of above zero therefore indicates that the number of sites 

at that location was higher than that expected. Note that coherence within the 7-30 Hz 

band was preferentially represented in ECoG electrodes that straddled the central 

sulcus and that at 60-100 Hz was over-represented just anterior to this.
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Fig 8.8. Reversal In the polarity of the cumulant density estimate between 

adjacent bipolar electrode sites Case 2. A: Bipolar chain lying over the left 

sensorimotor cortex. The vertical line indicates the estimated position of the central 

sulcus. The electrode posterior to the central sulcus produced a motor response in the 

right extensor digitorum communis on stimulation. Coherence (B and C) and cumulant 

density estimates (D) calculated from signals recorded between the bipolar electrodes 

indicated by arrows and the right deltoid during tonic contraction. The cumulant density 

estimate corresponding to B is in purple and has been inverted to highlight the polarity 

reversal. Spectra and cumulant density estimates were calculated over 138 segments.
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Fig 8.9. Reversal In the polarity of the cumulant density estimate between 

adjacent bipolar electrode sites A site of subdural grid in case 5. B Pattern of 

significant coherence during slow phasic contraction of FDI. C Cumulant density 

estimates during phasic contraction calculated between muscle and ECoG. Left 

graph: ECoG activity recorded from the two adjacent bipolar pairs indicated by the 

diagonal arrow in B. Right graph: ECoG activity recorded from the two adjacent 

bipolar pairs indicated by the horizontal arrow in B. The cumulant density estimates 

calculated for sites a o rb  are indicated by a purple line in D and E and have been 

inverted to highlight polarity reversal. The upper and lower horizontal lines indicate 

the 95% percent (Bonferonni corrected) confidence levels. Spectra were calculated 

over 170 segments. Coherence spectra are shown in Fig 8.3
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8.23 Task-related changes in coherence

The incidence of significant coherence at different frequencies varied between tasks 

with significant coherence above 30 Hz tending to occur more frequently during phasic 

contractions and coherence below 30Hz tending to occur during tonic contractions 

p= 0.052, df=1, fig 8.4B). In addition, the frequency of ECoG-EMG coherence at a 

given site often changed significantly with task. For the 6 subjects, within the 15-30 Hz, 

31-60 Hz and 61-100 Hz bands there were 14, 7 and 3 bipolar electrodes respectively 

in which the ECoG-EMG coherence changed significantly (p<0.05) between phasic and 

tonic contractions. No such examples were seen in the 7-14 Hz band.

Interestingly, tasks with common elements could share some of the same frequencies 

of ECoG-EMG coherence, and presumably therefore have in common certain cortical 

networks. This was established in cases 3 and 6 where coherence was calculated 

between ECoG and either the forearm flexors or extensors during tonic wrist extension 

or flexion and during the flexion or extension phase of phasic wrist movements (Fig 

8 .10).

During phasic movements each muscle was silent when its antagonist was active and 

there was no cross talk of electrical signals between muscles. During phasic wrist 

flexion and extension there was a tendency for the same frequency of coherence to be 

represented across the different phases of wrist movement, as if flexion and extension 

were organised as the same task, despite the different muscles involved. In contrast, 

there was minimal sharing of frequencies when the same patients then performed tonic 

flexion or extension of the wrist as separate tasks or if different muscles were 

compared during different task conditions (such as wrist flexors during phasic 

movements compared to wrist extensors during tonic contractions). Fig 8.11 

summarises the incidence of common frequencies found between different tasks in the 

two subjects. One explanation for this finding is that those movements that occurred 

close to each other in time (the wrist extensor and flexor components of the phasic 

task) shared common features compared to those that were separated in time (phasic 

and tonic tasks). Against this explanation, however, is the similarity in the frequency of 

coherence between the cortex and contralateral wrist flexors during the tonic and 

phasic tasks (Fig 8.10).
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Fig 8.10 Sharing of common frequencies between tasks. Case 3. A: Position of the subdural 

grid. Significant ECoG -EMG coherence between signals recorded from the ECoG sites 

indicated and contralateral wrist extensor (B) and flexors (C) during the phasic task and 

contralateral wrist flexors during the tonic task (D). The frequency of significant coherence is 

indicated. Note the similar frequencies of significant coherence seen in the wrist flexion and 

extension phasic task and the wrist flexion tonic and phasic task but the lack of ECoG-EMG 

coherence at similar frequencies in the phasic wrist extension and tonic wrist flexion task. The 

coherence spectra were calculated over 50,39 and 68 segments for the phasic wrist extension, 

flexion and tonic wrist flexion tasks respectively. The upper and lower horizontal lines indicate 

the 95% percent (Bonferonni corrected) confidence levels.
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Fig 8.11. The incidence of common shared frequencies found between different 

tasks in cases 3 and 6. Tasks were assessed to ascertain if common frequencies of 

significant ECoG -EMG coherence occurred between certain tasks. Results are given 

as a percentage of the total number (T) of significant coherence peaks observed in the 

2 tasks. The tasks were: same muscle -  different movement (eg. comparison of wrist 

flexors during phasic and isometric contractions; T=22); different muscle -  same 

movement (eg comparison of wrist extensors and flexors during phasic contraction; 

T=21); different muscle - different movement (eg comparison of wrist flexors during 

tonic contraction and wrist extensors during phasic contraction; T=22).

8.3 Discussion

8.3.1 Frequencies involved in ECoG-EMG coherence

The areas of cortex analyzed were unaffected by epileptogenic activity or gross 

morphological abnormalities, and were presumed to consist of normal cortex, although 

it is possible that minor functional abnormalities caused by the repeated spread of 

seizure activity and treatment with anti-epileptic medication were present. With these 

caveats, this study is the first to show coherence between normal cortical and muscle 

activity in the high gamma (61-100 Hz) range during voluntary contraction in humans. 

One of the advantages of the techniques used here over others is that cortical activity 

of high frequency is not attenuated by distance or interposed tissues (Eiger and Burr, 

1994). Nevertheless, some suggestion of coherence at high frequency has come from 

scalp EEG recordings in the pathological condition of cortical myoclonus (Brown et al., 

1998b) and high frequency activity within motor areas of the cortex was recently 

reported using ECoG (Crone et al., 1998a; Aoki et al., 1999).

The finding of coherence in the 7-14 Hz band and its localisation to sites adjacent to or 

straddling the central sulcus supports recent findings that demonstrated significant
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coherence of ECoG signals with contralateral EMG in the 6-15 Hz frequency range 

(Ohara et al, 2000; Raethien et al., 2000). The possible advantage of ECoG is further 

highlighted by the finding that such a relationship is not found when cortical activity is 

measured using EEG (Mima et al., 2000). The presence of coherent activity between 

cortex and EMG at 15-30 Hz and 31-60 Hz was confirmed (Conway et al., 1995; Baker 

et al., 1997; Salenius et al., 1997a; Brown et al, 1998c, Kilner et al., 1999). In contrast 

to previous work (Baker et al, 1997; Kilner et al, 1999) the coherence at 15-30 Hz 

between cortex and muscle was by no means abolished on movement, and at some 

sites even increased during movement. Similarly, although the incidence of coherence 

over the gamma band was higher during phasic contraction, it was also not uncommon 

during tonic contraction. These differences may be due to differences in the exact task 

performed. Previous authors (Baker et al, 1997; Kilner et al, 1999) have accurately 

determined the kinematic details of the task, the lack of any kinematic recordings in the 

present experiment therefore precludes any direct comparison of these results.

8.3.2 Spatial extent of coherence

Coherence with muscle could be distributed across several cm^ of motor cortex 

including presumed premotor areas in agreement with Ohara et al (2000). A number of 

instances were found in which the frequency of coherence was identical at electrode 

sites separated by 1.0-1.5 cm, despite the fact that intervening cortex showed no 

coherence with muscle at the relevant frequency. Distributed patterns are also seen in 

the sites of cortical activation during single joint movements (Schieber and Hibbard, 

1993; Sanes et al., 1995), in the motor response to stimulation (Sato and Tanji, 1989; 

Donoghue et al., 1992) and in the movement-related desynchronisation of ECoG 

signals (Crone et al., 1998b).

The present study did not detect any predilection for coherence within a given 

frequency band to be associated with bipolar ECoG electrodes that were functionally 

defined as producing either an upper limb motor response on stimulation. However, 

there was a tendency for ECoG sites coherent with activity within the lower frequency 

bands to straddle the central sulcus. Further, the site of polarity reversal of cumulant 

density estimates reflecting beta activity was also in close proximity to the central 

sulcus and usually involved a “motor” electrode. This suggests that the main source of 

cortical activity coherent with muscle in the 15-30 Hz band may be within or close to 

the central sulcus where the majority of the primary motor cortex is sited (White et al., 

1997). This finding is consistent with MEG studies which also localise the source of 

coherent MEG-muscle activity within the 15-30 Hz to the central sulcus (Salenius et al., 

1997a; Brown et al., 1998c).
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8.3.3 Role o f coherent oscillations

Significant ECoG-EMG coherence covered a frequency width of -2-4 Hz. This is at a 

variance with other studies that demonstrate broad-band cortico-muscular coherence 

(Baker et a!., 1997; Salenius et a!., 1997a; Brown et a!., 1998c; Kilner et al., 1999) and 

with the broad band cortico-subcortical coherence seen in chapters 6 and 7. The 

variance with previous animal studies may be due to use of single ended recording 

electrodes (Murthy and Fetz, 1996a,b; Baker et al, 1997; Donoghue et al., 1998). in 

contrast to the bipolar montage used in the present study. In the present study unipolar 

recordings were made with the reference electrode being a site on the subdural grid. 

These recordings were noisy, showing high 50 Hz artifact. Unipolar recordings made 

with a distant reference electrode as used in Ohara et al (2000) and subsequent bipolar 

extraction of data would allow an assessment of whether there are differences in the 

band width of significant ECoG-EMG coherence when using bipolar as opposed to 

unipolar recordings. Other studies have assessed cortical -muscle interactions using 

time domain measures (Murthy and Fetz, 1996a,b; Donoghue et al., 1998) which 

makes the assessment of the frequency band over which significant interactions occur 

difficult. Finally the more spatially localised recording procedure in the present study 

may account for the differences seen when cortical activity is recorded in man using 

EEG or MEG.

Within a given record several bipolar ECoG pairs were coherent with muscle at the 

same frequency more often than would be expected by chance. Often these ECoG 

pairs included a common electrode suggesting the presence of a single source of 

oscillatory activity, although the fact that coherent oscillations were picked up at all 

using subdural macroelectrodes suggests that such sources themselves involve the 

extensive synchronisation of cortical elements. Further, in three cases signals recorded 

from ECoG sites were both coherent with muscle and with each other at the same 

frequency. This pattern of ECoG-ECoG coherence was seen as part of a larger band of 

coherence similar to that reported between motor areas by Ohara et al (2000). Further, 

in agreement with this study the peak of ECoG -ECoG coherence did not necessarily 

correspond to the peak of ECoG-EMG coherence. This broad band of ECoG-ECoG 

coherence was not felt to be due to the effects of volume conduction as ECoG sites 

whose recorded signals showed no relationship with muscle were often not coherent 

with sites in close proximity that were themselves coherent with muscle._Previous 

investigators have suggested that common sub- or supra-threshold oscillatory activity 

across functionally related cortical sites may underlie the presence of synchronous 

firing especially over distances in excess of 2 mm (Konig et al., 1995; Volgushev et al., 

1997). The synchronous firing of neurons may be more effective in causing summation 

at later stages of processing (Gray, 1994). In this way common oscillatory activity may 

provide a mechanism for the binding together of functionally related cortical elements
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necessary for movement execution or higher order functions such as attention or 

ongoing motor planning (Donoghue et a!., 1998).

8.3.4 Task specificity

The coherence between ECoG and EMG activity suggests that these cortical sites are 

linked to the motor act, that is they form a functional ensemble. Coherence with muscle 

also implies that the cortical sites themselves may be coherent and therefore linked 

with one another, and, in many cases, this was confirmed. This suggests that those 

neuronal populations contributing to a given action are characterised by their tendency 

to resonate at specific frequencies. Pyramidal cell discharge can be phase-locked to 

oscillations in the LFP (Baker et al., 1997; Pinches et al., 1997) which are thus 

reflected downstream in the pattern of discharge of spinal motoneurons (Salenius et 

al., 1997a; Brown et al., 1998c), thereby accounting for the coherence between ECoG 

and EMG. The latter may be taken as evidence that the synchronisation of LFPs in 

segregated areas of the cortex is translated into a synchronisation of action potentials 

at common post-synaptic sites such as the spinal anterior horn.

The pattern of three-way coherence, between ECoG and EMG and ECoG and ECoG, 

varied in both spatial and frequency domains between different tasks, consistent with a 

role in the bringing together of selected corticai elements into a given task. Thus the 

incidence of coherence at different frequencies tended to show some task specificity. In 

addition, common frequencies were represented in related tasks, such as flexion and 

extension during repeated phasic movements of the wrist or flexion of the wrist during 

an isometric or phasic contraction, however coherence tended to shift to new 

frequencies when unrelated tasks were performed. The data presented suggesting that 

functionally relevant cortical areas are coherent with each other during motor tasks is, 

although a requirement of the binding hypothesis, not in itself sufficient to support the 

binding hypothesis. The coherent oscillatory activity between areas may, for example, 

simply be seen whenever functionally interconnected sites are co-active. Ultimately 

what may be required is to assess the behavioral effects of selectively disrupting 

oscillatory activity between two areas whilst maintaining other means of encoding 

neural information such as via a rate code. As discussed in chapter 9 this at first may 

require work in systems simpler than the sensori-motor system of the primate.

In conclusion, cortical networks may resonate at specific frequencies, (albeit chosen 

from a wide band). These resonances may involve primary motor, sensory and 

premotor cortices and include sites giving very different kinds of response upon 

stimulation, as might be expected from a mechanism that brings together distributed 

cortical elements. Importantly, resonant frequencies, and presumably the cortical 

networks that they reflect, are dynamic, and change with task. Thus cortico-cortical
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synchronisation occurs with a precision in the millisecond range, is essentially limited to 

those cortical elements active in a given task, and changes in both its distribution and 

frequency in a task related manner.
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8.4 Summary of key points

In seven subjects in whom subdural electrode grids were inserted over the 

sensorimotor cortex, recordings were made of cortical activity (ECoG) 

simultaneously with contralateral muscle activity (EMG) during isometric 

contractions or phasic movements of contralateral distal upper limb muscles. 

Electrical stimulation though the subdural electrodes helped determine the 

functional properties of the underlying cortex.

Significant ECoG-EMG coherence was seen at discrete frequencies with no 

predilection for cortical sites that produced contralateral motor responses on 

stimulation. Cortical sites coherent with muscle at a given frequency were 

themselves synchronised and coherent at that frequency.

ECoG-EMG coherence in the 7-14 and 15-30 Hz band was associated with 

cortical sites that lay close to or within the central sulcus.

The spatial pattern and frequency of coherence changed with task although 

similarities in the coherence pattern remained for tasks that shared common 

features.

It is proposed that these findings support the theory that synchronisation at 

specific frequencies links cortical activities into a functional ensemble during 

voluntary movement.
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Chapter 9: Overview

9.1 Summary of findings

Activity generated by ensembles of neurons in cortical and subcortical areas involved 

in motor control and the peripheral manifestation of such activity, as determined from 

motor unit and surface electromyographic (EMG) recordings, were recorded in the 

present thesis. The neural and muscle activities were analysed in the frequency and 

time domain using techniques that allowed a statistical evaluation of any possible linear 

relationships between oscillatory components of the recorded signals. The findings of 

the thesis will firstly be summarised (section 9.1) prior to discussing the wider 

implications of these findings in relation to previous work (sections 9.2 and 9.3).

A motor unit consists of the motoneuron and the muscle fibres that it innervates. 

Common modulation of the firing times of two separate motor units therefore reflects 

the modulation of the parent motoneurons by common presynaptic activity. The 

potential sources of this common presynaptic activity are widespread and may arise 

from neuronal activity at multiple levels of the neuraxis including that driven by 

peripheral afferent activity. Previous work in both humans and animals has allowed 

certain inferences to be made about the possible sources of certain types of common 

modulatory activity. The co-modulation of motor unit activity at a frequency of 15-30 Hz 

seems to reflect the activity of descending oscillatory drives of the same frequency 

derived from the sensorimotor cortex (Farmer et al., 1993a; Baker et al., 1997; 

Salenius et al., 1997a; Kilner et al., 1999). Despite the corticospinal tract projecting to 

all levels of the spinal cord in man (Lemon, 1995), modulation between 15-30 Hz was 

only observed between motor unit pairs situated in a distal hand muscle and not in two 

axial muscles. This suggests that the presence of 15-30 Hz coherence between motor 

units may in fact reflect the presence of activity in the direct corticomotoneuronal 

projections which are far more numerous to distal hand muscles (Lemon, 1993). Motor 

units in individual axial muscle were however modulated by a lower frequency (<10 Hz) 

oscillation. In the case of Splenius Capitis such modulation was more frequently seen 

than when recording from either intrinsic hand or lumbar paraspinal muscles. This may 

reflect the complex architecture of the Splenius Capitis and the importance of 

coactivation of separate parts of this muscle to achieve an effective contraction. Finally, 

the lowest frequency (<2 Hz) co-modulation of motor units was assessed in both the 

time and frequency domain and was present between motor units that were in the 

homologous lumbar paraspinal muscle either side of the body axis. This suggested that 

such co-modulation could occur bilaterally (<2 Hz), and may be the product of 

brainstem motor control. Thus the pattern of common modulation of motor units in
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different muscles reflects known patterns of innervation and improves the 

understanding of the pathways that subserve the various oscillatory drives that can be 

recorded from muscle.

Oscillatory activity may also be affected by neurological disease and may even 

contribute to the abnormalities in movement observed. The coherence between signals 

recorded from groups of motor units that are situated in separate muscles can provide 

an accessible means of determining the oscillatory signals that are common to the two 

muscles. The ipsilateral Splenius Capitis and contralateral Sternocleidomastoid act 

synergistically to rotate the head and are overactive in idiopathic torticollis. Recording 

from these muscles in this patient group and in control subjects who were matched for 

position, force of contraction and age revealed that changes in the oscillatory drives 

occurred in dystonia. Firstly the coherence was of a lower frequency (4-7 Hz) in the 

patient group than seen in the control subjects. The higher frequency modulation of the 

neck muscles in the control subjects (10-12 Hz) was in turn reflected in the significantly 

higher autospectral power in both muscles. The low frequency (4-7 Hz) oscillatory drive 

to both SPL and SCM observed in subjects with idiopathic torticollis tended to 

synchronise the firing of the motor units over this frequency band as opposed to the 

control subjects where SCM tended to phase lead SPL. The cause of this abnormal low 

frequency drive is unknown but it may reflect either abnormal processing in motor 

cortical areas as a result of dysfunction affecting the basal ganglia or abnormal 

oscillatory activity in premotor basal ganglia- brainstem pathways.

In control subjects the intermuscular coherence between the wrist extensors and first 

dorsal interosseous, in agreement with the findings of the first experiment, was 

significant over both low (<10 Hz) and high frequencies (15-30 Hz). An assessment 

was made of the changes in intermuscular coherence in patients with idiopathic 

Parkinson’s disease either following clinically effective stimulation of the subthalamic 

nucleus (group 1) or following administration of dopmainergic medication (group 2). 

The parkinsonian subjects demonstrated a higher proportion of low frequency 

autospectral power (<14 Hz) compared to age-matched controls whilst 15-30 Hz power 

and inter-muscular coherence was higher in the control group. The proportion of low 

frequency power in the wrist extensors decreased during subthalamic nucleus 

stimulation and in both groups an improvement of clinical symptoms was accompanied 

by an increase in the degree of 15-30 Hz inter-muscular coherence. This was 

supported by a negative correlation between the average inter-muscular coherence 

between 15-30 Hz and the clinical severity as measured by the total of the UPDRS 

score. As discussed earlier, the 15-30 Hz oscillatory drive to distal arm muscles is felt 

to be derived from the motor cortex and the descending nature of this drive is reflected 

in the phase advance of the wrist extensor over the first dorsal interosseous signals.
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Therefore functional alterations in neural activity affecting the basal ganglia achieved 

by either electrical stimulation or administration of dopaminergic medication resulted in 

an alteration of cortical oscillatory activ ity that in turn altered the oscillatory activity 

which could be recorded from simultaneously contracting muscles. The absence of 

high frequency oscillatory drives to muscle may prevent tetanic fusion of motor units 

leading to weakness. This is supported by the effects of varying the frequency of 

electrical stimulation of the radial nerve in healthy subjects on the pattern of motor unit 

recruitment in the wrist extensor muscles. Low frequency (10 Hz) stimulation led to a 

slower rate of EMG activation and a lower maximal EMG activity (Brown et al, 1997).

Further investigation of whether the nuclei of the basal ganglia are entrained in such 

oscillatory activity and its role in the pathophysiology of Parkinson’s disease was 

achieved by simultaneous recordings of local field potentials (LFPs) from a 

macroelectrode inserted into the subthalamic nucleus (STNME), sensorimotor cortex 

and contralateral muscle. Significant coherence was seen up to 45 Hz between 

contralateral muscle and STNME LFPs which reacted in a task specific manner, similar 

to previous reports of the sensorimotor cortex- muscle relationship (Kilner et al., 1999). 

This suggested that the high frequency cortically derived oscillatory activity that 

affected distal limb muscles, as investigated in the previous experiment, also entrained 

the subthalamic nucleus. EMG and EEG signals phase led the STNME LFPs by a 

latency of -24 ms. These unique recordings allow insight into oscillatory activity 

affecting motor related cortical and subcortical structures in man and the possible 

direction of information flow. That such oscillatory activity could be affected in 

Parkinson’s disease was suggested in the previous experiment on distal limb inter

muscular coherence. This was supported by a significant increase in 15-30 Hz Cz-FCz 

autospectral power whilst on dopaminergic medication and a tendency for the Cz-FCz- 

STNME LFP coherence during an isometric contraction to be higher between 15-30 Hz 

whilst on medication. Further, such high frequency coherent oscillatory activity may 

prove useful in localising the target for subsequent clinically effective stimulation of the 

subthalamic nucleus. Therefore oscillatory activity not only peripherally but also 

centrally is affected in Parkinson’s disease.

The simultaneous recording of contralateral muscle, sensorimotor cortex and 

subcortical activity via a surgically inserted macroelectrode in the ventral is nucleus of 

the thalamus (Vim) was performed in a series of patients treated for the symptomatic 

relief of tremor. This nucleus is felt to receive afferents from the deep cerebellar nuclei. 

Similar to the previous study significant coherence, in this case only up to 28 Hz, was 

observed between the Vim LFPs and contralateral muscle and Vim LFPs and EEG 

overlying the sensorimotor cortex. This coherence was seen in patients with isolated 

tremor (essential tremor and benign tremulous Parkinson’s disease) but in 2/4 cases
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was absent when there was tremor associated with cerebellar disease. The presence 

of significant coherence is however not ubiquitous, with lower coherence being seen 

when LFPs were recorded from those Vim macroelectrode contacts that gave the 

largest sensory evoked response. The phase relationships between EMG and Vim 

LFPs and sensorimotor cortex and Vim LFPs were similar to the previous study with 

both EMG and EEG signals phase leading the Vim LFPs. It was once again proposed 

that the sensorimotor cortex may simultaneously drive both EMG and Vim (possibly via 

the cerebellum) as supported by the results of partial coherence analysis.

Finally the theory that common oscillatory activity may serve to “bind” together 

coactive, functionally related neuronal ensembles to facilitate future processing was 

investigated using simultaneous bipolar electrocorticographic (ECoG) and contralateral 

EMG recordings. Recording from cortical areas affected by pathology (usually epilepsy) 

was avoided, whilst electrical stimulation/recordings allowed the determination of those 

ECoG sites that were associated with motor or sensory responses. Functional linkage 

with muscle as determined by significant ECoG-EMG coherence occurred at discrete 

frequencies that tended to be repeated across ECoG sites. The spatial pattern and 

frequency of ECoG -EMG coherence varied depending on the task performed. In a few 

cases ECoG sites that shared coherence with muscle at the same frequency were 

themselves coherent with each other at the same frequency despite being adjacent to 

ECoG sites that showed no such relationship. This suggested those functionally related 

sites, as determined by their common relationship to muscle, were themselves 

coherent with each other a necessary condition of theories of neuronal binding. 

However, there no was predilection for ECoG sites that gave a motor response on prior 

electrical stimulation to be significantly coherent with EMG. There was also no 

relationship between the frequency of ECoG-EMG coherence observed and the 

functional properties of the ECoG site. However ECoG-EMG coherence in the 15-30 

Hz band tended to be observed between sites that straddled the central sulcus 

suggesting a localisation to the primary motor cortex for this oscillatory activity.

Thus coherent oscillatory activity within the motor system was observed between 

sensorimotor cortex and several subcortical sites. The sensorimotor cortex seems to 

play a pivotal role in driving high frequency activity in both contralateral muscle and 

subcortical sites. However this does not mean that subcortical sites such as the 

thalamus, basal ganglia and cerebellum are merely relays for such activity as 

highlighted by the modulation of these high frequency oscillations during functional 

activation or inactivation of the basal ganglia (chapter 5 and 6) or cerebellum (chapter 

7). The methods and analytical techniques employed here to study oscillatory activity in 

the motor system, and the findings of previous experiments generate questions 

pertinent to future research into this expanding field, which will now be discussed.
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9.2 Oscillations in health

One advantage with investigating the motor system is that the product of the central 

processing that one is studying, namely movement, is readily observable and 

quantifiable for example by using kinematic, kinetic and electromyographic techniques. 

Studies in humans and animals alike have investigated the linear relationship between 

oscillatory activity recorded from the sensorimotor cortex and contralateral muscle 

(Baker et al., 1997; Salenius et al., 1997a; Brown et al., 1998c; Kilner et al., 1999). 

However as highlighted in chapter 3, oscillatory drives to different muscle groups vary. 

This distribution may reflect the differential distribution of separate anatomical 

pathways. High (>15 Hz) frequency coherence, for example, may be readily seen 

between motor cortex and distal muscles because these muscles have the highest 

proportion of direct corticomotoneuronal projections (Lemon, 1993) which will therefore 

transmit oscillatory activity without any attenuation. As corticomotoneurons are derived 

almost exclusively from the primary motor cortex (Lemon, 1993), this may also explain 

why coherent high frequency cortical activity is localised to this area (Baker et al., 

1997; Brown et al., 1998c). However, this does not mean that the central processing 

related to axial and proximal muscle activity does not involve high frequency 

oscillations (Stancak et al., 2000) but that their expression within the muscle may be 

small due to the more indirect linkages between cortex and muscle. If this is the case 

then experiments into cortex-muscle coherence, which to date have involved only distal 

upper limb monitoring, and intra or inter-muscular coherence may only be investigating 

the role of oscillations in a subset of the total neuronal population involved in motor 

control. Therefore the role of oscillatory activity in tasks involving simultaneous 

integrated proximal and distal activity, which includes the majority of functional 

activities, may be overlooked.

Although corticomotoneuronal fibers can have both slow and fast conduction 

velocities, the faster fibers produce larger post synaptic potentials (Porter and Lemon, 

1993). These findings may therefore explain why some studies suggest that the phase 

between the motor cortex and contralateral muscle is consistent with transmission 

along fast corticospinal pathways (Brown et al., 1998c; Mima and Hallett, 1999), 

despite fast pyramidal cells forming a relatively low proportion (-10-20 %) of layer V 

output neurons. However the presence of the long phase delays (>20 ms) seen in the 

present experiments between cortical and subcortical structures (STN and Vim) despite
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short conduction delays suggest that the phase relationship may not be simply related 

to the conduction delay in the connecting pathways.

To investigate the role of central oscillatory activity in the control of movement may 

therefore require multiple recordings within the sensorimotor areas both within the 

cortex and subcortically. This would need to be coupled with accurate monitoring of 

task conditions so that a correlation can be made between changes in task and 

coherent oscillatory activity between disparate areas. As functional motor control 

involves the integration of sensory information from a wide variety of sources, the 

potential contributions of cutaneous, proprioceptive and visual information to the 

modulation of central oscillations would also need to be further investigated.

Other than making a correlation between a task parameter and a neurophysiological 

measure such as neuronal firing rate or synchrony, another commonly employed 

technique in the field of motor control is to investigate the effects of lesions. This is the 

method essentially employed in chapter 5 - 7  which recorded cortical-subcortical 

activities (either from the thalamus or subthalamic nucleus) or inter-muscular 

coherence before and after specific interventions that affected the function of the basal 

ganglia or the cerebellum. These studies suggested that high frequency oscillatory 

activity entrained both the ventral is intermedius nucleus and the subthalamic nucleus of 

the basal ganglia. The coherence between ventralis intermedius local field potentials 

and the sensorimotor cortex around -20 Hz was abolished with cerebellar lesions 

suggesting a role of this structure in the genesis/modulation of such activity. Similarly 

recordings of inter-muscular coherence suggested that cortically generated high 

frequency oscillatory drives are modulated by the basal ganglia. This finding was 

supported by the observed cortical-subthalamic coherence which interestingly 

extended into the Piper (>30 Hz) band, a higher frequency range than the cortex- 

ventralis intermedius relationship. This is consistent with previous work which 

suggested the Piper rhythm, measured from the peripheral limb, is affected in 

Parkinson’s disease (Brown, 1997; Brown, 2000). However there are potential 

disadvantages with a “lesion” approach. In all cases the subjects had had a previous 

neurological insult therefore it is unclear whether the oscillatory activity recorded is 

physiological in nature, the result of pathology or of potential compensatory processes 

following a neurological lesion. However, this does not mean that “specific” lesions are 

not a worthwhile approach as highlighted by the works of Laurent and colleagues on 

the olfactory system. Here specific abolition of oscillatory activity without an alteration 

of rate coding produced observable behavioral consequences in olfactory stimulus 

identification providing strong proof of a functional role of oscillatory activity in this 

system (Stopfer et al., 1997; MacLeod et al., 1998). Further investigation in animal

174



models into the cortico-subcortical pathways Involved, the role of specific 

neurotransmitters in the modulation of these oscillations and especially the voltage 

gated ion channels that may subserve oscillatory activity could allow their specific 

targeting and investigation of oscillatory activity within parts of the motor system in the 

future.

The findings described in the olfactory system highlights the insights that can be gained 

from investigating oscillatory activity in simpler systems. Recently Baker (2000) 

proposed that the split in cortical-muscle coherence around 20 Hz and 40 Hz observed 

during changes in the force of contraction (Mima et al., 1999; Brown et al, 1998c; 

Brown, 2000) may be modeled as a result of variations in the delay between two 

independent oscillators and their inter-connected (moto)neuronal pool. The frequency 

of the oscillators in the model did not alter, implying that potentially the alteration in 

coherence seen in previous studies may not reflect a change in linkage to another 

frequency but be a product of the coherence analysis under different configurations of 

the underlying network. Against this theory is that comparable 20 and 40 Hz peaks may 

be seen in the power spectra of muscle activity, suggesting the influence of two 

separate oscillatory sources. Testing such theories within the motor system may, at 

present, be difficult considering the lack of knowledge about the genesis and 

modulation of oscillatory activity. However direct experimental investigation of this 

hypothesis may be possible in simpler systems such as the nervous system associated 

with invertebrate feeding or digestive systems where the neuronal interconnections and 

neurotransmitters underlying the generation of multiple rhythms have been better 

elucidated (Calabrese, 1998).

Studies on animals highlight that high frequency oscillatory activity in the awake animal 

is transient in nature (Murthy and Fetz, 1996a; Steriade, 1999). This point has several 

important implications. Firstly, their transient nature does not prevent a role in neural 

computation. Theoretical models suggest that oscillatory activity and the ensuing 

synchrony that these oscillations may promote could be transient in nature, in fact it is 

this very quality that provides flexibility in computational tasks (Diesmann et al., 1999). 

However their very transient nature may affect the detection of coherent oscillations 

using the Fourier analysis techniques used in the present study. To achieve spectral 

estimates with low variability requires the averaging of many segments; this problem is 

also coupled with the trade off between the segment length used and the ensuing 

frequency resolution. Such required summation of segments including those where 

coherent activity between two sites was not present may therefore underestimate the 

potential oscillatory linkage between two sites which may indeed be highly coherent at 

certain times. Presumably if these oscillations are to provide a basis of a neural code 

then the oscillations should, however transient, be reproducibly present at certain
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phases of a task if all conditions are constant. An example of this is seen in Kilner et 

al,1999. This suggests that in future more detailed kinematic analysis than used in the 

present series of experiments may be useful in allowing averaging across segments 

taken from specific phases of the same repeated task as has been performed in the 

analysis of gait (Halliday et al., 2000). An alternative approach could be to use adaptive 

autoregressive techniques, for example, that requires only short data sections to 

calculate spectral estimates and thus the evolution of coherence within a task over 

time.

The analytical techniques used in the present study assessed linear dependencies. 

Although this approach is more readily interpretable it may be that non-linear 

interactions between neuronal pools may provide a larger contribution to neural 

processing leading to the possibility that if there is not a simple linear relationship then 

the function of certain oscillations may be overlooked. In summary therefore the actual 

methodological and analytical techniques used could affect the final interpretation of 

results

9.3 Oscillations in neurological disease

Regardless of whether in the healthy subject oscillatory activity has a functional role or 

is simply an epiphenomenon, oscillatory activity may still play a role in the 

manifestation of neurological disease. Abnormally strong oscillatory activity may have 

two consequences. Firstly, oscillatory activity may entrain neurons and strongly 

regulate their firing pattern thus preventing any coding for example by a rate code or 

via oscillatory activity at other frequencies (Murthy and Fetz, 1996b). Secondly, 

common oscillatory activity is effective at promoting neuronal synchrony between 

neurons; such synchrony is in turn effective in causing post synaptic firing in a common 

output cell (Volgushev et al., 1997). Therefore information from the abnormal oscillatory 

source may be preferentially transmitted. Examples of both mechanisms can be seen 

when examining the motor system. That abnormal oscillatory activity can promote 

neuronal synchrony of anterior horn cells can be seen from examining the synchronous 

activation of motor units within and between muscles. Such a relationship is marked in 

cortical myoclonus (Brown et al., 1998a). Chapter 4 also suggested that abnormalities 

in motor unit synchrony and oscillatory drive to muscle underlie the co-contraction seen 

in idiopathic torticollis. Further work could investigate whether abnormalities in 

oscillatory drive to motoneuronal pools may underlie other movement disorders such 

as the stiff man syndrome and lower limb spasms associated with the upper motor 

neuron syndrome.
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In Parkinson’s disease there is a reiative increase in low frequency (<14 Hz) 

components of the EMG signal and a relative decrease in higher frequency 15-30 Hz 

components as demonstrated previously (Brown, 1997; Brown et al., 1997) and in 

chapter 5. In one muscle group (chapter 5, experiment 1, wrist extensors) this low 

frequency dominance was reversed foliowing stimulation of the subthalamic nucleus. 

Such low frequency drives to muscie may prevent prevent motor units firing at higher 

frequencies (Thomas et al., 1999). This could contribute to the weakness and 

bradykinesia seen in this disease (Brown, 2000). Importantly in Parkinson’s disease 

low frequency oscillatory activity may not just affect the final common pathway but also 

oscillatory activity in centrai structures such that cortical activity is also dominated by 

low frequency activity which blocks higher frequency activity as seen in monkeys 

following lesions of the caudate or putamen (Kennard and Nims, 1942). Whether such 

a mechanism does contribute to Parkinson’s disease was not conclusively 

demonstrated in chapter 6, as changes in low frequency oscillations with medication 

were not observed. Improved localisation of the position of each subthalamic 

macroeiectrode contact, more extensive recordings of cortical activity via EEG or MEG 

and selection of more clearly levodopa responsive patients would allow more robust 

testing of this theory. In this experiment the phase relationship between local field 

potentials recorded from the subthalamic macroeiectrode and EEG and EMG provided 

insights into the directions of information transfer. The interpretation of the phase 

relationships could also be improved if the relationship between the time of subthaiamic 

neuronai firing and the phase of the osciliatory cycle was ascertained. This could be 

performed during the microeiectrode recordings used intraoperatively to define the 

subthalamic nucieus target iocation if the filters are set on a wide enough pass band to 

aiiow off line analysis of both types of activity.

Other potential means of investigating the hypothesis that the proportion of low and 

high frequency osciiiatory activity within the basal ganglia-cortical circuit affect the 

symptomatoiogy of Parkinson’s disease would be to assess the effects of low 

frequency stimulation (-10 Hz) of the subthalamus / globus pallidus internus on inter- 

muscular coherence and clinical measures. Such low frequency stimulation of the 

caudate nucieus, putamen and pailidum in animals can lead to gradual slowing and 

even cessation of movements and is associated with slow 10-12 Hz cortical activity 

(Buchwaid et ai., 1961c; Hassler and Dieckmann, 1967; Dieckmann, 1968). Preliminary 

reports simiiarly suggest that iow frequency stimuiation of the subthalamic nucleus may 

worsen symptoms of Parkinson’s disease (Demeret et ai., 1999).

The over expression of higher frequency (>20 Hz) osciiiations may also be associated 

with disorders of motor control. In the parkinsonian group studied (chapters 5 and 6) 

dyskinesiae were not evident at the time of recording aithough some patients did
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develop levodopa-induced dyskinesia shortly after. In such cases it would be 

interesting to compare the subthalamic-cortical-EMG coherence over time with the 

development of dyskinesia to see if there is an increase in higher frequency coherence 

as previously hypothesised (Brown and Marsden, 1998). Further, it would be of interest 

to determine whether there was any non-focused high frequency (>15 Hz) cortical 

activity that affected areas that do not normally participate in the task and thus may 

contribute to the widespread motor activity seen in dyskinesia. In the MPTP primate 

model of Parkinson’s disease there is an increase in the percentage of neurons 

oscillating at >20 Hz within the globus pallidus internus following a lesion to the 

subthalamic nucleus which was associated with dyskinesia (Wichmann et al., 1994). As 

well as the UPDRS and Hoehn and Yahr scales used in the present series of 

experiments other more sensitive tests such as the bradykinesia akinesia inco

ordination test (Giovannoni et al., 1999) and kinematic analysis may be helpful in this 

context in monitoring clinical changes.

The effects of the alteration in centrally generated high frequency activity on the 

pathophysiology of Parkinson’s disease, as suggested in chapters 5 and 6, might 

remain unclear until the functions subserved by these higher frequency oscillations are 

elucidated. Chapter 1 described theories suggesting a role of such oscillations in 

attentional processes, planning, binding together functional neural activity and timing. 

These hypotheses may not be mutually exclusive; it may be that there are multiple 

oscillators at similar or different frequencies performing multiple co-existing functions 

possibly in conjunction with other potential forms of neuronal coding. The basal 

ganglia, for example, may affect the expression of high frequency cortical oscillatory 

activity by modulating and focusing the effects of the brain stem central core system, 

also referred to as the reticular activating system (Heuser et al., 1961; Brown and 

Marsden, 1998). The basal ganglia, in particular the striatum and subthalamic nucleus, 

receive input from the midline and intralaminar nuclei of the thalamus which also 

project to specific cortical areas (Groenewegen and Berendse, 1994). These thalamic 

nuclei in turn receive ascending input from neurons lying within the dorsal tegmental 

and the pedunculopontine nuclei (PPN) (Erro et al., 1999). Stimulation these midbrain 

or thalamic nuclei can result in high frequency oscillatory activity of the EEG associated 

with “desynchronisation”, the abolition of spindle oscillations and slow sleep waves 

(Steriade, 1995). In light of the input from the midline thalamic nuclei as well as the 

reciprocal projections of the basal ganglia with the PPN, it has been proposed that the 

basal ganglia could modulate activity in this system (Ingilis and Winn, 1995). This is 

supported by work from Buchwaid and colleagues who examined the effects of 

stimulating the caudate nucleus. Low frequency stimulation of the caudate nucleus 

promoted frontal cortical spindle activity whilst higher frequency stimulation (up to 1000 

Hz) promoted cortical desynchronisation (Buchwaid et al., 1961c). Both responses to
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caudate stimulation seemed to act via the ventroanterior nucleus of the thalamus with 

which the motor loop of the basal ganglia has reciprocal connections and which is 

functionally linked to the midline and intralaminar nuclei (Heuser et al., 1961). 

Importantly this facilitation of high frequency oscillatory activity by the basal ganglia 

may only occur in the areas with which they interconnect. Brown and Marsden (1998) 

referred to this specific promotion of cortical activity as focused attention. In fact 

extending the hypothesis of Mink and Thach (1996), the indirect and direct pathways 

through the basal ganglia may cooperate to inhibit activation of unwanted cortical areas 

but allow promotion of high frequency oscillations in functionally relevant areas. In 

summary therefore it is proposed that the reticular activating system acting in part via 

specific midline and intralaminar nuclei is able to promote high frequency oscillatory 

activity in selected cortical areas but that this is focused to functionally active areas by 

the actions of the basal ganglia.

In chapter 8 support was provided for a role of these high frequency (>15 Hz) cortical 

oscillations in binding together activity in functionally associated sites. If this were the 

case this may explain some of the symptoms seen in Parkinson’s disease. An inability 

to link together functionally active areas subserving motor preparation and control may 

lead to an inability to initiate movement or slowness on subsequent movement, 

akinesia and bradykinesia. This hypothesis may also account for other symptoms of 

Parkinson’s disease. Low frequency stimulation of the caudate nucleus in cats caused 

localised frontal cortical spindles activity associated not only with a cessation of task 

related movement but also a lack of concern in performing the task to obtain a reward 

(Buchwaid et al., 1961b). Such symptoms may be the correlates of the phenomenon of 

abulia seen in Parkinson’s disease. The behavior induced by low frequency caudate 

stimulation could be reversed by high frequency stimulation to structures including the 

midline nuclei and the midbrain reticular formation (Buchwaid et al., 1961a). In 

Parkinson’s disease non-specific activation of the reticular activating system may also 

account for paradoxical kinesis whereby normally akinetic subjects suddenly move in 

response to an arousing stimulus.

The mechanisms underlying deep brain stimulation in both animals and humans 

remain unclear. As its resulting clinical effects mimic those seen following lesions to the 

same targets it has been suggested that high frequency electrical stimulation may 

suppress neural activity (Krack et al., 1999). However the finding that subthalamic 

neurons can follow such high frequencies of stimulation suggests that rather than being 

blocked the firing pattern may be replaced (Bevan and Wilson, 1999). The lowest 

frequency for clinically effective subthalamic nucleus stimulation is around 70 Hz 

(Ashby et al., 1999), whether oscillations in this range and above are physiological 

could not be determined in the present experiment due to a cut off of 45 Hz to avoid

179



contamination of data with mains artifact. It may be that the mechanism of deep brain 

stimulation is either to replace the low frequency oscillatory activity with one that does 

not lead to robust thalamo-cortical oscillations or it may be reproducing a normal 

physiological rhythm.

There are felt to be multiple parallel loops through the basal ganglia, processing 

information from different cortical areas (Strick et al., 1995; Middleton and Strick, 

2000). It may be that synchronised oscillations are also functionally important in these 

loops and may be both affected in Parkinson’s disease and influenced by high 

frequency electrical stimulation. The oculomotor loop in particular may be a rewarding 

system in which to investigate the role of oscillatory activity and the mechanisms of 

high frequency electrical stimulation. Due to the low inertia of the eyes and high fusion 

frequency of the extra-ocular muscles (-400 Hz) high frequency oscillatory activity can 

be detected in recordings of eye motion and is called ocular microtremor (Coakley, 

1983b). The high frequency (60-150 Hz) ocular microtremor occurs in short bursts and 

is the result of involuntary, continuous oculomotor unit activity. It is of central origin 

(Coakley, 1983a; Spauschus et al., 1999) and has been proposed to be caused in part 

by tonic activity in the frontal eye fields (Bolger et al., 1999). Ocular microtremor is 

affected in Parkinson’s disease where the duration and frequency of tremor is 

decreased with abnormalities in both parameters being alleviated by dopaminergic 

medication (Bolger et al., 1999). The measurement of eye movements may therefore 

have an advantage over the measurement of limb kinematics or EMG from peripheral 

muscles where centrally generated high frequency activity may be attenuated due to 

the effects of limb inertia and the low pass filtering characteristics of muscle (Bawa and 

Stein, 1976; Me Au ley et al., 1997). Further, as the oculomotor territory and the 

skeletomotor territory of the subthalamic nucleus lie ventromedially and dorsolaterally 

respectively in primates (Matsumura et al., 1992; Parent and Hazrati, 1995) it may be 

possible to record local field potentials from both these areas via an implanted 

macroeiectrode as used in the present study (chapter 6). Ocular movements could 

therefore be recorded using either accelerometry or piezoelectric strain gauge 

techniques simultaneously with subthalamic nucleus macroeiectrode local field 

potentials and EEG overlying the frontal eye fields, which projects to the oculomotor 

territory of the subthalamic nucleus (Stanton et al., 1988). Finally these areas have also 

been implicated in the control of saccadic eye movements and in Parkinson’s disease 

deficits are seen with remembered saccades (Lueck et al., 1990) which can be 

improved with subthalamic nucleus stimulation (Rivaud et al., 2000). Therefore 

simultaneous cortical-subcortical and ocular recordings during different visuomotor 

tasks may provide insight into whether high frequency stimulation mimics frequencies 

which are physiologically present in the central nervous system.
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In conclusion the series of experiments described in chapters 3-8 suggest that 

synchronous oscillations can be detected in multiple cortical and subcortical sites, that 

these oscillations may be affected by neurological insult and that abnormalities in 

oscillatory activity may contribute to some of the signs seen in movement disorders. In 

future a continued collaborative approach between multiple disciplines in neuroscience 

will hopefully provide further elucidation as to the role of such activity.
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