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ABSTRACT 

The detection of epileptifonn discharges (EDs) in the electroencephalogram (EEG) is an important 
component in the diagnosis of epilepsy. However, when the epileptogenic source is located deep 
in the brain, the EDs at the scalp are often masked by more superficial, higher amplitude EEG 
activity. Currently, these can only be investigated through invasive electrophysiological investi
gations such as sphenoidal electrodes, depth electrodes, and electrocorticography, or extremely 
expensive procedures such as magnetoencephalography. This thesis reports on a comprehensive 
study of the enhancement of signals from deep sources in the brain suspected of being EDs by way 
of a non-invasive technique - adaptive 3-d spatial filtering or, more commonly, beamforrning. 

Initially, the EEG and the various recording methodologies are reviewed, including the neu
rophysiology of the brain, the mechanisms responsible for the generation of the action potential, 
and the anatomical structure of the cerebral cortex. The characteristics and morphology of both 
nonnal background EEG activity and abnonnal EEG activity are introduced. Different recording 
procedures as well as signal processing of the EEG plus other procedures used in the detection and 
localization of epileptifonn activity are described. 

This is followed by a review of adaptive signal processing techniques and adaptive algorithms. 
The beamfonner, which incorporates an adaptive filter, is described along with its application to 
EEG signals. 

A forward 3-dimensional 3-layer homogeneous spherical model was applied to predict the 
potential distribution recorded on the surface of the scalp from a dipole source. This was used to 
set the beamfonner's spatial response constraints. The beamfonner adapts, using the least-mean 
square adaptive algorithm, to reduce signals from sources distant from a particular location in the 
brain. The location may be based on clinical evidence of a brain lesion or other prior knowledge. 
The beamfonner produces three outputs, the orthogonal components of the source estimated at the 
assumed location. 

Simulations were perfonned by using the same forward model to superimpose realistic EDs 
on nonnal EEG recordings. An enhancement ratio (ER), the improvement in signal-to-noise ratio 
(SNR) in the beamfonner output from that observed at any of the scalp electrodes, was used as a 
perfonnance measure. The simulations showed the beamfonner's ability to enhance signals ema
nating from epileptogenic foci by a mean 120% (-30% - 360%). They also indicated that the 
beamfonner's perfonnance is moderately dependent on the number of electrodes and EEG back
ground but largely independent of the amplitude of the ED. The degree of enhancement is mod
erately dependent on eccentricity for radially and tangentially oriented dipoles. The beamfonner 
was relatively independent of variations in polar angle location for radial dipoles. Likewise, the 
beamformer was relatively independent of variations in azimuthal angle location for both radially 
and tangentially oriented dipoles. The beamfonner perfonns better when the dipolar source is not 
located directly under electrodes on the scalp. Since the beamfonner was relatively insensitive to 
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depth and to inaccuracies in estimate of location (depth and angular location) of both radially and 
tangentially oriented dipoles then this indicates that the beamformer is likely to be most suitable as 
a non-invasive means of enhancing activity from epileptogenic foci whose location is ill-defined. 

A clinical evaluation of the performance of the beamformer on real EEG records was also 
undertaken. This comprised EEG records from 11 patients, 4 of which were graded globally by an 
EEGer as containing epileptiform activity and 7 as containing questionable epileptiform activity. 
From the first group, 12 events graded as definite or questionable EDs and from the second group, 
27 events graded as questionable EDs, were selected to assess the beamformer's ability to enhance 
real EDs. A thresholded mean enhancement ratio (ERt}, the average improvement in SNR in 
the projected beamformer output calculated over all channels for which both input and output are 
greater than 0.7, was the performance mea<;ure used in all clinical data cases. The beamformer 
was found to enhance the 7 definite EDs by a mean 102% (range 54% - 215%) with no significant 
difference between referential data and bipolar data. Questionable EDs were enhanced by a mean 
78% (range 3% - 259%). 

The referential and bipolar input and beamformed projected output records of all definite and 
questionable EDs were randomized and shown to an EEGer for grading. As a result of beamform
ing, several events were upgraded from questionable to probable, indicating that they were likely 
to be genuine EDs, while a few were downgraded from probable to non-epileptiform indicating 
that they were likely to be artifacts. Unfortunately,Jor the current study, there was no indepen
dent means (such as depth electrodes recordings or an EEGer panel) by which the validity of this 
upgrading - and hence the clinical effectiveness of the beamforming technique - could be deter
mined. 

Finally, simulations investigating the performance of different adaptive algorithms in the beam
former were performed. Improvement in the performance of the LMS algorithm by a mean 31 % 

(p> 0.10) was gained by the use of a learning rate optimized to each patient's EEG. A further 
mean increase of 14% (p > 0.20) was provided by the RLS algorithm. The simulations indicated 
that least squares algorithms could provide slightly better enhancement than gradient-search algo
rithms at the cost of being more computationally expensive. 

In summary, the simulation and clinical results demonstrated that the beamforming technique 
has considerable potential for application in clinical neurophysiology. The beamforming tech
nique can non-invasively enhance epileptiform activity from deep foci in the brain, such as occur 
in mesial temporal lobe epilepsy, thereby reducing the need for alternative invasive electrophysio
logical investigations. 
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PREFACE 

I completed a Bachelor of Science (B.Sc) in Physics and Mathematics and a Master of Science 
(M.Sc(Hons.) in Astronomy, both in the Department of Physics and Astronomy in 1987 and 1992 
respectively. By the start of 1993 I decided that, although maintaining an interest in astronomy, my 
main interest was in the field of biomedical engineering, in particular, studying electromagnetic 
fields of the human brain. I then enrolled for a Doctor of Philosophy (Ph.D) degree under the joint 
supervision of Dr. Philip Bones of the Department of Electrical and Electronic Engineering and 
Dr. Richard Jones of the Department of Medical Physics and Bioengineering. A long standing 
collaboration already existed between the two departments with a number of previous engineering 
students working in the biomedical engineering field. 

The original proposal for my research included several broad areas, grouped collectively under 
the title of 'Electroencephalogram (EEG) recording systems and inverse solutions. Astronomical 
speckle imaging'. The main component of the research concentrated on providing a non-invasive 
procedure for detecting epileptiform activity and localization of deep epileptogenic foci in the 
brain. The secondary component, astronomical speckle imaging involved developing equipment, 
in particular a shutter mechanism that operated at speeds of the order of 10 ms, fast enough to 
obtain speckle images of bright, closely separated stellar binaries, for use with the I-m Dall
Kirkham telescope at the Mount John University Observatory (MJUO). 

For the first twelve months, my research concentrated on the astronomical speckle imaging 
project. During this time, equipment was developed to refine the observational techniques and 
improve data acquisition of astronomical binary systems at MJUO, In particular, a new 'Top-Hat', 
which is affixed to the back of the telescope, was developed. Also, a Pentax shutter mechanism 
was modified to operate in conjunction with the existing shutter to obtain speckle images at the 
required speed of approximately 10ms. Numerous images for several binary objects were obtained 
and are now at the stage of being processed once modification of the software has been completed. 
Further research in this area is expected to commence in 1998. 

Having completed the astronomical speckle imaging project, I then commenced research on 
my biomedical topic. During the next twelve months I perfonned an extensive literature survey 
comprised of two parts. The first part encompassed different modelling techniques and methods 
of determining inverse solutions for volume conductor problems in both electroencephalography 
and electrocardiology. Here, an inverse solution characterizes the neuronal source responsible for 
the potential distribution measured on the surface of the scalp. 

Through this survey, I acquired: (a) an understanding of potential theory as applied to volume 
conduction problems involving the human head in which an embedded current dipole represented 
the source, (b) a greater understanding of neuro-anatomy and the neurophysiological processes 
that take place in the cerebral cortex, and (c) an appreciation of the clinical significance of the 
cerebral electrical fields recorded on the surface of the scalp which provide the identification of 
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structural and functional features of certain brain disorders. 
The second part of the literature survey concentrated on understanding the theory and applica

tion of adaptive signal processing techniques. From this survey, I gained an understanding of how 
to implement adaptive signal filtering techniques and adaptive filtering algorithms and how each 
operates in conjuction with the other. In particular, I studied the technique of 'beamforming', its 
origins and its application in processing EEG signals. This changed the emphasis of my research 
slightly to enhancing epileptiform activity from deep epileptogenic foci within the brain rather 
than detecting and localizing. Beamforming was first applied to simulated EEG signals in 1992 by 
Spencer et al. [1992] and Van Veen et al. [1992]. However, neither group performed an in-depth 
analysis of the behaviour and characteristics of the beamformer, for example, how dependent the 
beamformer is on: number of scalp electrodes, recording montage, background EEG, magnitude, 
location and orientation of the dipole source. In addition, neither group have tested the beam
former on real EEG records containing epileptiform activity. 

In order to carry out an extensive evaluation of the beamforming technique applied to both 
simulated and real records, I wrote software in Matlab and C. 

This thesis comprises seven chapters. Each chapter provides a short introduction outlining its 
purpose and contents and concludes with a brief summary of its most important points. In addition, 
those chapters presenting original work include a discussion of the characteristics and significance 
of the original contributIons. The contents of'each chapter is summarized below. 

Chapter 1 presents a brief overview of the electroencephalogram (EEG). The concepts of neu
rophysiology which are relevant to the generation of the EEG waveforms and hence to the rest of 
the thesis are described. These include the neurons and mechanisms responsible for the propaga
tion of the action potential, the anatomy of the cerebral cortex and the relationship of the to 
the activation of the brain. The various recording methodologies are described and any problems 
associated with each is identified. Next, a brief review of the features of both normal background 
EEG activity and abnormal EEG activity, with particular emphasis on the wave characteristics 
observed in records containing epileptiform abnormalities. The chapter concludes with an 
overview of the different signal processing techniques commonly used on EEG records, and other 
procedures used in the detection and localization of epileptiform activity. 

In chapter 2 the application of adaptive signal processing techniques to a number of different 
fields is introduced. In particular, the adaptive interference cancelling concept, which provides the 
fundamentals upon which this thesis is based is discussed. The mathematical notation and conven
tions used throughout the rest of the thesis are explained. The stochastic gradient-search and least 
squares adaptive algorithms are described and the mathematical formulation of each algorithm is 
provided. The beamforruing technique is introduced and its implementation for use in processing 

signals is described. 
The use of a current dipole to represent the epileptogenic focus is described in chapter 3. 

A review of the different spherical modelling techniques used in electroencephalography is also 
presented. In particular, a three-layered piecewise homogeneous spherical model which is used 
throughout this thesis to determine the potential distribution on the surface of the scalp is described 
in more detail. The mathematical formulation of this model and its application in the beamformer 
is introduced. The procedure for setting up the simulations for use in the beam former is described. 
This chapter concludes with the deVelopment of the performance measure used to assess the beam
former's ability to enhance EDs. 

Chapter 4 presents original investigations and analysis of important aspects of applying the 
beamformer to EEG records. In this chapter, two types of simulation studies are performed. The 
first type investigates the dependence of the beamformer on: the number of electrodes; the record-
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ing montage; the background EEG, the magnitude, location and orientation of the dipole source. 
The second set of simulations concentrates on the sensitivity of the beamformer to inaccuracies in 
eccentricity, polar location, and azimuthal location. 

Application of the beamforming technique to real EEG records containing either definite 
and/or questionable focal epileptiform activity is investigated in chapter 5. The search method 
employed to determine the optimum location of the epileptogenic source in the brain, responsible 
for producing each epileptiform EEG record is described. This chapter provides a preliminary 
evaluation of the beamformer's ability to enhance real EDs and its potential for application in clin
ical neurophysiological investigations. 

Chapter 6 addresses the characteristics, performance and hence the suitability of different 
adaptive algorithms for use in the beamformer to process EEG signals. Simulations comparing 
two stochastic gradient-search algorithms: least-mean squares (LMS) and normalized least-mean 
squares (NLMS) and two least squares algorithms: recursive least squares (RLS) and exponentially 
weighted recursive least squares (EWRLS) is conducted. The performance of each algorithm is 
evaluated in terms of the inline ER performance measure, its rate of convergence to the minimum 
mean-squared error, percentage misadjustment, and its computational cost. 

Finally, in chapter 7, conclusions on the original work presented in chapters 4 to 6 are given 
along with suggestions for further research. 

Publications and presentations prepared during the course of this thesis are listed below: 

WARD, D.-M., BONES, P. J. and TOBIN, W. (1993), 'Astronomical speckle imaging at the Mount 
John University Observatory', First Joint Meeting of the 70 th AGM of the RASNZ and the 27 th 
AGM of the ASA, p. 15. 

WARD, D.-M., JONES, R and BONES, P. (1995), 'Enhancement of deep epileptiform activity in 
the EEG via adaptive spatial filtering' , Proceedings of Engineering and Physical Science in Medi
cine Conference and 3rd Asia/Pacific Regional Conference of the IEEE Engineering in Medicine 
and Biology Society, p. 65. 

WARD, D.-M., JONES, R and BONES, P. (1996) 'Adaptive spatial filter to enhance epileptic 
signals in the electroencephalogram', Proceedings of the 3rd New Zealand Conference of Post
graduate Students in Engineering and Technology, pp. 109-114. 

WARD, D.-M., JONES, R, BONES, P. and CARROLL, G. (1997) 'Adaptive spatial filter to 
enhance deep epileptiform activity in the EEG', New Zealand Medical Journal, in press. 

WARD, D.-M., JONES, R, BONES, P. and CARROLL, G. (1997) 'Enhancement of deep epil
eptiform activity in the EEG via 3-d adaptive spatial filtering' , Submitted to IEEE Transactions on 
Biomedical Engineering. 

In addition, the following papers, which relate to my Masters thesis work, were prepared dur
ing my period of doctoral study: 

HEARNS HAW, J., WARD, D.-M. and WATSON, L. (1994) 'Lucifers: a photoelectric radial-
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velocity spectrometer', Experimental Astronomy, Vol. 5, pp. 141-146. 
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Chapter 1 

THE ELECTROENCEPHALOGRAM 

The primary source of bioelectric signals is the electrical potential difference developed across a 
cell membrane due to its permeability and cross-membrane difference in ion concentration. Polar
ization of the membrane in this way generates an intracellular potential of approximately -70 m V 
with respect to the extracellular fluids. External stimulation by subcortical pacemakers or impulses 
arriving from other neurons via the synapses can produce depolarization of the membrane which 
is spontaneously followed by repolarization, thereby causing an electric current to flow along the 
membrane of the body and dendrites of the neuron. These changes produce an action potential, 
which is propagated along the axon of a neuron and induces sma:Il ionic currents in neighbour
ing membrane parts and surrounding conducting medium. As a result, in the case of the brain, a 
potential distribution which varies in amplitude, time and space is produced on the surface of the 
scalp. The electroencephalogram (EEG) is a recording of this distribution by means of a set of 
electrodes placed on the surface of the scalp. 

The EEG is an important noninvasive diagnostic tool used in (a) the study of neurological dis
orders such as epilepsy, (b) detection and localization of cerebral brain lesions and tumours, (c) 
the diagnosis of certain mental disorders, (d) monitoring of anaesthesia and sleep patterns, and (e) 
observation and analysis of brain reponses to sensory stimuli [Fisch, 1991]. 

This chapter begins by presenting a brief history of the EEG. Following this is a description of 
the principal components of the nervous system responsible for the generation of the EEG. Next, 
the various recording methodologies are discussed and the problems inherent in each are identi
fied. A review of both normal and abnormal EEG activity with particular emphasis on epileptiform 
activity and its origin are presented to familiarize the reader with the fundamental principles under
lying electroencephalography. Various EEG signal processing techniques, which provide a means 
of more accurately analysing the EEG than can be obtained by visual inspection are discussed. 
Lastly, a number of other clinical procedures used in localization of epileptiform activity such as 
field mapping, anatomical and functional imaging are briefly described. 

1.1 HISTORY OF THE EEG 

The recording of the spontaneous electrical activity of the brain from the cerebral cortex of ani
mals was first demonstrated in 1875 by Richard Caton, a British physiologist [Caton, 1875]. His 
experiments demonstrated the existence of low-amplitude electrical currents in the brains of ani
mals. Approximately 50 years later, in 1924, Hans Berger, a German clinical neuropsychiatrist at 
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the University of Jena in Austria, performed the first human EEG recordings. He pasted electrical 
metal strips onto the scalp of patients to serve as recording electrodes and recorded the activity 
with a sensitive galvanometer. This enabled Berger to measure the irregular and relatively small 
electrical potentials emanating from the brain. He named the recording the 'electroencephalo
gram'. Berger characterized the brain electrical activity as a combination of rhythmic sinusoidal 
like fluctuations in voltage with a frequency of 1 - 60 Hz. Berger also concluded that neurological 
disorders such as epilepsy, trauma, and tumours greatly affected the electrical activity recorded on 
the surface of the scalp. 

It was not until 1934, when Berger's observations were repeated and confirmed by Adrian and 
Matthews in England [Adrian and Matthews, 1934], that Berger's findings were finally accepted. 
However, their interpretation of the observed rhythm was based on the view that the activity orig
inated from the occipital lobes alone, since a larger signal was observed in this region, whereas 
Berger assumed the whole cortex was responsible for the generation of the rhythm. In the late 
1930's and 1940's, interest in electroencephalography finally became widespread. Many research 
groups demonstrated the significance of the EEG and its importance in understanding the neuronal 
mechanisms which lead to the generation of the EEG. Nowadays, the EEG is used as a routine 
clinical procedure in the diagnosis of many neurological disorders. 

1.2 NEURONS IN EEG GENERATION 

The human nervous system consists of two distinct varieties of cells: nerve cells, or neurons, and 
the support cells or glia. It is estimated that the human brain contains approximately 1010 neurons 
[Nunez, 1981] but ten times more glia [Empson, 1986]. Glia provide the appropriate environment 
for neuronal function and myelination ofaxons while neurons form the functional unit of the ner
vous system. 

The specific function performed by a neuron is dependent upon the properties of its extracellu
lar membrane. This membrane fulfils five functions: (1) it serves to propagate electrical impulses 
along the length of the axon and of its dendrites, (2) it releases neurotransmitter molecules at the 
extremity of the axon, (3) it reacts with these neurotransmitter substances in the dendrites of the 
cell body, (4) it reacts to the electrical impulses which are transmitted from the dendrites and will 
generate an electrical impulse if a certain post-synaptic threshold potential is exceeded, and (5) it 
enables the neuron to recognise which other neurons it should be connected to [Noback, 1967]. 

1.2.1 The Neuron 

A neuron is identified by four main parts, namely, the cell body (also called soma or perikaryon), 
the axon, the synapses, and the dendrites as shown schematically in Figure 1.1. The cell body 
contains organelles such as the nucleus, neuroplasm Nissl substance, mitochondria, neurofibrils, 
lycosomes, endoplasmic reticulum and the Golgi apparatus [Noback, 1967; Duffy et al., 1989]. 
The cell body is the metabolic centre of the neuron which performs the biochemical transforma
tions to synthesize enzymes and other molecules essential to the life of the neuron. The cell body 
is several microns in diameter and is surrounded by the neuronal membrane which serves to sepa
rate the cell contents from the extracellular fluid. 

The axon, or nerve fibre, conducts signals emitted by the cell body of a neuron to its terminal 
endings. It is tubelike and extends from the cell body by as little as 1 mm to as much as 1 m in 
length [Duffy et al., 1989], terminating in many finely divided axons, each forming a specialized 
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tenninal called a synaptic knob or a tenninal button. These synaptic knobs fonn synapses with 
the cell bodies, axons or dendrites of other neurons. The synapse is the site of functional contact 
between axon tenninals and other cells through which the neuron transmits infonnation to other 
cells. The axon is often covered by a layer of myelin which contains pronounced indentations 

Soma 

.....-------- Myelin sheath 

Axon ~ ...... -------- Node of Ranvier 

A.~..;:::------- Axon terminal 

Synapses "'---- Synaptic knob 

Figure 1.1 Schematic diagram of a neuron displaying the main structural features. 

known as nodes of Ranvier (Figure 1.1). The role of the myelin sheath is to insulate the axon 
which aids in the fast conduction of electrical signals. The primary function of the axon is to 
conduct signals from a neuron cell body to one or more other neurons in the fonn of an electrical 
impulse to the synaptic tenninals in order to trigger synaptic transmission. Its secondary function 
is to transport neurotransmitters synthesized by the cell body through the axoplasm to the synaptic 
tenninals and back to the cell body [Duffy et al., 1989]. This process is commonly referred to 
as axoplasmic transport, or simply, axon transport. A very small space of the order of 0.010 Mm, 
called the synaptic cleft, exists at the synapse between the axon tenninal of one neuron and the cell 
body, axon or dendrite of another neuron (Figure 1.2). 

The dendrites are characterized by small mUltiple arborizations of the cell body (similar to 
branches of a tree), and act as the input points for signals to the neuron. They receive signals from 
synaptic connections with axons and conduct these signals toward the cell body. The dendrites 
are fine tubular extensions between 1 and 10 Mm in diameter and 10 to 100 Mm in length. The 
dendrites serve to extend the receptive surface of the neuron as they are covered in synapses. 

Most neurons in the human nervous system are referred to as multipolar, that is, they contain 
one axon and several dendrites each. This property enables the neuron to make several thousand 
synaptic connections with other neurons resulting in at least 1014 synapses in the human brain 
[Nunez, 1981]. 
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Figure 1.2 Schematic diagram of synapse between synaptic knob of one neuron with the cell body of 
another neuron. The synaptic vesicles, mitochondria, presynaptic membrane, postsynaptic membrane 
and the synaptic cleft are also displayed. 

1.2.2 Nerve Impulse Propagation 

The membrane of a neuron serves to maintain a potential difference between the interior of the 
neuron and the extracellular fluid. At rest, this potential difference is of the order of -70 m V. In 
order to maintain this difference, the neural membrane acts as an ion pump which ejects or attracts 
certain ions via specific ion channels located along its length. The membrane reacts to the elec
trical impulses transmitted to it by the dendrites and responds in a manner defined by its different 
ion pumps. 

The propagation of impulses generated by the cell body of the neuron takes place using the 
mechanism of ion pumps and channels present in the axonic membrane. The ion pumps maintain 
a difference in concentration of the sodium (Na) and potassium (K) ions between the axon and the 
external medium. Their role is to expel Na ions and to capture K ions. The channels are distributed 
along the axonic membrane and serve to permit or deny the passage of Na or K ions. 

At rest, when no impulses are being transmitted, the channels are closed and the pumps main
tain a negative potential in the axon. When a nerve impulse, generated by the cell body, is prop
agated, the potential difference between the axon and the external medium increases, known as 
depolarization. Once the critical threshold level of -30 to -50 m V [N oback, 1967] is reached the 
N a channels open immediately in advance of the nerve impulse. The effect of the entry of the 
N a ions into the axon is to reverse the previous potential difference (-70 m V), and thus the nerve 
impulse is propagated further. The K channels open automatically immediately after the opening 
of the Na channels. This provokes a re-inversion of the potential difference, known as repolar

ization, in the axon and returns the axon to its initial resting potential difference. This total event 
in which the transmembrane potential rapidly changes from negative to positive and then, more 
slowly, recovers is referred to as the action potential. 

When an action potential arrives at the end of an axon connected via a synapse to a dendrite, 
it causes the liberation of a chemical substance from the vesicles in the form of a neurotrans
mitter across the membrane of this synapse. This neurotransmitter diffuses to the post-synaptic 
membrane of the dendrite, axon or cell body where, by opening a chemically sensitive channel (a 
neuroreceptor), it provokes the creation of a post-synaptic potential. This post-synaptic potential 
is then propagated along the length of the dendrite to the cell body of the neuron. A summation of 
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post-synaptic potentials may lead to generation of an action potential. 
There are a number of different neurotransmitters at the synapses. Excitor neurotransmit

ters, such as acetylcholine and epinephrine, act by producing an excitatory post-synaptic potential 
(EPSP) in the target neuron. In contrast, inhibitor neurotransmitters, containing 1'-aminobutyric 
acid (GABA), hyperpolarize the membrane, reducing its excitability and hence preventing the 
generation of action potentials at the synapses where they are present, resulting in an inhibitory 
post-synaptic potential (IPSP). 

1.2.3 Stratified Appearance of the Cerebral Codex 

With the exception of the hippocampal region of the temporal lobe, the cerebral cortex can be 
described as six stratified regions (Figure 1.3) due to the differences observed in the relative den-

Surface of cerebral cortex 

-------------------------------------------------------------
I 

II 

III 

IV 

V 

VI 

Figure 1.3 Schematic diagram of the stratified appearance of the cerebral cortex. The neurons dis
played are the pyramidal (P), stellate (S), granule (G), Martinotti (M) and horizontal cells of Cajal 
(H). 

sities of different types of neurons at different cortical depths [Nunez, 1981]. These six horizontal 
layers, beginning at the cortical surface are: (I) plexiform or molecular layer, (II) external granular 
layer, or layers of small pyramidal cells, (III) layer of medium-sized and large pyramidal cells 
(Betz cells), or external pyramidal layer, (IV) internal granular layer, or layer of small stellate and 
pyramidal cells, (V) inner or deeper layer of large pyramidal cells, and (VI) spindle cell layer or 
layers of fusiform cells, or multiform cells. Layer I contains dense arborizations of dendrites and 
axons known collectively as neurophils. It is believed that both IPSPs and EPSPs originating in 
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this layer are primarily responsible for the production of the waveforms recorded in the EEG [Fen
wick, 1986; Duffy et ai., 1989; Fisch, 1991]. 

The cerebral cortex is arranged into vertically oriented homogeneous columns about 200 -
300 J..lm in diameter [Szent£'igothai, 1978; Nunez, 1981]. The cortex contains five main types of 
neurons, namely the pyramidal neurons, the stellate neurons, the horizontal cells ofCajal, the cells 

of Martinotti, and the polymorph neurons, as shown in Figure 1.3. 
The pyramidal cells and the stellate cells are the most common, with approximately 4.5 billion 

pyramidal cells and 3.5 billion stellate cells in the cerebral cortex. The pyramidal cells, so called 
for their pyramid-shaped cell body, occupy cylindrical volumes with both axon and dendrites 
aligned perpendicular to the cortical surface. The apical dendrites observed in pyramidal cells 
typically extend upwards to lateral distances of 300 J..lm, terminating as several branches in the 
molecular layer of the cerebral cortex. Conversely, the basilar dendrites are horizontally directed 
but also extend upwards from the base of the cell body. Each axon contains branching axons which 
tend to remain within the cortical field immediately surrounding the pyramidal neuron. 

In contrast, the stellate cells, which include granule cells and Golgi type II cells, have star
shaped cell bodies and occupy spherical volumes. They have numerous short dendrites and a short 
axon which arborize in the immediate area of the cell body. They can be found in any of the layers 
of the cortex. 

The horizontal cells of Cajal are small neurons located in the molecular layer of the cerebral 
cortex. Their dendrites and axons are oriented horizontally and hence these neurons are arranged 
parallel to the cortical surface. The cells of Martinotti are multipolar neurons with short branching 
dendrites. Each cell, which contains a myelinated axon, extends into the molecular layer of the 
cerebral cortex whereas its horizontal dendrites extend into different layers. Polymorph (multi
form or fusiform) neurons are essentially modified types of pyramidal cells in that their cell bodies 
have a multitude of shapes. They are located in layer IV of the cerebral cortex with their dendrites 
extending to the more superficial cortical layers. 

The recording of electrical activity from any of the above mentioned cells via an array of elec
trodes placed on the surface of the scalp requires a sufficiently large potential field to be generated 
in the extracellular space surrounding the neurons. Hence, a relatively large region on the surface 
of the brain must become either negative or positive for a measurable voltage to be recorded over 
the surface of the scalp. Taking into consideration the placement of electrodes on the surface of the 
scalp in relation to the cortical surface, large numbers of vertically oriented sources are necessary. 

The pyramidal cells provide the most likely source of the majority of such electrical fields 
(Figure 1.3) for three main reasons. Firstly, the pyramidal cells are oriented perpendicular to the 
cortical surface, with their apical dendrites ending superficially in layer I of the cerebral cortex, 
with their cell bodies located in deeper layers II - IV and to some extent layer V. This has the 
effect of guiding the flow of currents generated either in deeper layers of the cortex or in superfi
ciallayers through the thickness of the cortex. Secondly, these neurons are located close together 
and oriented parallel to each other resulting in an ease of spatial summation of the currents gen
erated by each neuron. Thirdly, populations of these neurons receive similar impulses from other 
neurons and hence, respond with potential changes of similar direction and timing [Fisch, 1991]. 
The current flow due to the EPSP and IPSP could produce a potential field which is either nega
tive or positive in the dendritic zone and of opposite polarity some distance from the surface, thus 
constituting a radial dipole. 

The rhythmic variations in potential that characterize the scalp EEG appear to be the sum
mation of synchronized variations in the synaptic potentials (EPSPs and IPSPs) of large numbers 
of neurons in the cerebral cortex. These neurons make synaptic contact with the dendrites of the 
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vertically-oriented pyramidal cells whose apical dendrites extend to the molecular layer of the 
cerebral cortex, being closest to the cortical surface. 

1.3 RECORDING EEGS 

In comparison to the electrocardiogram (ECG) which contains only 5 waves which repeat with 
regularity (P, Q, R, Sand T, or more commonly, the P wave, the 'QRS' complex and the T wave 
[Guyton, 1971]), the EEG exhibits continuous electrical activity with considerable variability and 
is different in both frequency and amplitude over different areas of the brain. The electrical activ
ity recorded on the surface of the scalp is very complex due to the neuronal activity occuring 
in the cerebral cortex. It also differs considerably from that recorded on the cortex, via electro
corticogram (ECoG) techniques, due to the presence of an inhomogeneous conducting volume 
between the cortex and the scalp. This comprises the cerebrospinal fluid (CSF), the skull, and the 
scalp tissue. Geisler and Gerstein [1961] and Cobb and Sears [1960] have shown that the high 
conductivity of the CSF layer allows for significant current flow parallel to the surface of the scalp 
thereby creating an attenuation of the scalp potential variation. 

The conductivity of the brain and scalp tissues has been shown to be approximately 80 times 
that of the skull bone [Rush and Driscoll, .1969]. Consequently, the skull inhibits the flow of cur
rent between the cortex and the scalp, resulting in greater attenuation of the potentials recorded 
on the surface of the scalp. In addition, the conductivity of the skull is higher for current flow 
parallel rather than perpendicular to the surface of the scalp [Rush and Driscoll, 1968; Henderson 
etal., 1975]. Therefore, the effect of the skull on the potentials recorded on the surface of the scalp 
is twofold: (1) it attenuates the potentials, and (2) it acts as a spatial low pass filter of the poten
tials. Consequently, the combined attenuation effects of the intervening CSF and skull reduces the 
amplitude of the signals recorded on the surface of the scalp to as small as 10 200 M V peak-to
peak at frequencies of 0.5 100Hz compared with those recorded directly on the surface of the 
cortex (10 m V peak-to-peak) [Delucchi et aI., 1962]. EEG electrodes attached to the surface of 
the scalp are capable of recording this electrical activity. 

Simultaneous recording of the brain's electrical activity from multiple points on the scalp over 
a prolonged period of time is required to describe the features of the normal EEG and to help 
identify and localize abnormalities. In an effort to standardize the electrode systems used, Her
bert Jasper, in 1958, suggested adopting the 10--20 International System of Electrode Placement 
[Jasper, 1958]. This system has now been adopted in most EEG recordings since it provides scalp 
locations which correlate well with the underlying cerebral structures of the cerebral cortex. Fig
ure 1.4 shows the main regions of the brain: the cerebrum, the brain stem, and the cerebellum. The 
outer layer (5 - 6 mm) of the cerebrum, termed the cerebral cortex (gray matter) comprises four 
main regions, namely, the frontal, parietal, occipital, and temporal lobes [Duffy et aI., 1989]. 

1.3.1 The 10-20 International System 

Standard skull landmarks are used to locate the position ofthe electrodes to be placed on a patient's 
scalp. The term 10-20 refers to the separation of the electrodes by either 10% or 20% of the total 
distance between given pairs of skull landmarks. Hence, the great variation in head size and shape 
between patients is compensated for. 

Electrode positions are designated in relation to the underlying brain areas (frontal pole (Fp) , 
frontal (F), central (C), parietal (P), occipital (0), and temporal (T» to which they correspond. 
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Figure 1.4 The major regions of the cerebral cortex. Adapted from Noback [1967]. 

Each letter has an accompanying single digit number, where odd numbers designate left-side and 
even numbers designate right-side electrode locations. 

For anteroposterior measurements, the distance between the nasion (indentation where the 
nose joins the forehead) and inion (prominent protrusion at the back of the head) over the vertex 
in the midline are used [Jasper, 1958]. Five points are located along this line, designated Fp, F, 
C, P, and 0 respectively. The first point (Fp) is 10% of the nasion-to--inion distance above the 
nasion; the second electrode (F) is located behind Fp at a distance of 20% of the nasion-to--inion 
distance; (C) is behind F at an equivalent distance of 20%, and so on for P and O. Laterally placed 
electrode measurements use the central coronal plane between the left and right preauricular points 
(depressions above the angle of the cheekbone just in front of the ear), designated Al and A2 
respectively over the vertex [Empson, 1986]. 

A total of 19 electrode positions are located on the surface of the scalp. Inclusion of the earlobe 
electrodes Al and A2 constitutes the 21 standard electrodes used in the 10--20 International System 
displayed in Figure 1.5. With a total of 21 electrodes, an EEG usually displays at least 8 derivations 

(i.e., channels of EEG) simultaneously to be meaningful, where a derivation is a particular pair of 
electrodes connected to a single amplifier, in order to provide adequate spatial information of the 
brain's electrical activity. Although a larger number of possible derivations are available, most of 
these can be eliminated since they incorporate different interelectrode distances which render the 
interpretation of the EEG difficult. 

A number of different derivations displayed simultaneously in an EEG is called a montage. 
Various montages are used to enable easy and accurate EEG interpretation. Some commonly used 
montages are discussed below. 
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Figure 1.5 The 10-20 International System of electrode placement. 

1.3.2 Referential Montages 

The referential montage involves the simultaneous recording of the potential differences between 
each scalp electrode and a common reference electrode. Each scalp electrode is connected to 
the input of a differential amplifier, with the common reference electrode connected to the other 
input of all the amplifiers. The major advantage of referential montages is that by employing a 
common reference, the amplitudes of the waveform can be compared between derivations (see 
Figures 1.6(a) and 1.6(c) in particular). The major disadvantage of referential montages is that no 
ideal reference electrode (Le. a passive electrode) has been determined that is unaffected by cere
bral electrical activity. For example, the earlobe electrodes Al and A2, located near the temporal 
lobes become active (non-zero potential) references if a large amount of activity is occurring in 
these regions of the brain. Conversely, reference electrodes located off the head are more suscep
tible to ECG, EMG, and 50 Hz interference (discussed in § 1.3.5). 

Oken and Chiappa [1988] recommended using the ipsilateral-ear reference (i.e., an electrode 
array on one hemisphere is referenced to an electrode located on the earlobe on the same side 
of the head). This method has two advantages: (1) an undistorted display of the amplitude and 
morphology of potentials is obtained and (2) a reduction in electromyographic (EMG) artifacts 
commonly observed in EEG recordings, and (3) if one of the ear electrodes becomes active, it is 
more obvious to the EEGer due to the major discontinuity observed in the EEG at the midline of 
the head. 

Other authors, Duffy [1981] and Fred et al. [1989], adopted another method which involved 
the connection of both earlobes together, commonly referred to as the linked-ear reference. Other 
reference sites have been proposed, notably the jaw, the chin, the tip of the nose, and the neck 
[Sorel, 1969]. However, these sites have not been successful due to contamination of all channels 
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by both ECG and EMG artifacts. Walter et al. [1984] and Nuwer [1988] have both suggested 
using several different references in succession to identify any reference sites affected by cerebral 
electrical activity. 

Four different electrode arrays are used in clinical investigations, namely ipsilateral--ears, 
linked--ear, averaged, and vertex, discussed in § 3.3.4. Some examples of the various waveform 
patterns produced by the ipsilateral--ears referential montage are shown in Figure 1.6. The ipsilat
eral ear reference is one of the montages that has been employed in the thesis and is described in 
more detail in chapter 3. 

1.3.2.1 Average Potential Reference 

Another referential montage referred to as the 'Goldman-Offner reference', derived from a sim
ilar technique used in ECG recording by Wilson and colleagues in 1934, involves summing the 
voltages recorded from each electrode and averaging the result [Duffy et al., 1989]. This average 
potential is employed as a common reference and, like the common reference electrode used in 
the referential montage, is connected to one input of all the differential amplifiers. Similarly, each 
scalp electrode is connected to the other input. 

The disadvantage of the average potential reference is that large eye movement artifacts are 
detected by electrodes Fp1 and Fp2 and high-amplitude vertex waves associated with stage II 
sleep are of maximum amplitude on electrode Cz, and both artifacts contaminate the average. 
For this reason these electrodes are often excluded in the calculation of the average. In addition, 
electrodes F7, F8, Fz, and pz are often excluded for the same reason, leaving a total of only 14 
electrodes in the average potential determination. 

The average potential reference is not in common use and has not been employed in the work 
presented in the thesis. 

1.3.3 Bipolar Montages 

The bipolar montage displays the recorded potential difference between two adjacent electrodes 
on the surface of the scalp, where both electrodes are considered to be active. Electrodes in a 
bipolar montage are connected sequentially with each connected to both the second input of the 
first derivation and the first input of the next derivation. Various electrode array configurations are 
possible, but the bipolar montages used clinically are usually restricted to longitudinal, transverse, 
longitudinal-transverse, and circumferential chains. Figure 1.7 demonstrates the waveform pat
terns produced using the longitudinal bipolar montage for the same dipole locations as those used 
in Figure 1.6. The major advantage of bipolar sequential montages is the phase reversal which 
occurs around focal events such as spikes as shown in Figures 1.7(a) and 1.7(b). This helps the 
EEGer to both detect and localize focal epileptiform events. The major disadvantage of bipolar 
montages is the loss of absolute amplitudes of activity, thus making it impossible, for example, to 
reformat to referential or other bipolar montages. 

The longitudinal bipolar montage is the other recording montage which is used in this thesis 
and is described more fully in chapter 3. 
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Figure 1.6 EEG waveform patterns using the ipsilateral-ears referential montage. Each waveform is deter
mined by subtracting the electrode potential from the reference potential (A2 in these cases shown), A surface
negative pointing source (dipole) produces an upward-pointing waveform, The minus sign and arrow indicates 
the location of a radially oriented dipole in the two-dimensional and three-dimensional diagrams respectively. 

1.3.4 Recording Electrodes 

11 

In order to measure and record potentials and, hence, deduce currents in the brain, it is necessary to 
provide some interface between the brain and the electronic measuring equipment This interface 
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Figure 1.7 EEG waveform patterns using the longitudinal bipolar montage for the same locations as those 
used in Figure 1.6. Here, each waveform is determined by subtracting the electrode potential from the next 
electrode potential in the chain. Similarly, a surface-negative pointing source (dipole) produces an upward
pointing waveform. The minus sign and arrow indicates the location of a radially oriented dipole in the 
two-dimensional and three-dimensional diagrams respectively. 
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is provided by recording electrodes. Each electrode acts as a transducer to convert an ionic current 
from the brain into an electronic current in the measuring apparatus. The electrical characteristics 
of recording electrodes are determined primarily by the type of electrode used. Essentially, there 
are seven types of electrodes in common use for measurement of the EEG [Carr and Brown, 1981; 
Duffy et al., 1989; Fisch, 1991]; 

1. Scalp silver discs/pads/cups with stainless steel rods and chlorided silver wires, more 
commonly referred to as silver-silver chloride (Ag-AgCI) electrodes. These electrodes are 
attached to the surface of the scalp via a rubber framework or collodian glue to maintain 
the position of the electrode during recording mode. A conductive saline pad or electrolytic 
paste/gel is used to achieve a low impedance skin-electrode (and low contact potential) 
interface. 

2. Sphenoidal thin insulated platinum wire with chlorided tips which are inserted, under 
local anaesthesia, below the inferior surface of the skull by a spinal needle. Used to help 
increase sensitivity of recording of activity from the basal and mesial temporal cortex. The 
electrodes can be left in place for several days for continuous EEG recording. 

3. Zygomatic ordinary disc electrodes which are positioned below and anterior to the tem
poral electrodes T1 and T2.· Primarily used to record activity emanating from the tips of the 
temporal lobes. 

4. Nasopharygeal insulated silver wire with a 2 5 mm silver or gold-plated silver ball at the 
tip which is inserted through the nostrils into the posterior-lateral nasopharynx, with their 
tips located immediately under the anterior portion of the mesial temporal lobe surface. 
These electrodes are used to monitor activity from medial temporal lobe structures such 
as the uncus, hippocampus and orbitofrontal cortex. They are highly susceptible to ECG 
artifacts and are uncomfortable to patients due to local irritation of the nasal mucosa. 

5. Ethmoidal - insulated silver wire (1.5 - 2 mm in diameter) with a bulbous tip which is 
inserted under topical anaesthesia through the nostrils. Used to record activity from the 
mesial surface of the orbitofrontal cortex but are susceptible to eye and ECG artifacts. Pro
duces unpleasant side effects such as sneezing and crying due to local irritation of the nasal 
and conjunctival mucosa. 

6. Electrocorticographic metal balls or cotton wicks soaked in a saline solution attached to 
insulated teflon stainless steel wires which are placed directly on the surface of the cortex 
during neurosurgery. Used to localize more precisely sites of epileptiform activity on the 
outer surface of the brain. 

7. Intracerebral - evenly spaced platinum or stainless steel disc electrodes embedded in 
sheaves of teflon-coated gold or platinum wires which are stereotaxically implanted to con
firm the presence of a clinically suspected focus in difficult-ta-reach regions of the brain 
such as the amygdala. 

With the exception of, and in comparison to, the scalp electrodes, the above mentioned electrodes 
provide increased sensitivity and precision in localization of the EEG activity by rendering the 
basal regions of the frontal and temporal lobes more accessible to EEG recording. This is achieved 
only at the expense of the recording method being considerably invasive. In contrast, this thesis 
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is concerned primarily with a technique for achieving increased sensitivity to deep epileptiform 
activity and indirectly with localization of such activity by processing of the multi--channel EEG 
recorded non-invasively by scalp electrodes. 

1.3.5 Artifacts 

Artifacts are signals recorded in the EEG whose origin is not due to cerebral activity. The most 
common artifacts encountered in EEG recordings can be classified as external electrical inter
ference from power lines or other electrical equipment, internal bioelectrical instrumental mal
functioning of electrodes, amplifiers, etc., electrode effects, and physiological originating from 
the patient's body (e.g., eyes, muscles, heart, etc.). These artifacts are summarized below [Duffy 
et al., 1989; Fisch, 1991]: 

• Electrical Interference - the most common form of interference is due to inductive and 
capacitive coupling of magnetic and electric fields respectively from nearby mains--operated 
equipment. The induced voltages and currents appear at the mains frequency (and harmonics 
thereof) and are typically called hum. Hence, this type of interference is typically observed 
on all EEG channels. High frequency electromagnetic radiation (e.g., from radiolTV sta
tions, cell phones, cardiac pacemakers' or other medical equipment such as diathermy) can 
also cause interference by being demodulated to biological frequencies through non-linear 
amplification in instrumentation. 

.. Instrumental Malfunctioning - instrumental artifacts can arise in two different ways. They 
are caused by components malfuctioning in all channels, or by a single malfunction in one 
channel which is then cross--coupled into other channels via the electrical circuitry. Other 
sources of artifacts may be the power supply of the EEG, the switch which produces the 
calibration pulses in the calibrator or in the potentiometer that adjusts the amplitude. 

III Electrode Effects - another problem is that due to electrode-induced artifacts which result 
from the actual skin-electrode interface. When a metallic electrode comes in contact with 
an electrolytic material such as the skin, it in effect forms a battery. Ions from the skin tend 
to combine with ions in the metal electrode and ions in the metal electrode tend to migrate 
towards the skin. This action sets up a halfcell potential at the skin-electrode interface 
[Carr and Brown, 1981]. Spontaneous changes in this potential can appear in the bioelectric 
signal as electrode pop. Other artifacts are produced by movement of the electrodes on the 
scalp - mechanical displacement which causes a change in the thickness of the layer of 
conductive paste which results in changes in both the electrical impedance and the electrode 
offset potential. 

III Electrocardiogram (ECG) - these are voltage changes generated by the heart. They are 
the easiest artifacts to recognize in EEG recordings due to their regularity and distinctive 
morphology, occurring either in all channels when a common reference is employed or only 
in one or a few channels when a bipolar montage is used. Most ECG artifacts are removed 
by differential amplifiers used in EEG recording . 

.. Electromyogram (EMG) - these are muscle bursts and spikes, originating from the mus
cles of the head, namely, the frontalis muscle, the masseters, sternomastoids and temporal 
muscles (i.e., through movement of the jaw or facial muscles, grinding of the teeth, trem
bling, etc.). Muscle artifacts are readily identified by their shape and repetition and are 
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characterized by either prolonged bursts of high frequency activity or by very sharp spikes 
of short duration. 

It Electro-oculogram (EOG) - these artifacts arise from eye movements due to changes in 
the relative positioning of the d.c. potential between the front and back of the eyeballs. 
Thus blinking (which causes brief upward eye movements) and other eye movements can 
cause distinctive changes in potential on frontal electrodes, especially Fpl and Fp2 (see 
Figure 1.5). In a longitudinal bipolar EEG recording, blinking or closing the eyes produces 
a downwards deflection in potential while opening the eyes causes an upward deflection in 
potential observed predominantly on channels Fpl-F3 or Fpl-F7. Eye movement artifacts 
are typically identified by their frontal distribution, their symmetry occurring on the two 
sides and their characteristic morphology. 

" Skin Potential - perspiration or stimulation of the skin causes a change in the impedance 
or contact between the electrode and the skin, which is observed at low frequencies (0.5 -
4Hz) of the EEG. Perspiration artifact usually appears in more than one channel and may 
be lateralized or asymmetric. 

1.4 CLINICAL EEG PROCEDURES 

A number of clinical EEG recording procedures are undertaken. These include standard, paedi
atric, ambulatory, closed-circuit TV, suspected cerebral death recording, and evoked potentials. 
Unless otherwise specified, the major sources of information for the following subsections are 
Empson [1986], Duffy et al. [1989], and Fisch [1991]. 

1.4.1 Standard 

In a routine EEG recording, at least 16 electrodes, placed according to the International 10-20 
system, are used to simultaneously record the activity on at least 8 channels. Recordings include 
at least one longitudinal bipolar, one transverse bipolar, and one referential montage in accordance 
with the American EEG Society. The duration of the artifact-free recording should be at least 
20 minutes in which each montage is recorded for at least 2 minutes. During this time, the patient 
should be awake but eyes closed accompanied by brief periods of eyes open. 

Since the amplitude of the underlying signals recorded at the surface of the scalp are typica
lly less than 200 fL V peak-t(}-peak, differential amplifiers with high input impedance, high com
mon mode rejection ratios and low noise characteristics are required to achieve high-quality EEG 
recordings. The frequencies of interest in EEG signals range from <4 - 7 Hz and, a band-pass 
filter with cut-off frequencies of 1 Hz and 70 Hz is typically employed. Each EEG record is cali
brated at the beginning and end using calibration pulses, an electrode test, and by a test recording 
using cerebral activity from the same electrode pair (normally a frontal and occipital electrode 
pair) in every channel. 

Until recently, the most common recording device used to record EEG signals is a pen or 
chart recorder (multichannel) in which the pens are driven by the amplified and filtered potential 
changes recorded at the scalp over a long sheet of continuous paper. A paper speed of 30 mmls is 
the recommended standard. Alternatively, the EEG may be recorded on a multichannel frequency 
modulated analogue tape recorder. An oscilloscope or video display is required to view the EEG 
record. More recently, 'paperless' digital EEG systems have become very popular and are fast 
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replacing the older chart recorders. These systems sample the analogue potentials and convert 
them to digital equivalents via an analogue-to-digital converter. This provides (1) significantly 
reduced costs when recording many channels simultaneously, (2) removal of noise produced by 
analogue tape recorders, (3) more accurate timing of the digitally recorded signal, (4) fast on-line 
access to analyze the signals, (5) reduced storage space requirements (e.g., optical disk), and (6) 
the ability to add additional comments to each record on-line. 

1.4.2 Paediatric 

Most of the general technical standards mentioned in the previous section also apply to this age 
group with a few exceptions. The most important differences are (1) a reduced number of elec
trodes (approximately 11) are used due to the smaller head sizes, particularly in babies, (2) the 
longitudinal bipolar montage is the only montage used with babies, and (3) recording time is often 
longer (up to 1 hour) due to patients moving around more causing artifacts in the EEG record. Clip 
ear-reference electrodes are also commonly not used in patients less than 5 years old due to the 
unacceptable discomfort they produce in these young patients. 

1.4.3 Ambulatory 

Ambulatory EEG recording is an effective clinical method for confirming the diagnosis of epilepsy. 
It is performed using 8 16 channels, recorded on a cassette tape which is worn by the patient. 
Each cassette tape is capable of recording 24 36 hours of activity. The resulting EEG record can 
be viewed on an oscilloscope while selected epochs can be output to a printer for further analysis. 

1.4.4 Closed-Circuit TV and Long-Term EEG Monitoring 

Long-term monitoring is available using closed-circuit TV and EEG recording. This enables an 
EEGer to combine both EEG and clinical information in order to classify seizure disorders. The 
EEG is recorded either by radiotelemetry where a radio transmitter is worn by the patient or by 
cable telemetry in which a lightweight cable is directly attached to the patient. Monitoring systems 
are capable of storing several days worth of EEG and video. It is common to record only the EEG 
around suspected epileptiform activity. Automatic detectors can be used to detect possible seizures 
and/or interictal spikes in addition to a manually operated seizure button (depressed by the patient, 
nurse, or EEG technician) (§ 1.6.3). 

1.4.5 Suspected Cerebral Death Recording 

The EEG is also used in cases of suspected cerebral death, that is, victims with severe cere
bral damage often characterized by coma, absent or insufficient respiration and absent brainstem 
reflexes. Diagnosis is composed of repeated demonstrations of the non-existence of cerebral activ
ity over 21t V in amplitude when recorded from electrode pairs with interelectrode distances of 
;::: 10 cm. At least 8 scalp electrodes (Fpl, Fp2, C3, C4, T3, T4, 01, and 02) are used in the EEG 
recording. 
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1.4.6 Evoked Potentials 

Repeated sensory stimulation causes near-identical evoked responses in the EEG. The two main 
areas studied are visual evoked potentials (l 300 Hz) and brainstem auditory evoked potentials 
(20 3000 Hz) [Fisch, 1991]. Depending on the sensory system under investigation, electrode 
placement may vary from the International 10-20 system. A number of epochs are recorded, 
then aligned in time, added together, and finally averaged to obtain an adequate evoked potential 
recording in terms of signal-to-noise ratio (SNR). This has the effect of enhancing features of the 
response. 

1.5 EEG PATTERNS AND ACTIVITY 

During a routine EEG recording (20 - 30 minutes duration), the EEG signals from the various 
electrodes are amplified by high-gain differential amplifiers, digitized, presented on screen, and 
stored on a hard or optical disk (i.e., digital or paperless EEG). Typically, 16 channels are recorded 
simultaneously and presented to an electroencephalographer (EEGer) for analysis, although 8, 19, 
24, and 32 channels are also used for routine recordings in some centres. Interpretation of the 
EEG is a highly skilled and time consuming process. In general, EEGers use complex subjective 
pattern recognition techniques, the results of years of training and practical experience, to provide 
a general interpretation of the overall electrographic pattern rather than a specific analysis of indi
vidual channels. Accordingly, the EEGer places emphasis on the frequency, amplitude, spatial and 
temporal distributions, and interelectrode variations of the background activity with respect to the 
recording montage used. Individual transients are analysed in terms of slope, amplitude, duration, 
and temporal distribution in relation to the background activity [Ktonas et ai., 1981]. Additional 
parameters including the age, state of alertness and medical history of the patient are considered 
before a clinical diagnosis is formulated. 

1.5.1 Normal Background Activity 

The ongoing rhythmic activity, referred to as normal background activity varies significantly 
between states of wakefulness and sleep, and with the age of the patient. It is reasonably sym
metrical with respect to the midline of the brain in both morphology and frequency, whereas there 
is little symmetry between anterior and posterior regions. Normal background activity can be clas
sified into four main wave types according to frequency and the degree of activity of the cerebral 
cortex. These are delta, theta, alpha, and beta waves (Figure 1.8) and are summarized below 
[Duffy et al., 1989; Fisch, 1991]: 

.. Delta waves with amplitudes as high as 700 It V peak-to-peak and frequencies less than 
4 Hz. Delta activity is normally observed in EEG recordings of persons in the deeper stages 
of sleep but, if excessive, is indicative of a structural lesion in patients during wakefulness 
(e.g., tumour, haematoma, haemorrhage, encephalopathy). 

• Theta - waves with amplitudes less than 100 It V peak-to-peak with a frequency range of 
48Hz. Theta activity appears primarily in EEG recordings of persons during drowsiness 
and normal sleep and it is prominent in the parietal and temporal regions of the brain. Like 
delta activity, excessive theta activity may indicate the presence of a structural abnormality. 
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Figure 1.8 Normal background activity: (a) delta, (b) theta, (c) alpha, and (d) beta waves. 

CD Alpha (or posterior dominant rhythm) - rhythmic waves ranging in amplitude from 5 -
100 J.t V peak-to-peak, but typically below 50 J.t V peak-to-peak, with a frequency range 
of 8 - 13 Hz. Alpha activity is the most prominent feature observed in EEG tracings of 
most normal subjects in a resting state with eyes closed. It is of highest magnitude in the 
occipital region and occasionally in the parietal and frontal regions of the brain. Within the 
alpha frequency band, another wave known as the mu rhythm, characterized by arch-like 
waves and occurring within a frequency range of 7 - 11 Hz, is observed in EEG recordings 
of awake patients over the central and centro-parietal regions of the brain. Distinguishing 
alpha and mu rhythms, which frequently occur at the same time in an EEG recording, is 
easily achieved; whereas the alpha rhythm becomes severely attenuated in response to eye 
opening, the mu rhythm remains unaffected. The dominant alpha rhythm increases during 
childhood and often appears within the theta frequency range in early years. 

e Beta - waves which normally occur with amplitudes less than 20 J.t V peak-to-peak and 
frequencies within the range of 13 - 30 Hz. Beta activity is frequently recorded in EEGs 

from the parietal and frontal regions of the brain in awake patients. 

It should be emphasized that the normal background activity displays significant variations with 
age. Notably, EEG activity in young children has a higher amplitude than that seen in young 
adults, while no rhythmic activity is apparent in the occipital regions of normal infants up to 3 
months old. Also, EEG recordings of elderly adults display a slower background activity. 

Some significant changes are observed in the background activity of EEGs of normal subjects 
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in a state of drowsiness and sleep. The transition from drowsiness to stage I sleep is characterized 
primarily by the disappearance of the alpha rhythm, an increase in beta activity, and the domination 
of theta activity which is most prominent in the central or fronto-central regions of the brain. 
Continuation into stage II sleep is identified by the presence of a number of distinctive and easily 
recognised features in the EEG. These include V waves or Vertex sharp transients (lOOfLV peak
, ta-peak) observed in the central region of the brain, F waves or Frontal sharp transients and K 
complexes which are slow-wave transients, the latter two waves appear in the frontal regions of 
the brain and are similar in amplitude to V waves [Duffy et al., 1989; Fisch, 1991]. Also, sleep 
spindles, which are bursts of rhythmic activity with amplitudes generally less than 50 IL V peak
ta-peak and frequencies of 11 to 15 Hz, are dominant in the central regions of the brain [Duffy 
et al., 1989]. During deeper stages of sleep, stage III and stage IV, the EEG is characterized by the 
disappearance of sleep spindles and an increasing appearance of delta activity whose amplitude 
increases from 100 fL V peak-ta-peak in stage III to greater than 300 fL V peak-ta-peak in stage IV 
[Duffy et al., 1989; Fisch, 1991]. 

Abnormal EEG 

Abnormal EEG refers to any EEG activity or patterns which deviate from normal variations of 
EEG patterns as judged by an EEGer. This includes the high frequency transient discharges which 
consist of spikes and sharp waves, which are clearly distinguished from the normal background 
activity due to their higher amplitudes and duration. Hence, an EEGer must evaluate EEGs of a 
large number of neurologically normal individuals of varying age and state in order to distinguish 
and categorize any EEG abnormality. The abnormal EEG activity may be classified into five dis
tinct groups: deviations from normal background patterns, abnormal sleep patterns, slow-wave 
abnormalitites, abnormal periodic paroxysmal patterns, and paroxysmal epileptogenic abnormali
ties. However, a certain amount of overlap exists between some of these categories. 

1.5.2.1 Deviations from Normal Background Patterns 

Any abnormality in the background rhythms (Le., delta, theta, alpha or beta) may manifest as a 
variation (generalized or localized) in frequency, amplitude, spatial distribution, symmetry and 
reactivity. Reactivity refers to variations in amplitude and morphology of activity in response 
to stimuli (e.g., alpha activity is attenuated upon eye opening). These variations are particularly 
evident in the alpha, beta, and mu rhythms. 

An abnormal alpha rhythm may display (a) a slowing of the rhythm to less than 8 Hz, typically 
observed in patients with dementia, (b) an asymmetric increase that exceeds 35% in amplitude 
between the two sides of the brain, observed in patients with haematoma and scalp oedema, (c) 
a generalized distribution over all regions of the brain, due to a number of conditions such as 
brain stem infarct, cerebral anoxia or even drug induced, (d) no reaction to eye opening, especially 
observed on one side of the brain in the presence of a lesion, or (e) a complete absence of reactivity, 
which is characteristic of alpha coma [Duffy et al., 1989]. 

In the abnormal beta rhythm, either an attenuation of beta activity is observed in patients with 
destructive cOlticallesions, or a generalized distribution of excessive beta activity in patients either 
on barbituates for epilepsy, or with skull defects. Abnormal mu rhythms are characterized by a 
difference in frequency between the two sides of the brain, and possibly asymmetry of the mu 
rhythm as a result of skull defects [Duffy et al., 1989], 
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1.5.2.2 Abnormal Sleep Patterns 

During stage I sleep, an amplitude asymmetry in either the sleep spindles or the V waves is con
sidered abnormal. This abnormality may be attributed to the presence of a structural lesion, a 
subdural haematoma, or a skull defect. 

1.5.2.3 Slow-Wave Abnormalities 

Since theta and delta activity are observed over the central region of the brain in a normal awake 
patient, any consistent asymmetry in amplitude and/or frequency observed over the two sides 
of the brain is considered abnormal. Abnormal slow-wave activity may occur intermittently or 
continuously and it may be divided into generalized, focal, or lateralized slow-wave activity. 

In generalized intermittent slow-wave activity, the EEG displays patterns of symmetric, high 
amplitude, intermittent, rhythmic, slow activity, particularly in the delta frequency band, over the 
frontal and occipital regions of the brain. This activity may occur in patients with a focal lesion. 
In contrast, focal and lateralized intermittent slow-wave activity display similar features to those 
observed in generalized intermittent slow-wave activity except that they are constrained to one 
side of the brain only. Such activity is indicative of an underlying structural lesion such as a mass 
lesion, trauma, or ischaemia [Duffy et aZ., 1989]. 

However, continuous or persistent slow-wave activity is also observed in the delta frequency 
band and may also be generalized, focal, or lateralized. This activity may be characterized by 
rhythmic and arrhythmic waves due to an underlying glioma, or an underlying structural lesion. 

1.5.2.4 Abnormal Periodic Paroxysmal Rhythms 

These are paroxysmal complexes (spike and wave) which occur at relatively fixed intervals through
out most, if not the entire, EEG record. They are characterized by either slow waves, sharp waves, 
or sharp and slow-wave complexes which are distinguished easily from the background activ
ity. The discharges may be generalized, focal, or lateralized. Generalized periodic paroxysmal 
rhythms are normally seen as subacute sclerosing pan encephalitis (complexes of 10 - 100 J-t V 
peak-to-peak in amplitude which repeat every 4 - 14 s), Jakob-Creutzfeldt disease (sharp waves 
of 100 - 300 ms duration with a periodicity of 0.5 to 2 s), and herpes simplex encephalitis (sharp 
waves of 100 - 500 J-t V peak-to-peak in amplitude, repeating every 2 - 4 s) [Duffy et aZ., 1989; 
Fisch, 1991]. 

Lateralized periodic paroxysmal patterns include periodic lateralized epileptiform discharges 
(PLEDS) (complexes occuring on one side of the brain which repeat at 1 - 2 s intervals), and 
BIPLEDS, which are PLEDS that occur independently on both sides of the brain, evidenced in 
comatose patients [Duffy et aZ., 1989]. 

1.5.2.5 Paroxysmal Epileptogenic Abnormalities 

When referring to abnormal brain activity, such as due to epileptic seizures, the EEG patterns are 
commonly referred to as paroxysmaZ epileptogenic abnormalities. These are transient discharges 
or patterns of activity that display changes in amplitude or frequency, different from the back
ground activity, which strongly correlate with epileptic seizures. These transient discharges can 
be categorized as either ictaZ (during a seizure) patterns or interictaZ (in between seizures, when 
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most EEGs are recorded) patterns. The ictal patterns, also called electro graphic seizure patterns, 
include a number of patterns that are known to accompany clinical seizures. Conversely, interictal 
patterns, also called epileptiform discharges (EDs), include both spikes and sharp-waves with or 
without accompanying slow waves. 

Epileptiform EEG activity is identified essentially by its characteristic spike discharges and 
sharp-wave discharge waveforms. Spike discharges are transients of variable amplitude with 
a duration of 20 to 70 ms, usually monophasic or biphasic and nearly always surface-negative 
(pointing upwards in the referential EEG). Sharp-wave discharges are defined similarly but with a 
duration of 70 - 200ms. 

We can further classify interictal patterns as focal or generalized abnormalities. Interictal focal 
epileptiform abnOlmalities occur as focal spikes or sharp waves, or focal spike-and-slow-wave 
discharges, indicative of a focal or partial seizure. In addition, Rolandic spikes may be observed 
over the parietal or mid-temporal areas of the brain, (i.e., usually seen present on channels C3 
and/or C4), indicative of benign Rolandic epilepsy of childhood [Duffy et al., 1989]. Focal spikes 
observed in the frontal and/or antero-temporal regions are highly indicative of complex partial 
epilepsy. In contrast, generalized epileptiform abnormalities are observed as discharges over most 
of the brain. 

Alternatively, ictal patterns display either a change in the frequency and amplitude of interic
tal patterns, or activity in the alpha, beta, 'or slower frequency bands (i.e., they don't necessarily 
contain EDs). Typically, ictal patterns occur abruptly, followed by changes in frequency, ampli
tude and morphology. Like interictal patterns, ictal patterns may be observed as generalized or 
focal seizures. In the case of generalized seizures, there is initially high-frequency (10 - 25 Hz) 
activity which slows down and increases in amplitude, often observed at the beginning of a grand 
mal seizure. In the case of focal seizures, there is typically a high-frequency discharge over the 
location of the epileptiform activity, followed by a slower rhythmic discharge (either spikes or 
sharp-waves), followed by a slowing of the discharge. 

1.5.3 Epilepsy 

One of the more important clinical uses of the EEG is in the diagnosis of the different types of 
epilepsy and the localization of the focus which causes the abnormal electrical activity. Prior 
to eIectrophysiological investigations, Hughlings Jackson in 1873 suggested [Reynolds, 1986] 
'Epilepsy is the name for occasional, sudden, excessive, rapid and local discharges of grey matter' . 
More than 100 years of clinical and experimental investigations of different animal models with 
focal and generalized epilepsy have supported and confirmed this observation. Based on this data, 
a person susceptible to epilepsy has seizures when the basal level of excitability of all or part of 
hislher nervous system rises above a certain critical threshold. 

There are four main categories of epilepsy: partial, generalized, unilateral or predominantly 
unilateral, and unclassified as shown in Table A.I in Appendix A. Partial epilepsy involves only a 
portion of the brain, whereas generalized epilepsy involves most of the brain at the same time. 

1.5.3.1 Partial Epilepsy 

Partial epilepsy is classified into simple or complex forms depending on whether consciousness is 
preserved or not. It can occur in either localized regions of the cerebral cortex or in the cerebrum 
and brain stem. Any localized or focal lesion of the brain, such as a scar that pulls on the neuronal 
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tissue, a tumour that compresses an area of the brain, or a destroyed area of brain tissue subse
quently serves as a trigger for epileptic seizures. Lesions such as these can cause high neuronal 
discharge rates which dissipate to adjacent cortical regions. When the discharges reach the motor 
cortex, muscular contractions develop throughout the opposite side of the body which gradually 
progress upward toward the head region, or sometimes in the opposite direction. This is known as 
Jacksonian epilepsy or Jacksonian march. 

A different type of partial epilepsy involving complex symptoms is known as psychosensory 
seizures. It may cause a variety of effects, namely: a short period of amnesia, an attack of abnor
mal rage, sudden anxiety, fear, or discomfort, a moment of incoherent speech or mumbling, or a 
motor activity such as rubbing the face with the hand or attacking someone. The EEG recording 
of a psychosensory seizure is characterized by a low-frequency rectangular wave response with a 
frequency between 2 and 4Hz superimposed with 14Hz waves. 

Of particular interest to this project are those EEG records from patients suspected of having 
temporal lobe epilepsy since this is acknowledged as the most common form of epilepsy, occur
ring with a prevalence of 10 per 100,000 [Hauser and Kurland, 1975] and it is often drug-resistant. 
Temporal lobe or complex partial seizures are characterized by a lack of any spike and slow-wave 
activity at the onset of the seizure, followed by a gradual increase in amplitude of the slow-wave 
activity which appears bilaterally in the EEG. The source of the temporal lobe seizure is believed 
to be confined to the limbic and amygdala regions of the brain. It has been shown experimen
tally that stimulation of the limbic system and the amygdala produce temporal lobe seizures which 
typically result in either one or a number of: a loss of consciousness, amnesia, altered behav
iour, psychomotor activity and gastrointestinal manifestations (masticatory and peristaltic activity, 
vomiting, diarrhea and incontinence) [Gloor et aI., 1982]. 

Spike and slow-wave activity may be observed in one anterior temporal region, simultaneously 
in both temporal areas, or it may even alternate from one side to the other [Jasper et al., 1951]. 

However, in most cases, spike and slow-wave activity emanating from any of these areas is often 
propagated to other ipsilateral and contralateral temporal structures, particularly the anterior tem
poral cortex as well as the amygdala and/or the hippocampus inducing secondary and tertiary 
seizures. This renders detection and localization of the foci in the EEG very difficult. 

1.5.3.2 Generalized Epilepsy 

Grand mal epilepsy, or tonic-donic seizures, are characterized by excessive neuronal discharges 
originating in the brain stem portion of the reticular activating system (RAS). These neuronal dis
charges propagate to most of the cerebral cortex, (and even into the spinal cord) to cause muscular 
contractions (tonic spasms) of the entire body. Towards the end of the seizure, generalized rhyth
mical myoclonic movements (clonic convulsions) occur [Fisch, 1991]. This type of seizure has a 
duration of a few seconds to as long as 3 - 4 minutes and is characterized by post-seizure depres
sion of the entire nervous system. 

A tonic-clonic seizure can be recorded from almost any region of the cortex. The recorded 
EEG displays high amplitude spike and wave discharges with the same periodicity as that of nor
mal alpha waves. This electrical activity occurs simultaneously on both sides of the brain, hence 
indicating that the origin of the abnormality is in lower centres of the brain which have an influence 
over the activity of the entire cerebral cortex. The interictal EEG may display widespread spike 
and wave patterns or may be characterized by fast sharp-wave rhythms. 

Petit mal epilepsy or absence seizures are characterized by 1 - 5 s of unconsciousness in which 
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the patient has a dazed appearance but does not fall and there is no convulsion. The duration of 
this activity is less than two minutes. The EEG recorded during this type of seizure displays a 
characteristic pattern of 3 - 4Hz spikes and waves [Duffy et al., 1989]. 

Another form of generalized epilepsy is that due to infantile spasms. These are very brief 
spasms occurring in infants every few minutes throughout the day, often in rapid series. They 
are portrayed in the EEG as a large abnormality with slow spike-and-wave patterns which may 
become continuous. 

1.5.4 Origin of the Epileptiform Discharge 

Traditionally, it was believed that the brain stem portion of the RAS was the origin of the rhyth
mic spike and slow-wave pattern observed in the EEGs of patients displaying tonic-clonic seizures 
[Penfield, 1938]. The RAS is a region surrounding the thalamus where inputs from sensory modal
ities as well as cerebral and cerebellar sources converge and interact. The RAS processes these 
inputs and will either inhibit or excite the transmission of neuronal activity. The rhythmicity of 
these spike and wave forms were thought to be due to the projection of a discharging thalamic neu
ron via thalamocortical fibres to large numbers of cortical neurons in the cerebral cortex [Andersen 
and Andersson, 1968]. 

Studies measuring the speed of spikes and slow-waves travelling over the cortex of animals 
revealed spikes travel faster at 1 7 mls than slow-waves (4 5 mls) [Petsche and Rappels
berger, 1973]. Thus, a common generator for both the spike and wave activity seemed unlikely. 
In fact, different sites of origin were found for both spikes and slow-waves. Supporting evidence 
from laminar analysis of the cortex of animals has indicated that spike and slow-wave activity is 
generated by the cortex and not projected from the thalamic region as first believed [Bishop and 
Clare, 1952; Cooper et al., 1965]. Furthermore, several authors recorded phase reversals from 
regions above and below the cerebral cortex, indicating a cortical origin of activity [Li et al., 1956; 
Green and Petsche, 1961; Gloor et al., 1963; Schneider and Gerin, 1970]. More recently, the 
placement of penicillin and other convulsant drugs on the surface of the cortex of animals induced 
spike and slow-wave activity, known as the paroxysmal depolarizing shift (PDS) [Musgrave and 
Gloor, 1980; Avoli and Gloor, 1982a; Avoli and Gloor, 1982b] which is characteristic of an epil
eptiform event observed in human patients with epilepsy. The PDS is a sudden 20 50 m V depo
larization of the membrane potential of the cell with a duration of lOOms or longer which recurrs 
spontaneously every 2 lOs [Johnston and Brown, 1984]. Work in this area of investigation has 
been confined to animal studies. 

There is growing evidence supporting a cortical genesis of spike and slow-wave activity in 
humans. Intra-carotid injections of metrazol, which dissipates to the cortex and not the thalamus, 
have been found to evoke petit mal-like seizures in humans. However, intra-vertebral injections 
of metrazol, which do go to the thalamus, have been found to inhibit the generation of spike and 
slow-wave activity, indicating that the thalamus may not be a spike and slow-wave generator 
[Cobb, 1975]. Furthermore, intra-cerebral electrical stimulation of the frontal lobes in humans 
produces petit mal-like seizures, whereas stimulation of the deeper layers of the cerebral cortex 
does not produce any seizure-like activity. 

Spike activity has always been regarded as the manifestation of a discharging epileptogenic 
focus. However, both spikes and sharp-waves are observed in the EEG from the site of an epilep
tic focus. In 1955, Brazier suggested that the generator of both spikes and sharp-waves may be the 
discharging apical dendrites in the pyramidal cells of the cerebral cortex [Brazier, 1955]. Petsche 
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and Rappelsberger [1973] extended these studies using metrozol activation or penicillin lesions in 
rabbits to evoke spikes. In examining the genesis of these spikes, they concluded that the spikes 
originated from the cortex, they were conducted vertically and they contained a maximum ampli
tude in the pyramidal cell layer (Figure 1.3). They observed that the spikes were single at the 
surface of the scalp but were multiple in the deeper layers of the cerebral cortex, and that they 
displayed a high level of independence at different electrode sites. 

Various studies have been performed to further increase the understanding of focal seizures and 
the relationship between neuronal activity and epileptiform discharges. The most noteworthy are 
the microphysiological studies (see Jasper and Ward [1969] for review) which have confirmed the 
ability of some populations of otherwise relatively independent, normally functioning neurons to 
generate high-frequency synchronous discharges. These may underlie the development of a focal 
cortical epileptogenesis, manifest as an interictal spike in the EEG record. Also, the application of 
in vitro brain-slice models [Yamamoto, 1972] has provided much information about the normal 
behaviour of cortical neurons, as well as about the mechanisms involved in the development of the 
interictal discharge. The results indicate that the development of focal epileptogenic discharges in 
a population of neurons is attributed to three interacting processes: (1) the existence of intrinsic 
membrane properties that lead to pacemaker ability in specific sub-populations of neurons, (2) 
reduction of inhibitory control mechanisms, and (3) excitatory synaptic coupling among neurons 
within the epileptogenic region. Thes.e three mechanisms are described below. 

1. Intrinsic Burst Generation and Pacemaker Activity. 
Most of the features of interictal discharges from in vivo epileptogenic foci in the cerebral 
cortex [Matsumoto and Ajmone Marsan, 1964] and hippocampus [Dichter and Spencer, 1969] 
can be replicated by exposing brain slices maintained in vitro to convulsant drugs, such as 
penicillin or bicuculline [Schwartzkroin and Prince, 1977; Schwartzkroin and Prince, 1978; 
Gutnick et al., 1982]. Studies in hippocampal [Schwartzkroin and Prince, 1978; Wong and 
Traub, 1983] and neocortical [Connors and Gutnick, 1984] slices reveal that epileptogenic 
discharges originate in particular subpopulations of neurons rather than ramdomly. In the 
hippocampus, hippocampal pyramidal cells (HPCs), and neurons in layers IV and V of the 
cerebral cortex have membranes which normally generate large amplitude slow depolariza
tions associated with bursts of action potentials and are considered to serve as pacemakers 
for spontaneous epileptiform discharges [Connors, 1984]. 
Although a group of pacemaker neurons is not clearly defined in the cerebral cortex, inves
tigations suggest that epileptiform discharges originate in or near layer IV of the cortex 
(Figure 1.3) [Chatt and Ebsersole, 1982; Lockton and Holmes, 1983], the layer that con
tains the small popUlation of intrinsic burst-generating pyramidal neurons of this structure 
[Connors et al., 1982J. This indicates that the ability of a neuronal population to generate 
epileptiform discharges is in part a function of the intrinsic excitability of its constituent 
neurons. Evidence suggests that both somatic and dendritic membranes in CA3 HPCs have 
the ability to generate intrinsic burst discharges. 

2. Reduction of Inhibitory Activity. 
In the hippocampus and cerebral cortex where GABA is the major postsynaptic inhibitory 
transmitter, convulsant drugs such as bicuculline and penicillin block GABA-mediated inhi
bition to produce synchronous epileptiform discharges. Although these drugs appear to have 
no direct effect on the properties of postsynaptic neuronal membranes, their blocking effect 
on IPSPs serves to prolong the existence of EPSPs [Wong and Prince, 1979; Dingledine and 
Gjerstad, 1980], allowing the EPSP to evoke an intrinsic burst discharge. 
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3. Excitatory Synaptic Connectivity. 
Physiological studies indicate that there are direct excitatory synaptic connections among 
hippocampal CA3 neurons, such that a given cell may generate EPSPs in approximately 

5 % of its neighbouring cells [Mac Vicar and Dudek, 1980J. The situation in the hippocam
pal pacemaker region has been modelled by Traub and Wong [1982J. The CA3 neurons 

excite their neighbours via recurrent excitatory connections, which are then re-excited per 
se. Thus, through a cascade effect, the whole population of CA3 HPCs generates large depo
larizations that are the summation of giant EPSPs [Johnston and Brown, 1981J and intrinsic 

voltage-dependent depolarizations. The intrinsic bursting ability of these neurons therefore 
provides a powerful amplification mechanism which serves to convert a single EPSP into a 

train of action potentials that release synaptic transmitters. 
From these findings, it is possible to suggest that in the cerebral cortex, a similar mech
anism may occur to generate epileptiform discharges [Gutnick et al., 1982; Connors and 
Gutnick, 1984J. In this case, bursting cells from layers IV and V would appear to be the 
initiation site, or pacemaker, due to their intrinsic membrane properties and their excita
tory synaptic coupling among neighbouring neurons. Hence, the reduction of inhibition by 
convulsant drugs leads to hyperexcitability of cortical neurons. 

1.6 SIGNAL PROCESSING OF THE EEG 

Various computerized techniques provide a more precise analysis of the EEG record than can 
be obtained by routine visual inspection by an EEGer. The more common techniques include 
(1) quantitative EEG analysis conversion of certain features of the background EEG activity 
into numerical values, (2) topographic mapping - display of certain evoked potential or EEG 
features, (3) automated ED detection detection of ictal or interictal epileptiform activity, (4) 
source localization determination of the best-fitting source responsible for the abnormal EEG 
record, and (5) montage reformatting - reformat EEG into a different montage for analysis of 
signals. Unless otherwise specified, the main sources of information for the following subsections 
are Duffy et al. [1989] and Fisch [1991]. 

1.6.1 Quantitative EEG Analysis 

Selected features of the EEG can be transformed into numerical values, leading to a more pre
cise analysis of the EEG signal. The most frequently used method is spectral analysis based 

on the fast Fourier transform (FFT). This method involves transferring the EEG signal from the 
'time domain' (amplitude versus time) into the 'frequency domain' (amplitude or phase versus 

frequency). Although the waveform morphology information is lost in the frequency domain, 

selected features in the signal can be analyzed quantitatively and the relationships between signals 

is more obvious than by visual inspection. Squaring the Fourier coefficients (generated by apply
ing the FFT to the EEG signal) leads to the 'power spectrum' which enables certain features of the 

EEG signal to be analyzed. The most common features include (1) absolute band amplitude, (2) 

relative band amplitude, (3) spectral edge frequency, (4) mean peak frequency, and (5) absolute 

peak frequency. These values can then be examined statistically or plotted on a topographic map 
(discussed next). 
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1.6.2 Topographic Mapping 

The display of the distrihution of scalp recorded activity is known as topographic mapping. Topo
graphic maps are used to emphasize the spatial relationships of selected EEG characteristics or 
evoked potential features. Some researchers have chosen to represent the EEG in terms of the 
scalp current density (SCD) due to its independence from reference electrodes [Pemier et al., 1988; 
Hjortb, 1991; Nunez et aI., 1994]. The SCD is proportional to the radial component of current flow 
through the scalp. The current density distribution is typically estimated using the Laplacian spa
tial differentiation operator [Perrin et al., 1987]. 

Several different interpolation techniques have been used to develop complete topographic 
maps. The most notable method is the three-point linear interpolation used by Duffy et al. [1979] 
in their Brain Electrical Activity Mapping (BEAM). Other interpolation schemes include near
est neighbour [Perrin et at., 1987], spherical spline [Perrin et al., 1989], bicubic spline [Koles 
et al., 1989], thin-plate spline [Satherley et al., 1996], and three-dimensional [Soufflet et al., 1991] 
methods. 

1.6.3 Automated Detection of Epileptiform Activity 

Several techniques have been implemented for the detection of epileptiform discharges (EDs) 
spikes and sharp-waves in the EEG. This includes the use of template matching, in which a 
detection becomes valid when the cross correlation of the EEG with a template exceeds a pre
determined threshold [Gotman, 1985]. Other techniques involve mimetic methods where one or 
more parameters of each wave are calculated and thresholded [Gotman and Gloor, 1976; Glover 
et at., 1986]. These techniques require pre-determined thresholds, usually determined by each 
researcher, and hence the ideal spike may vary considerably between researchers. To substantially 
increase the accuracy of detection, multi-channel spatial and temporal information has been used 
in addition to tbe single-channel mimetic approach to detect definite and probable EDs and reject 
non-epileptiform EDs via an expert system approach [Davey et at., 1989; Glover et at., 1989; 
Dingle et at., 1993]. 

1.6.4 Source Localization 

A number of different methods are used for localizing epileptogenic sources using the EEG record. 
The most common method is the dipole localization method (DLM) which minimizes a quadratic 
expression, usually a least-squares fit, that is, the square of the differences between the potentials 
measured on the scalp and those predicted by a theoretical spherical model [Smith et al., 1985; 
Amir and Jewett, 1992]. The cortical imaging technique (CIT) uses pairs of dipolar sources of 
different depths and separations within a homogeneous spherical conducting medium to con
struct scalp potential maps by interpolating the estimated data between 28 electrodes [Kearfott 
et al., 1991]. Gulrajani et al. [1984] and He and Musha [1992] have applied single-moving dipole 
(SMD) and two-moving dipole (TMD) methods to a spherical model and realistically shaped 
model of the head respectively in order to localize epileptogenic sources in the EEG. 
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1.6.5 Montage Reformatting 

The advantage of computerized EEG recording is that the same segment of EEG can be recon
structed into different montages (Le., referential or bipolar) provided the original EEG was recorded 
referentially. However, all electrodes in the new montage must be present in the original montage 
in order to derive the new montage signals. The process of reformatting one montage into another 
is described in § 3.3.4. 

1.7 OTHER PROCEDURES USED IN DETECTION AND LOCALIZATION OF 
EPILEPTIFORM ACTIVITY 

A number of modalities, other than electroencephalography, are used in the evaluation of patients 
suspected of having epilepsy. These include field mapping procedures such as magnetoencephalog

raphy (MEG), anatomical imaging techniques such as computed tomography (CT) and magnetic 
resonance imaging (MRI), and functional imaging investigations including positron emission tomog
raphy (PET) and single photon emission computed tomography (SPECT) which measure cerebral 
blood flow or the metabolism of glucose in the brain. Each technique and its application to epilepsy 
is described briefly below. 

1.7.1 Magnetoencephalography (MEG) 

Magnetoencephalography is the non-invasive measurement of weak cerebral magnetic fields induced 
by electrical currents in the brain tissue. These magnetic fields, produced from the tangential com
ponent of current sources, are extremely weak (about 10-13 Tesla) and measurable only with sen
sitive superconducting quantum interference devices (SQUIDs) and gradiometers. Magnetic field 
patterns are generated outside the head and are used in the localization of sources. 

MEG is a very expensive technique but has been found to be slightly superior in localizing 
sources than EEG. This is because (a) the magnetic field produced by a focal discharge is easier 
to interpret since the magnetic field is not distorted by the different conductive properties of the 
CSF, skull and scalp as is the electrical field, (b) the magnetic field is not attenuated by the high 
impedance of the skull, and (c) the recording of the magnetic field does not require an inactive 
reference [Modena et al., 1982; Cuffin, 1993]. 

In the case of epilepsy, MEG has been found to perform well in the localization of focal epilep
togenic sources within the cortex of the brain and below it, even at a depth of several centimetres 
[Barth et al., 1984; Ricci et al., 1987; Rose et al., 1987]. Cuffin [1993] has studied the effects 
of local variations in skull and scalp thickness on EEGs and MEGs using a three-layered spher
ical model. He found a maximum dipole localization error of 0.37 cm and maximum amplitude 
error of 11 % using MEG compared with 0.61 cm and 43 % using EEG. Conversely, Malmivuo 
et al. [1997] compared accuracy of localization via a theoretical study using a four-layered spher
ical model and found that there was little difference between MEG and EEG. 

1.7.2 Computed Tomography (CT) 

Computed tomography uses a pre-defined planar slice of the body and x-rays are passed through 
it only in directions that are contained within and are parallel to the plane of the slice. Hence, no 
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other part of the body outside of the slice is subjected to any x-rays. The CT slice, typically a 
few millimetres thick, appears as though it has been physically removed from the body and then 
x-rays passed perpendicularly through it to produce the image. The resulting images reveal the 
anatomical features with a spatial resolution of about 1 mm. 

In the investigation of focal epilepsies, in particular those considered for surgical resection, 
CT scans reveal abnormalities in only approximately 33% of such cases [Engel et ai., 1982b; 
Wyler and Bolender, 1983]. However, the use of metrizamide enhanced CT scans, increasing 
the number of temporal lobe abnormalities detected [Wyler and Bolender, 1983]. Abnormalities 
detected include enlarged lateral ventricles, enlarged sulci, and small temporal lobes. CT scans are 
less able to detect small lesions in the temporal lobe than in other cortical areas due to the bone 
artifacts from middle cranial fossa edges [Webb, 1988]. 

1. 7.3 Magnetic Resonance Imaging (NIRI) 

Magnetic resonance imaging provides two- or three-'--dimensional images of anatomical structures. 
A large magnetic field and radio frequency pulse sequences are used to generate signals containing 
information relating to (a) proton density, (b) freedom of hydrogen --containing molecules to rotate, 
and (c) proportion of water contained in different body-fluid compartments [Sussman et ai., 1984; 

Wieringa and Peters, 1993]. By alterIng the radio frequency pulse sequences, the relative contrast 
of different anatomical stuctures, that is, grey-white matter, can be varied as well as pathology. 

MRI is an expensive but non-invasive technique which does not require the use of ionizing 
radiation. High-resolution images can be obtained in any plane, such as coronal and saggital, and 
provide better resolution of neuroanatomical features than that obtained from other axial imaging 
techniques, such as CT. 

In the case of epilepsy, MRI has the ability to reveal asymmetries in temporal lobe size, mesial 
temporal margins, temporal horns, and hemispheres [Sussman et ai., 1984; Riela et ai., 1984; 

Schoemer et ai., 1984]. However, MRI does not appear to be able to identify hippocampal sclero
sis, the most common lesion in temporal lobe epilepsy but can reveal small focal lesions such as 
tumours and haematomas [Sperling et ai., 1986]. 

1.7.4 Positron Emission Tomography (PET) 

Positron emission tomography is based on the principle of 'annihilation coincidence detection'. 
When a positron is emitted from a radionuclide within the body, it will travel only a short distance, 
approximately 1 - 3 mm, before annihilating with an electron to produce two 511 ke V photons 
which are emitted in opposite directions. Detection of these two photons in coincidence defines a 
line along which the annihilation event must have taken place. The range of the positron in tissue 
and also the slight deviation (±O.5°) of the angle between the two photons from 1800 sets the 
spatial resolution of PET. By using a large number of detectors, PET provides a more sensitive 
imaging technique than SPECT (see below). 

Typically, PET images the physiological and metabolic processes with a spatial resolution of 
approximately 4 mm. Unfortunately, the radiation dose used in PET scans is distributed through 
much of the body for the effective lifetime of the particular radionuclide used. 

In the case of temporal lobe epilepsy, PET scans, using 150 (oxygen) or 18P-flurodeoxyglucose 
(FDG) [Shung et ai., 1992] with half-lives of 2.07 minutes and 110 minutes respectively, fre
quently demonstrate decreased perfusion and oxygen metabolism which correspond to the site 
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of the epileptogenic focus [Engel et at., 1982a; Bernardi et ai., 1983]. However, PET scans have 
difficulty detecting small focal lesions such as tumours and haernatomas which are detected by 
MRI 

The disadvantage of PET imaging is that the radionuclides used have short half-lives. Instal
lation of a cyclotron to produce suitable short half-life radionuclides on site is very expensive. 
Hence, PET imaging is typically only found in large research institutions. 

1.7.5 Single-Photon Emission Computed Tomography (SPECT) 

Single-photon emission computed tomography involves the use of radioisotopes such as 99mTc 
(meta-stable technetium) in which a single photon (140keV in the case of 99mTc) is emitted. 
SPECT scans use one or more gamma cameras which are rotated 3600 in a plane around the 
patient to record the distribution of the radioactivity. Similar to PET scans, SPECT scans also 
image physiological and metabolic processes but with a spatial resolution of 10 - 15 mm using 
a single rotating camera [Webb, 1988]. However, mUltiple camera SPECT systems are capable 
of obtaining scans with a spatial resolution of 7 mm [Shung et aI., 1992]. Also, as for PET, the 
radiation dose used in SPECT scans is distributed through most of the body and remains there for 
the lifetime of the radioisotope used or un~il excreted. 

SPECT scans are capable of detecting tumours and identifying regions of decreased cerebral 
blood flow which correspond to the epileptogenic focus in patients with temporal lobe epilepsy 
[Sanabria et at., 1983; Bonte et at., 1983]. SPECT scanners are found in most large hospitals. 

1.8 SUMMARY 

The EEG is a recording of the spontaneous electrical activity of the brain as measured on the sur
face of the scalp. The origin of the EEG and the components of the nervous system responsible 
for the generation of the EEG signals have been summarized. The generation of such activity has 
been attributed to the summation of EPSPs and IPSPs in the dendrites of pyramidal neurons which 
are located primarily in layers m, IV and V of the cerbral cortex. 

The International 10-20 system of electrode placement was introduced and the most common 
recording montages were addressed. Both referential and bipolar recording montages which are 
used to provide the EEGer many cues in the accurate interpretation of the EEG recording were 
described. 

A typical EEG tracing may contain normal background activity comprising delta, theta, alpha, 
and beta waveforms, and if abnormal, may also contain activity such as spikes and slow-waves 
in the case of epilepsy superimposed upon the normal background waveforms. Both normal and 
abnormal EEG activity as well as epileptiform activity were reviewed. 

The most common computerized EEG signal processing techniques are quantitative EEG 
analysis, topographic mapping, automated ED detection, source localization, and montage ref
ormatting. The various clinical procedures, that is, field mapping (MEG), anatomical imaging 
(MRI and CT), as well as functional imaging (PET and SPECT) were reviewed. 





Chapter 2 

ADAPTIVE SIGNAL PROCESSING TECHNIQUES 

Following the neurophysiology and electrophysiological observations in chapter 1, this chapter 
begins by summarizing the development and application of adaptive signal processing techniques 
to a number of areas such as radar, sonar, communications and biomedical engineering. Next, the 
mathematical preliminaries and the notation adopted in this thesis are introduced using the adaptive 
interference cancelling concept.. Four types of gradient-search and two types of least squares 
adaptive algorithms are described. The chapter concludes with an introduction to the beamforming 
concept which is demonstrated through two examples, namely the linearly constrained minimum 
variance (LCMV) beamformer and the generalized sidelobe canceller (GSC). 

2.1 INTRODUCTION 

The most common method of estimating a signal corrupted by noise is to filter it using signal 
processing techniques. Successful filtering suppresses the noise and leaves the signal relatively 
unchanged. Filters can be either fixed or adaptive. Fixed filters require knowledge of both the 
signal and noise a priori, whereas adaptive filters have the ability to adjust their own parameters 
automatically, requiring little or no prior knowledge of the signal or noise characteristics. For 
example, in adaptive interference cancelling, one typically uses a primary input which receives 
a corrupted signal, that is, signal plus noise, and a reference input which receives noise which 
is correlated in some unknown way with the noise in the primary input but uncorrelated with the 
signal. The reference input is obtained from one or more sensors located at points in the noise field 
where the signal is either weak or undetectable. After filtering and subtracting the noise from the 
primary signal, the noise in the primary input becomes attenuated or eliminated by cancellation. 
These basic principles are described by examples in the following sections. 

2.2 DEVELOPMENT OF ADAPTIVE SIGNAL PROCESSING 

The following historical review is by no means complete but serves to highlight the most important 
milestones in the development of adaptive signal processing. 

The origins of adaptive signal processing date back to the pioneering work of Kolmogorov [1941] 
and Wiener (1949] in the 1940s. They formulated the mathematics behind the design of optimum 
linear filters for the case of stationary processes for which the statistical properties of the signal 
and noise processes do not change with time. The resulting solution, based on a minimum mean-
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squared error criterion, is commonly known as the Wiener filter. The theoretical aspects of the 
Wiener filter were simplified by Bode and Shannon [1950] and were extended and enhanced by 
Kalman [1960] and by Kalman and Bucy [1961]. In addition, Kalman developed a new filtering 
theory that is applicable to non-stationary processes in the form of a linear time-variable filter, 
commonly known as the Kalman filter. (For a detailed historical review of the theory of linear 
optimum filters, see Kailath [1974].) The earliest work in adaptive interference cancelling may 
be traced back to the late 1950s, during which time a number of researchers were working inde
pendently on different applications of adaptive filters. The pioneering work was performed by 
Howells and Applebaum and their colleagues at the General Electric Company between 1957 and 
1960. They designed and constructed a system to be used for antenna sidelobe cancelling. Their 
system required a reference input derived from an auxiliary antenna and a simple two-weight 
adaptive filter [Howells, 1965] which caused the suppression of any interference impinging upon 
the antenna from an unknown direction. In 1959, during their study of adaptive switching circuits, 
Widrow and Hoff [1960] developed the ADALINE (ADAptive LINear Elements) which consisted 
of a weighted sum of inputs, where the weights were adjusted via a least-mean square (LMS) 
algorithm to minimize the difference between the output and the desired response. At the same 
time in England, Gabor et al. [1960] developed a non-linear filter which had the ability to learn 
while Glaser [1961] described a system which was capable of adapting and optimizing its response 
to a certain class of pulse signals. 

From early 1960 and onward, work on adaptive interference cancelling intensified. The ini
tial work on the application of adaptive echo cancellation began around 1965. Kelly was the first 
to propose the use of an adaptive filter for echo cancellation [Sondhi, 1967]. This invention and 
its refinement are described in the patents by Kelly and R. F. Logan [1970] and Sondhi [1970]. 
Meanwhile, at Bell Laboratories, Lucky [1965] applied adaptive filters and the LMS algorithm 
to adaptive equalization in high-speed modems and to adaptive echo cancellers in long-distance 
telephones and satellite circuits. This enabled the efficient transmission of digital data over tele
phone channels at relatively high bit rates. Di Toro [1968] used an adaptive equalizer to reduce 
the impairments from dispersion, multipath reception, group-delay distortion, etc., resulting from 
the transmission of digital data over high-frequency links. A review of the literature on communi
cation theory which includes digital transmission through linear dispersive channels, and adaptive 
equalization is presented by Lucky [1973]. Also, Proakis [1975] gives a review of various adaptive 
equalization techniques used in digital data transmission. 

The first application of linear prediction to speech processing was performed by Saito and 
Itakura [1966], and the first results on the predictive coding of speech were published by Atal [1970]. 
A review of different waveform-coding and source-coding techniques for the digital representa
tion of speech was presented by Gold [1977]. A more extensive overview of the subject, describing 
the many practical issues involved in speech-coder design is provided by Flanagan et al. [1979]. 
Furthermore, Gibson [1980] concentrated on the analysis and design of adaptive predictors for the 
differential encoding of speech. 

The adaptive line enhancer (ALE), which suppresses the noise component of an input signal 
while passing the signal component with little attenuation, was devised by Widrow and his co
workers [Widrow etal., 1975] and later patented by McCool etal. [1980] and McCool etal. [1981]. 

Other than beamforming (see § 2.6) no further major developments in adaptive signal process
ing have occurred since the early 1980s, modifications to the existing techniques in the above 

mentioned areas have been made, some of which have been used in other applications. For exam
ple, in the field of adaptive line enhancers, Zeidler [1990] proposed two different forms of adaptive 
linear enhancer detection structures, that is, an ALE output detector and an ALE weight detector, 
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to those originally devised by Widrow et al. [1975]. 

2.3 APPLICATIONS 

The ability of adaptive signal processing to perform satisfactorily in an unknown environment and 
to track time variations of input statistics, render it a powerful tool in a number of applications. 
For instance, adaptive signal processing has been successfully applied to a diverse range of fields 
including radar, sonar, communications, imaging, seismology, astrophysics, and biomedical engi
neering (Table 2.1). Although these applications are very different, they all require an input signal 
v( k) and a desired response d( k) in order to calculate an estimation error e( k). The argument k 
signifies the kth element in a time series formed by sampling continuous signals at regular inter
vals. The estimation error is in tum used to adjust a set of weights within the adaptive algorithm. 
The main difference between these applications of adaptive signal processing is the method in 
which d(k) is applied and an output signal y(k) is extracted. On this basis, one may distinguish 
four basic categories of adaptive signal processing applications: 

• Identification - Used to provide a linear mathematical model of a process. Identification 
has been used predominantly in system identification [Astrom and Wittenmark, 1990] and 
layered earth modelling [Robinson and Durrani, 1986]. 

III Inverse Modelling - Used to provide an inverse model of a process. Found in such applica
tions as predictive deconvolution [Robinson, 1954], adaptive equalization [Lucky, 1965; 
Lucky, 1966; Proakis, 1975; Qureshi, 1985] and adaptive inverse control [Widrow and 
Steams, 1985; Neilson et aI., 1992] . 

• Prediction Used to provide the best prediction of a random signal. Prediction has occurred 
in linear predictive coding [Atal and Hanauer, 1971], adaptive differential pulse-code mod
ulation, adaptive autoregressive spectral analysis, and signal detection [Van Trees, 1968]. 

III Interference Cancelling Used to cancel unknown interference contained in a primary 
signal. Interference cancelling has been applied to fields such as adaptive noise cancelling 
[Huhta and Webster, 1973; Widrow et ai., 1975; Kang and Fransen, 1987; Chazan et aI., 1988], 

echo cancellation [Sondhi and Presti, 1966; Sondhi, 1967; Sondhi and Berkley, 1980; Messer
schmitt, 1984; Murano, 1990], radar polarimetry [Ukrainec and Haykin, 1989], and adaptive 
beamforming [Capon, 1969; Owsley, 1985; Van Veen and Buckley, 1988]. 

Simplified versions of these four categories of adaptive signal processing applications are illus
trated as dynamic or time varying processes in Figure 2.1. Since the thesis concentrates on the 
problem of suppressing interference signals in the EEG (chapter 3), the adaptive interference can
celling application is described in more detail in the following section. 

2.4 INTERFERENCE CANCELLING 

A generalization of the adaptive filter for interference cancelling is shown in Figure 2.2. Instead of 
a single scalar input signal an array of input signals v( k) is assumed. The role of the nonrecursive 
adaptive filter is to weight and sum the array of input signals to produce a scalar output signal 
y(k). The input signal vector v(k) for c sensors (boldface lower case symbols denote vectors and 
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Field Application 

Radar Antenna arrays [Applebaum and Chapman, 1976; Lo et ai., 1966]; 

Synthetic aperture radar [Munson et ai., 1983]; 

Phased-array radar [Brookner, 1985]; 

Air traffic control [Haylcin, 1985] 

Sonar Source localization and classification 

[Knight et ai., 1981; Owsley, 1985] 

Communications Directional transmission and reception 

[Mayhan, 1976; Adams et ai., 1980]; 

Sector broadcast in satellite communications [Compton, 1978] 

Imaging Optical [Pratt, 1978]; 

Ultrasonic [Macovski, 1983]; 

Tomographic [Kak, 1985] 

Geophysical exploration Seismic arrays 

[Burg, 1964; Green et ai., 1966; Capon et ai., 1967]; 

Earth crust mapping [Robinson and Durrani, 1986]; 

Oil exploration [Justice, 1985] 

Astrophysical exploration High resolution imaging of the universe 

[Readhead, 1982; Yen, 1985] 

Biomedical engineering Removal of 60--Hz interference in ECG's 

[Huhta and Webster, 1973]; 

Foetal heart monitoring [Buxton et ai., 1963; Van Bemmel, 1966]; 

[Van Bemmel, 1968; Cox and Medgyesi Mitschang, 1969]; 

Tissue hyperthermia [Gee et ai., 1984]; 

Hearing aids [Peterson et ai., 1987]; 

Motor control [Neilson et ai., 1992]; 

Brainstem auditory evoked potentials [Lam et ai., 1995], 

[Thakor et ai., 1995]; 

Enhancement of non-stationarities in the EEG 

[Lopes da Silva et ai., 1975; James et ai., 1997]; 

Detection and localization of epileptogenic foci in the EEG 

[Van Veen et ai., 1992; Spencer et ai., 1992]; 

[van Drongelen et ai., 1996; Van Veen et ai., 1997] 

Table 2.1 General areas in which adaptive signal processing has been applied. 
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Figure 2.1 The four basic classes of adaptive signal processing applications. The system input signal 
is represented by v(k) in (a), (b), and (c) whereas vp(k) and vr(k) represent the primary and reference 
input signals, respectively, in (d). The error signal is given by e(k) and the desired signal is given by 

d(k). The system output signal is represented by y(k) in (a), (b), and Cd) whereas Yl(k) and Y2(k) 
represent the two output signals in (c). Adapted from Haykin [1991]. 
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v(k) 

Adaptive 

Algorithm 

+ 

d(k) 

y(k) 

e(k) 

Figure 2.2 Modified version of the basic adaptive interference cancelling system with adaptive weight 
vector w. A constrained adaptive algorithm is used to minimize the output power. 

boldface upper case symbols denote matrices) is defined as 

v(k) = [ vo(k) . vl(k) ... vc(k) r) (2.1) 

where the superscript T represents the transpose operation and the input component vo(k) is a 
constant, normally set to the value ±1. The presence ofvo(k) allows a bias weight to be employed 
if this is necessary. The weight vector is comprised of an array of adjustable weighting coefficients 
or multiplying factors given by 

(2.2) 

where Wo is the bias weight. 
The inner product ofv(k) and w is given by 

s(k) = vT(k)w = wT v(k). (2.3) 

The error signal e( k) which is also the system output for time step k is defined as the difference 
between the desired response d(k) (externally supplied input, sometimes denoted the reference 
signal) and s(k) (see Figure 2.2): 

y(k) = e(k) d(k) - s(k) 

- d(k) - vT(k)w = d(k) - w T v(k). 
(2.4) 

A general expression for the mean-squared error ( as a function of the weight values can be 
derived in the following manner. Squaring (2.4) gives the instantaneous squared error 

(2.5) 

Assuming that e(k), d(k) and v(k) are statistically stationary and w is fixed (for the present 
discussion), the expected value of both sides of (2.5) is: 



2.4 IN1ERFERENCE CANCELLING 

The input correlation matrix Rvv is defined as 

E 

vo(k)vo(k) VO(k)Vl(k) VO(k)V2(k) 

vl(k)vo(k) vl(k)Vl(k) vl(k)V2(k) 
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(2.7) 

where the diagonal elements are the mean squares of the c input components and the cross elements 
are the cross-(;orrelations among the input components. Similarly, the cross-(;orrelation vector Pvd 

is defined as the cross-(;orrelation between the input vector v(k) and the desired response d(k) (a 
scalar quantity): 

Pvd = E[v(k)d(k)] E[vo(k)d(k) vl(k)d(k) v c(k )d(k )]T. (2.8) 

The mean-squared error ( can thus be expressed as 

(2.9) 

hence the mean-squared error is a quadratic function of the weight vector w, when v(k) and 
d(k) are stationary stochastic variables. -The quadratic function, or performance surface, is a 
paraboloid surface, or hyperparaboloid surface if there are more than two weights, concave upward 
with elliptical contours of constant (. Adjustment of the weights to minimize the error involves 
descending along the surface to the minimum of the quadratic surface, often referred to as the 
'bottom of the bowl' which represents Wopt, the optimal weight vector. 

The gradient of the error function v ( is obtained by expanding (2.9) and differentiating with 
respect to each component of the weight vector w: 

v( = [~ :$1 ... }/$b]T = 2RvvW 2Pvd. (2.10) 

By equating (2.10) to zero, then the optimal weight vector Wopt, generally known as the Wiener 
weight vector, is obtained: 

1)-1 
Wopt = "''''vv Pvd' (2.11) 

This equation is an expression of the Wiener-Hopf equation ([Wiener, 1949; Bode and Shan
non, 1950; Kailath, 1974]) in matrix form. Hence, the minimum mean-squared error is obtained 
by substituting (2.11) for win (2.9): 

(min E[d2(k)] - 2p~dWoPt + WoptTRvvWopt 

= E[d2(k)] + [R;JPvd]TRvv~Pvd 2P~dR;JPvd' (2.12) 

Simplification of (2.12) using matrix rules and the symmetry of Rvv yields 

(min E[d2 (k)] p~dR;JPvd 

- E[d2(k)] - P~dWoPt. (2.13) 

2.4.1 Properties of the Correlation Matrix Rvv 

Since the correlation matrix Rvv provides a key role in the statistical analysis and design of 
discrete-time filters, an understanding of its properties and their implications is required. 
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The correlation matrix Rvv is represented by the expectation of the outer product of the (c x 1) 
input vector v( k) with itself, as previously shown in (2.7): 

(2.14) 

Using the definition of (2.14), the most important properties of the correlation matrix of a station
ary discrete-time stochastic process are thus defined: 

1. Rvv is hermitian, that is, 

~v = Rvv, (2.15) 

which follows directly from the definition of (2.14). 

2. Rvv is toeplitz, that is, all the elements on its main diagonal are equal, and the elements on 
any other diagonal parallel to the main diagonal are also equal. 

3. Rvv is always nonnegative definite and almost always positive definite. Taking the mean
square value of the vector s(k) (2.3), 

E[wT v(k)vT (k)w] 

wT E[v(k)vT (k)]w 

wTRvvw . (2.16) 

Since El:Is2 (k)l] 2:: 0, then wTRvvw 2:: 0 and Rvv is said to be nonnegative definite or 
positive semidefinite [Haykin, 1991]. However, if wTRvvw > 0 for every non-zero w, 
then Rvv is positive definite and its determinant will be positive. In this case, Rvv will 
almost always be non-singular and the inverse R;v1 will exist. 

2.5 ADAPTIVE ALGORITHMS 

The requirement for a successful adaptive algorithm is to update the set of weights w in order to 

find a solution as close as possible to Wopt or (min' While numerous algorithms are available to 
achieve this requirement, the simpliest algorithms are those using gradient-based adaptive meth

ods (e.g., steepest descent), which assume initially that the signal statistics are perfectly known 

in order that the gradient at any point on the quadratic performance surface can be determined 
exactly. However, in most applications the signal statistics are generally unknown and are only 

assumed to be stationary. In such cases the gradient of the performance surface at any point cannot 
be determined exactly but must be estimated. 

This section examines two different methodologies for developing adaptive algorithms. The 
first class is based on gradient-search algorithms which have the advantage of being easy to imple

ment at the expense of producing some inaccuracy in the final estimate of the optimum solution. In 
this class, the least-mean square (LMS) and normalized least-mean square (NLMS) algorithms 

are particularly useful. The second class belong to the group of least squares algorithms such as 

the recursive least squares (RLS) and the exponentially weighted recursive least squares (EWRLS) 
algorithms which, although they achieve the optimum solution at a faster rate, they are prone to 

greater computational cost and are slightly more difficult to implement. 
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2.5.1 Gradient-Search Algorithms 

Gradient-search algorithms such as Newton's method, the method of steepest descent, LMS, and 
NLMS algorithms use only the gradient at any point on the quadratic performance surface in an 

iterative technique to determine the minimum point of the surface, Wopt or (min' Such algorithms 
typically take longer to converge to the optimum or near optimum solution but are generally easier 

to implement, more robust, and are computationally inexpensive compared to the least squares 
algorithms (§ 2.5.2). A summary of the gradient-search algorithms used in this thesis is given in 

Table B.1 of Appendix B. 

2.5.1.1 Newton's Method 

In Newton's method, the minimization of the error to the optimal weight vector Wopt is typically 
achieved in a few iterations. Recall that the gradient vector (2.10) is given by 

\7( 2Rvvw - 2pvd' 

Multiplication of (2.17) by Rf and incorporation of (2.11) leads to: 

Wopt = W agJ \7(. 

Equation (2.18) provides the basis for an iteration, 

w(k + 1) = w(k) RgJ \7((k), 

(2.17) 

(2.18) 

(2.19) 

generating anew weight vector w(k+ 1) from the present weight vector w(k) by means of\7((k), 
the gradient vector measured at the kth iteration. Introduction of a constant r" into (2.19) where Jt 

governs the stability and rate of convergence of the algorithm (0 < p < 1) (in practice, p < !), 
leads to Newton's adaptive algorithm 

w(k + 1) = w(k) JLR;J\7((k). (2.20) 

From (2.20) it should be noted that the weights in Newton's method are not adjusted in the direction 
of the gradient at each iteration. 

2.5.1.2 Method of Steepest Descent 

In the method of steepest descent, the weights are adjusted in the direction of the gradient of the 

performance surface at each iteration k and consequently convergence to the optimal weight vector 

Wopt is achieved in a small number of iterations. Convergence to the optimum weight vector in a 
small number of iterative steps serves to mollify the effects of gradient measurement noise. The 

method of steepest descent is expressed by [Widrow and Stearns, 1985] 

w(k + 1) = w(k) - p\7((k). (2.21) 

Substitution of (2.17) and inclusion of (2.11) in (2.21) yields the adaptive algorithmic form of the 

method of steepest descent: 

w(k + 1) = w(k) 2pRvv(w(k) wopd. (2.22) 
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2.5.1.3 The Least-Mean Square Adaptive Algorithm 

The main limitation of the above mentioned algorithms is that each algorithm requires exact mea
surements of the gradient vector at each iteration. In practice, exact measurements are not possible 
and the gradient vector must be estimated from a limited number of input data samples, thereby 
introducing errors. Therefore, there is a need for an algorithm that derives estimates of the gra
dient vector from the available data in order to adjust the weights to minimize the mean-squared 
error. The least-mean square (LMS) algorithm achieves this with relative ease of computation 
and adequate speed for most applications. Other desirable features of the LMS algorithm include 
its ability to (a) perform satisfactorily in an unknown environment and (b) track time variations of 
input statistics. 

The previous gradient methods have determined the gradient of the mean-squared error (. 
However, to develop the LMS algorithm, an estimate of the mean-squared error ( is taken directly 
from the square of a single error sample e2 (k ). From (2.10) the true gradient at iteration k can be 
expressed 

V'((k) == [~ ~ ... ~]T 
8wo 8Wl 8we w=w(k)' 

(2.23) 

Differentiation of the~stantaneous squared error and use of (2.4) yields an expression for the 
estimated gradient, V'((k) 

[ 
8e(k)2 8e(k)2 

8wo awl 

2e(k) [ 8;ta) 
-2e(k)v(k). 

Replacing the true gradient in (2.21) with V' (( k) yields 

8e(k)2 ]T 
8we w=w(k) 

8e(k) ]T 
... awe w=w(k) 

w(k + 1) w(k) - p,V'((k) 

w(k) + 2p,e(k)v(k), 

(2.24) 

(2.25) 

which is called the Widrow-Hoff LMS algorithm. The iterative procedure is initialized with the null 
weight vector, that is, w(O) = O. Thereafter, the direction along which the LMS algorithm steps 
from one iteration to the next is quite random and therefore not necessarily in the direction of the 
gradient unlike the method of steepest descent. The LMS algorithm is utilized in the generalized 
sidelobe canceller described in § 2.6.2. 

2.5.1.4 The Normalized LMS Algorithm 

A direct variant of the LMS algorithm is the normalized LMS (NLMS) algorithm. Recall that the 
LMS algorithm of § 2.5.1.3 uses the adaptation constant p" a small quantity, which determines the 
speed of convergence of the algorithm. A difficulty experienced in using adaptive algorithms is 
ensuring that p, is sufficiently large so as to maximize the rate of convergence but not so large as to 
cause the algorithm to become unstable and thereby diverge from the optimum solution. To ensure 

stability of the algorithm, p, must satisfy the theoretical limit 

1 
0< P, < -,-, 

Amax 
(2.26) 
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where Amax is the maximum of the c eigenvalues Ai of Rvv [Widrow and Stearns, 1985]. However, 
Widrow and Stearns [1985] suggest that a useful value of J.L is 

(2.27) 

in which the largest possible value of J.L is determined by one-tenth of the largest eigenvalue of 
Rvv. Both of these results are of limited practical use since Rvv is usually not available, and even 
if available, computation of the eigenvalues is imdesirable for large Rvv. In general, one must 
guess J.L, ensuring that it is not too large, while at the same time trying to maximize the rate of 
convergence of the algorithm. 

The NLMS algorithm provides a method of estimating J.L in real time. Using (2.26), the value 
of the maximum eigenvalue is always less than or equal to the sum of all the eigenvalues, that is, 
the average value of the dot product of the input vector with itself equals the sum of the eigenvalues 
of Rvv such that 

(2.28) 

meaning that the average value of the inner product is an upper bound to Arnax. 

This suggests replacing J.L in (2.25) with 

(k) J.Lnorm 
J.L = as + vT(k)v(k) ' 

(2.29) 

where J.Lnorm is the normalized step size, typically 0 < J.Lnorm < 2, and as is a small positive term 
included to ensure that the update tenn does not become excessively large if vT(k)v(k) should 
temporarily become small [Haykin, 1991]. The algorithm is then referred to as the normalized 
LMS (NLMS) algorithm. Similar to the LMS algorithm, the NLMS algorithm is initialized with 
w(O) = O. 

Typically, the NLMS algorithm is considered superior to the standard LMS algorithm since the 
step size is dynamically adjusted in accordance with the varying correlation matrix Rvv. Hence, if 
the signal correlation should change then the NLMS algorithm will compensate and ensure stabil
ity of the algorithm while maximizing the rate of convergence of the algorithm. The performance 
of this algorithm when used in the generalized sidelobe canceller is addressed in chapter 6. 

2.5.2 Least Squares Algorithms 

The previous section demonstrated how adaptive algorithms can be developed by adopting the 
search technique. In each case, the input data vector is used to attempt to move the current esti
mate of the weight vector toward the optimum value Wopt. The algorithms which use this approach 
have the advantage of being relatively easy to implement at the cost of being quite slow to approach 
the optimum weight vector. Also, these algorithms are known to oscillate about the actual weight 
vector rather than converge to it due to the effects of approximations made in the estimate of the 
gradient function. 

To overcome these difficulties, the lea'>t squares algorithms use the input data in such a way as 
to ensure optimality at each iteration. They include the recursive least squares (RLS) and the expo

nentially weighted recursive least squares (EWRLS) algorithms. These algorithms typically offer 
faster convergence (see § 6.3) at the cost of being more computationally intensive (see Appendix 
B) and slightly more difficult to implement. 
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2.5.2.1 Recursive Least Squares Algorithm 

The RLS algorithm requires four main steps in order to compute the updated weight vector whereas 

the stochastic gradient-search algorithms of § 2.5.1 provided the next weight vector in a single 

step. The first two steps involve establishing equations for updating the correlation matrix Rvv and 

the cross-correlation vector Pvd. Here, Rvv and Pvd are defined as the time-summed correlation 
matrixl and time-summed cross-correlation vector in the least squares sense, expressed as 

k 

Rvv(k) = Lv(i)vT(i) (2.30) 
i=l 

and 
k 

Pvd(k) = LV(i)d(i) (2.31) 
i=l 

respectively [Haykin, 1991]. Hence, the update equations can be written as 

(2.32) 

where the second term is the correction term for the update which ensures that the correlation 
matrix is positive definite and 

Pvd(k + 1) = Pvd(k) + v(k + l)d(k + 1), (2.33) 

where v(k + l)d(k + 1) is the correction term for the update of the cross-correlation vector, res
pectively. 

Next, the overall recursive equation can be defined by using the Wiener-Hopf equation (derived 

from the normal equation Rvv(k)w(k) = Pvd(k) [Haykin, 1991]) to obtain an update of the next 
set of estimated weights, that is 

(2.34) 

This requires determining the inverse of the updated correlation matrix which is the final step in 
setting up the RLS algorithm. The matrix inversion lemma [Kailath, 1980], also referred to as 

the 'ABCD lemma' is used to determine R;v1 (k + 1). A form of the matrix inversion lemma is 
expressed as [Treichler et al., 1987]: 

(2.35) 

where 

A Rvv(k) 

B v(k) 

C 1 

D vT(k), 

for which A and C are both positive definite c x c matrices while B and D are c x 1 and 1 x c 

vectors respectively. 

lIt should be noted that the correlation matrix Rvv is both symmetric and nonnegative definite. However, it is non
toeplitz since the elements along the main diagonal and any other diagonal parallel to the main diagonal are unequal. 
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Using these associations, the recursive equation for the inverse correlation matrix R;v1(k + 1) 
is expressed by 

Substitution of (2.33) into (2.34) leads to 

Fl;;(k)v(k)vT(k)Fl;;(k) 
1 + vT(k)Fl;i(k)v(k) . 

w(k + 1) = Fl;;(k + l)[Pvd(k) + v(k + 1)d(k + l)J 

and recognizing that the previous value of Pvdk) (obtained from (2.34» is given by 

produces 

(2.36) 

(2.37) 

(2.38) 

w(k + 1) = Fl;;(k + l)[Flvv (k)w(k) + v(k + l)d(k + l)J. (2.39) 

Rearranging (2.32) for Flvv (k) and substituting this new expression into (2.39) yields 

w(k + 1) = Fl;;(k + 1)[(Flvy (k + 1) - v(k + 1)vT(k + 1))w(k) + v(k + 1)d(k + 1)] 

w{k) Fl;yl(k + l)v(k + 1)vT (k + l)w(k) + Fl;;(k + 1)v(k + 1)d(k + 1) 

w(k) + Fl~l(k+ 1)v(k + l)[d(k + 1) - vT(k + 1)w(k)], (2.40) 

where the term in parentheses is the true estimation error term et (k) which is different from the 
error term e(k) given in (2.4). Therefore the RLS algorithm takes the form 

w(k + 1) w(k) + Fl;;(k + 1)v(k)et(k), (2.41) 

where the inverse correlation matrix is calculated from (2.36). Equation (2.41) is essentially the 
LMS algorithm except the learning parameter J.t has been replaced with the inverse correlation 
matrix R;; (k + 1) and the error term has been replaced by the true estimation error term. The 
RLS algorithm is initialized with R;;(O) = ",-II where", is a small positive constant while I is 
the identity matrix. The performance of the RLS algorithm when used in the generalized sidelobe 
canceller is summarized in chapter 6. 

2.5.2.2 Exponentially Weighted RLS Algorithm 

The RLS algorithm is designed to operate in a stationary environment since the recursive corre
lation matrix assumes that all past data samples have equal weighting. Should the environment 
change then past data used in the recursive algorithm becomes invalid and hence limits the ability 
of the algorithm to track the changing data. To overcome this problem, the RLS algorithm can be 
modified such that past data samples have less weighting, thereby increasing the track ability of 
the algorithm in a non-stationary environment. 

This is achieved by first modifying the definitions of Flyy (k) and Pvd (k) as 

k 

Flyv(k) = Lpk-iv(i)vT(i) (2.42) 
i=1 

and 
k 

(2.43) 
i=1 
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where p is a small positive scalar (typically, 0 < p ~ 1) which diminishes the contribution of past 
data samples. 

By a similar procedure to that described in the previous section, the recursive equation for 
Rvv{ k + 1) may be expressed as 

k 

Rvv{k + 1) = L /-iv(i)vT (i) + v(k + 1)vT (k + 1) 
i=l 

(2.44) 

and the inverse correlation matrix as 

R-1(k + 1) = -1 [R-1(k) _ p-1R;J(k)V(k)~T(k)R;J(k)l. 
vv p vv 1 + p-1vT(k)R;}(k)v(k) 

(2.45) 

The exponential weighting p emphasizes the most recently received data samples and has a 
time constant of (l~P)' Thus, when p = 1, all past data samples are weighted equally and the 

expressions for Rvv{k + 1) and Pvd(k + 1) are identical to those shown in (2.32) and (2.33) 
respectively and hence the RLS algorithm is employed. Alternatively, when p < 1, the past data 
samples are attenuated exponentially, resulting in the present data samples having more influence 
in the computation of the updated weight v~ctor than the past data samples. The introduction 
of the exponential weighting factor only affects the calculation of R;J (k + 1). Therefore, the 
adaptive algorithm for updating the weights is that of the RLS algorithm (2.41). Also, the EWRLS 
algorithm is initialized with R;J (0) = K, -1 I, identical to the RLS algorithm. The performance of 
the EWRLS algorithm when used in the generalized sidelobe canceller is discussed in chapter 6. 

2.6 BEAMFORMING 

The term beamforming is derived from the fact that some types of antennas (or spatial filters) are 
designed to form 'pencil beams', that is, to receive a signal radiating from a specific direction 
and attenuate signals radiating from other directions of no interest [VanVeen and Buckley, 1988]. 
Beamforming is also known as adaptive spatial filtering. Whereas temporal filtering can only be 
applied to signals that occupy a different temporal frequency band to that of the noise or interfer
ence, beamforming can exploit spatial differences between signals and noise as well. 

A beamformer is an adaptive signal processor used in conjunction with an array of sensors 
to provide discrete. spatial filtering in order to separate signals that have overlapping frequency 
content but originate from different spatial locations. The role of the beamformer is to attenuate 
all signals except those propagating from certain regions, thus improving the signal-to-noise ratio 
(SNR). In general, a beamformer linearly combines the spatially sampled time series from each 
sensor to produce a scalar output time series, analogous to a finite-impulse response (FIR) filter 
which linearly combines temporally sampled data. 

Two types of beamformer exist: data independent and statistically optimum. In a data inde
pendent beamformer, the set of weights are selected in order to provide a specified response for 
all signal/interference applications. In contrast, the weights in a statistically optimum beamformer 
are selected based on the statistics of the input data from all sensors and are consequently designed 
to optimize the response produced by the beamformer. In other words, the statistically optimum 
beamformer attenuates signals coming from the locations of interfering sources, thus maximizing 
the SNR of the beamformer output. It is this latter type of beamformer that is employed in this 
thesis. 
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2.6.1 Linearly Constrained Minimum Variance 

Several types of beam formers belong to the category of statistically optimum beamformers, includ
ing the reference signal (RS) [Wid row et al., 1967], the mUltiple sidelobe canceller (MSC) [Apple
baum and Chapman, 1976], and the maximum of SNR (MSNR) [Monzingo and Miller, 1980] 
beamformers. However, these particular beamformers are of limited use in many applications. 
For example, the RS beamformer requires knowledge of the desired signal, the MSC beamformer 
requires determination of the weight vector without any contribution from the desired signal, and 
the MSNR beamformer requires knowledge of the signal and interference correlation matrices 
[Van Veen and Buckley, 1988]. In practice, the desired signal and the correlation matrices are 
rarely known. 

To overcome these difficulties, the linearly constrained minimum variance (LCMV) beam
former is used to apply linear constraints to the weight vector, thereby providing complete con
trol over the adaptive response of the beamformer. This beamformer was first introduced by 
Frost [1972] as a constrained optimization procedure for a gradient-search algorithm which imposed 
linear constraints on the adaptive weights such that signals from the location of interest were passed 
with a specified gain. 

The weights in the beamformer are selected so that minimization of the output variance (or 
power) subject to theresponse constraint is achieved. As a result, the desired signal is preserved 
while the contribution of interfering sources from locations other than the location of interest are 
minimized. Note that the application of the LCMV beamformer corresponds to setting d(k) to 
zero in Figure 2.2. 

In the case of the EEG, if a signal of interest can be modelled as being generated by a current 
dipole at a known location, a linear relationship occurs between the potential field due to the dipo
lar source and the dipole moment. The nature of this relationship is explored in §3.1. For now it is 
sufficient to state that 

v(k) = Cq(k) (2.46) 

where v(k) (16 X 1) is the set of scalp potentials generated by the dipolar source and q(k} (3 x 1) 
is the dipole moment. In this forward modelling context, C (16 x 3) is called the transfer matrix, 
whose columns correspond to the potential at each electrode site due to a dipole at a known location 
having unity dipole moment in the x, y, and z directions respectively. It should be noted that the 
elements of C depend on the location of the dipole, the coordinate system used to express the 
dipole moment and the locations of the electrodes and the means of deriving voltages between the 
electrodes (i.e., the montage used). C is also a central component in the beamformer and, in this 
alternative role C is called the constraint matrix. 

The scalar output time series is obtained by substituting (2.46) into (2.4) (where d(k) = 0), 

y(k) wTCq(k) 

where w (16 x 1) is the weight vector and 

-CT r- w, 

is the response vector (3 x 1) for a given dipole location. 

(2.47) 

(2.48) 

An expression for the expected value of the output variance can be obtained from (2.4) and 
(2.7) (d(k) = 0) as, 
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(2.49) 

where it has been assumed that E[y2(k)] = O. According to the LCMV principle, an optimum 
weight vector is sought which minimizes (2.49) subject to the linear constraint (2.48). Deter
mination of the optimum weight vector which satisfies (2.48) is accomplished by the method of 
Lagrange multipliers [Arfken, 1985]. Adjoining the constraint equation (2.48) to the output power 
by an L-dimensional vector A whose elements are unknown real Lagrange multipliers (and includ
ing a factor of 112 to simplify the algebra) yields [Frost, 1972] 

1 . 
i(w) = 2WTRyyw + AT(CTw - r) (2.50) 

where i(w) is a performance measure. The gradient of i(w) with respect to w is 

oi(w) _ R C' ow - yyW + /\ (2.51) 

which is equated to zero to minimize (2.51), that is, 

RyyW+CA=O (2.52) 

and rearranged to obtain the optimum weighf vector for the LCMV beamformer 

(2.53) 

The vector A may now be evaluated upon substitution of (2.53) into the constraint equation (2.48) 

(2.54) 

which is rearranged to obtain 
(2.55) 

where the existence of [CTR~J-C]-l follows from the fact that R yy is positive definite and C has 
full rank. Combining (2.53) and (2.55) yields the optimum constrained weight vector: 

(2.56) 

Note that the presence of uncorrelated noise in the signal ensures that a;.,1 exists because R yy 

was assumed positive definite (see § 2.4.1). 

2.6.2 Generalized Sidelobe Canceller 

An undesirable effect of the LCMV beamformer is that its vector of adapted weights is dependent 
on the input signal v( k) (see Figure 2.2), remembering that d( k) = 0 in this case. This leads 
to some cancellation of the desired signal in the beamformer output. An improvement is offered 
in the form of the generalized sidelobe canceller (GSC) which was first introduced by Griffiths 
and Jim [1982]. The GSC (Figure 2.3) converts the linearly constrained optimization problem of 
§ 2.6.1 into an unconstrained optimization problem. That is, one in which the weights are adapted 
with an unconstrained algorithm which is independent ofv(k). 

The GSC, or beamformer, comprises two sections. The first section is a non-adaptive path 
(uppermost in Figure 2.3) containing a fixed set of weights Wf which implement a spatial filter 
on the input data v(k) to yield a data independent beamformer, that is, s(k) = wi v(k). These 
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Figure 2.3 The generalized sidelobe canceller (GSC) form of the adaptive LCMV beamformer with 
a fixed weight vector Wf and an adaptive section composed of an adaptive weight vector Wn and 
blocking matrix Bn. The blocking matrix prevents the adaptive portion from cancelling any signals 
propagating from the location of interest while allowing the passage of the other signals from other 
locations. An unconstrained adaptive algorithm is used to minimize the output power. 
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weights, which satisfy the constraint equation (2.48) used in the constrained optimization proce
dure, are given by [Frost, 1972] 

(2.57) 

where the quantity C[CTCl-1 represents the pseudoinverse ofthe singular matrix CT [Mayne, 1969], 
The lower section is an adaptive path comprising a matrix Bn and a set of adapted weights W n, 
where the input to the adaptive vector of weights and the adaptive algorithm is given by the vector 
u(k) = Bifv(k) (see Figure 2.3). The constraints are designed to yield a specified response to 
signals emanating from a particular location, or set of locations, so that the columns of the matrix 
Bn will block or null that/those location(s), thus preventing the adaptive portion of the beamformer 
from cancelling any signals arising from the desired location(s). Hence, Bn is referred to as the 
blocking matrix. Signals from the location of interest are processed only by Wf and since Wf satis
fies the constraints, then these signals will be passed with the desired response independent of W n . 

Signals from other locations pass through the uppermost portion of the beam former with limited 

response determined by Wf. (The derivation of the parameters used in the GSC is described in 
chapter 3.) 

The weight vector Wn is continually updated by the adaptive algorithm in a manner designed 

to cancel signals from other locations appearing in the output of the non-adaptive section of the 
beamformer. The LMS adaptive algorithm2 , given by (2.25), was the algorithm employed in the 

GSC for the simulation studies of chapter 4 and the clinical studies of chapter 5 in this thesis. 
Consequently, the beamformer output is obtained by subtracting the scalar output of the adaptive 

section ofthe beamformer t(k) from the non-adaptive section s(k), that is, y(k) s(k) - t(k), to 
yield a scalar time series signal in which the desired signal is preserved while the contribution of 

interfering sources from locations other than the location of interest are minimized. 

Essentially, the GSC is two beamformers operating in unison. The first beamformer, repre

sented by the top branch of Figure 2.3, produces an output signal s(k) composed of background 

noise, which has been reduced compared to that seen in any of the input signals v{k), and the 
desired signal as shown schematically in Figure 2.4(b). Alternatively, the second beamformer 

20ther adaptive algorithms such as the NLMS, RLS, and EWRLS were tested in the beamformer and are described 
in chapter 6 
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(lower branch of Figure 2.3) produces an ouput signal t(k) which is essentially a model of the 
background noise plus a slight contribution of the desired signal as displayed in Figure 2.4(c). 
Subtraction of t(k) from s(k) yields the GSC output signal y(k) (Figure 2.4(d» in which the 
background noise has been significantly reduced relative to the desired signal. Although either 
beamformer could operate independent of the other, the combination of the two beamformers 
working in parallel within the GSC structure yields more conclusive results. 

(a) v(k) 

(b)s(k) 

(c) t(k) 

(d)y(k) 

Figure 2.4 Input signal and corresponding signals generated by the GSC structure: (a) input surface 
channel with maximum SNR, (b) output signal s(k) (c) output signal t(k), and (d) subtraction of t(k) 
from s(k) to yield the overall output signal y(k). 

An expression for the output variance (that is, average power) of the GSC can be obtained 
from Figure 2.3 as 

E[(Wf - wnBn)T v(k)vT (k)(Wf - wnBn)] 

(Wf - wnBn)TRvv(Wf - wnBn). (2.58) 

The optimum unconstrained weight vector for the GSC W gsc can be determined by minimizing 
(2.58) subject to the linear constraint 

BnWf = 0, (2.59) 
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that is, each row of Bn is orthogonal to Wf. Hence, by an identical procedure to that described in 

§ 2.6.1 using Lagrange multipliers, the optimum unconstrained weight vector (i.e., optimum wn ) 

is found to be 
(2.60) 

The advantages of the GSC implementation are twofold. Firstly, the weights Wn are mini

mized in an unconstrained manner allowing much simpler adaptive algorithms to be implemented. 

Secondly, a data independent beamformer s(k) is implemented which is useful in applications 
involving adaptive signal cancellation, since a reference signal is not required and the input data 

does not affect the determination of Wf. 

Hence, the ability to pass only those signals of interest and attenuate all others renders the GSC 

ideal for processing EEG signals. In EEG records suspected of containing epileptiform activity 
emanating from a particular location, the GSC provides the opportunity to effectively enhance 

this activity relative to the background activity. This thesis concentrates on implementing the GSC 
structure and applying it to EEG records which contain simulated EDs and EEG records containing 
real EDs. The procedure for setting up the GSC for operation in such an environment is described 

in chapter 3. The performance of the GSC is assessed using both simulated situations (chapters 4 
and 6) and real clinical data (chapter 5). Chapter 6 discusses the performance of different adaptive 
algorithms in the GSC when applied to si~ulated EDs in EEG records. 

2.7 SUMMARY 

This chapter presented a review of the main areas in which adaptive signal processing has been 
applied, namely radar, sonar, communications, imaging, geophysical and astrophysical explo
ration, and biomedical engineering. The adaptive interference cancelling concept was described in 
more detail since this thesis is concerned with the suppression of interference signals in the EEG. 
The mathematical preliminaries and notation employed in this thesis were expressed by way of the 
adaptive interference cancelling technique. 

Various gradient-search algorithms (Newton's method, method of steepest descent, LMS, and 
NLMS) and least squares algorithms (RLS and EWRLS) which provide a means of updating the 
set of adaptive weights in an adaptive signal processing environment were described and the math
ematical formulation of each algorithm was detailed. 

The chapter closed with an introduction to the concept of beamforming. Two types of statisti

cally optimum beamformers were addressed: the LCMV beamformer which offers a constrained 
optimization solution and the GSC which provides an unconstrained solution to updating the set of 

adaptive weights. The GSC was proven to pass signals of interest and attenuate others, thereby ren
dering it ideal for processing EEG signals which are suspected of containing epileptiform activity. 

The implementation of the GSC in processing EEG records is described in the following chapter. 





Chapter 3 

EEG SPATIAL FILTERING 

Of the various signal processing methods discussed in chapter 2, the generalized sidelobe canceller 
(GSC) is best suited to the task of processing EEG signals where adaptive cancellation is desired. 
This is due to the GSC's ability to pass signals of interest and attenuate others. ill particular, it 
has the ability to enhance EDs in an EEG record due to deep epileptogenic sources by way of 
attenuating the background EEG signals. . 

This chapter describes the implementation of the beamformer for use in EEG investigations. 
A description of the source of the epileptiform discharge (ED) and the 3-dimensional piecewise 
homogeneous forward model are introduced. The role of the forward model in the beamforming 
technique and the parameters required to set up the beamformer are discussed. Next, the procedure 
to produce the EEG record corresponding to a particular montage to input to the beamformer for 
the simulation studies is described. Finally, the performance of the beamformer is addressed in 
terms of an enhancement ratio. 

3.1 INTRODUCTION 

The detection of EDs - spikes and sharp-waves - occurring in the EEG between seizures is an 
important component in the diagnosis of epilepsy. When an epileptogenic source is located near 
the surface of the brain, the corresponding EEG will contain characteristic EDs which are strongly 
indicative of epilepsy. However, in the case of an epileptogenic source located deep in the brain, 
these EDs may be sufficiently masked by the more superficial background EEG as to be difficult to 
detect by the EEGer, such as is often the case in temporal lobe epilepsy. Currently, the only means 
of enhancing EDs located deep in the brain is by invasive electrophysiological techniques, such 
as depth electrodes, sphenoidal electrodes and electrocorticography (§ 1.3.4) or by very expensive 
techniques such as MEG (§ 1.7.1). 

Lopes da Silva et al. [1975] used inverse autoregressive filtering to effectively enhance non
stationarities, including EDs, in the EEG. This became the central component of a spike detector 
which had an understandably high false detection rate in all ~ut very artifact-free EEGs. Similarly, 
James et al. [1997] used multireference adaptive noise cancelling to enhance non-stationarities by 
means of a multilayer perceptron artificial neural network. This was proposed as a precursor in a 
multistage spike detection system with the aim of increasing the overall sensitivity to EDs. 

Van Veen et al. [1992], Spencer et al. [1992], van Drongelen et al. [1996], and Van Veen 
et al. [1997] have applied an adaptive three-dimensional spatial filtering technique (beamformer) 
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to help detect and localize epileptogenic sources in the brain. The perfonnance of the beamfonning 
technique, when applied to EEG records, relies on the existence of a priori clinical infonnation 
indicating the approximate location of a possible epileptogenic source. This infonnation can be 
used by the beamfonner to enhance activity being generated in the vicinity of that location or, 
more precisely, to attenuate EEG and artifacts from areas elsewhere in and around the brain. The 
following sections address the implementation of the beamfonner for processing EEG records. 

3.2 THE EEG BEAMFORMER 

A head model that relates the underlying neural activity due to an epileptogenic source to the 
potential distribution measured on the surface of the scalp is required to set the parameters of 
the beamfonner. The EEG beamfonner, depicted in Figure 3.1, has 16 channels of input data 

v(k) 

+ 

t(k) 

Adaptive 
Algorithm 

\---,--- Y ( k ) 

e(k) 

Figure 3.1 Beamfonner CGSC) used to process EEG records. 

v(k) with only a single output channel y(k) (see § 2.6.2 for a description of how the beamfonner 
works). An artificial ED was modelled at an arbitrary fixed location and orientation. A forward 
model (§ 3.2.4) was used to detennine the corresponding spike generated on the surface of the 
scalp at the 16 electrode positions of the 10-20 system (Figure 1.5). The reSUlting set of signals 
were then superimposed upon an epoch of background EEG (described further in § 3.3.2) to yield 
the input signals to the beamfonner v(k). From the same model the fixed set of weights Wf and 
the blocking matrix Bn for a given dipole location were derived and are described in § 3.2.5. 

3.2.1 Source of the ED 

A major problem in analysing the EEG is that the measured potentials arise from a multitude of 
sources, whose extent and exact location within the cerebral cortex are unknown. The current 
dipole - defined as two point sources of equal magnitude but opposite polarity separated by an 
infinitesimally small distance - is one particular model frequently used to represent the generator 
of recorded activity. Use of a current dipole has been substantiated by the fact that the well
accepted generator of the potential field measured on the surface of the scalp is the pyramidal 
neuron of the cerebral cortex [Creutzfeldt and Houchin, 1974; Gloor, 1975]. When a pyramidal 
neuron is excited (or inhibited) it displays a behaviour similar to that of a current dipole oriented 
nonnal to the surface of a volume conductor [Gloor, 1987; Srebro, 1994] as shown schematically 
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in Figure 3.2. However, the potential distribution recorded on the surface of the scalp at any par
ticular instant in an EEG recording is, of course, not due to a single pyramidal neuron but to the 
synchronized activity of a large population of pyramidal neurons arranged largely in parallel with 
one another. If such synchronization occurs over a large enough region of the cortex, then elec
tric fields of sufficient strength are generated to enable a potential distribution on the surface of 
the scalp to be measured. Therefore, a layer of dipoles aligned in a similar manner may better 
represent the behaviour of the pyramidal neurons in the cerebral cortex than a single dipole. The 
main role of current dipoles has been in localization studies to represent focal activity at a known 
location and orientation in order to produce a simulated EEG record. This record is then compared 
with the original EEG record in a least-squares sense in order to obtain an equivalent dipole. An 
equivalent dipole is the dipole for which the simulated EEG record is closest to the original EEG 
record in a least-squares sense. 

The use of a current dipole has some limitations, namely, a current dipole (1) may not 

I 
I 

I 

\ 
\ 

Figure 3.2 Electric field in a volume conductor around a single pyramidal neuron which has been 
excited by activation of a set of synapses on its apical dcndrites. Extracellular current flow (solid lines 
with arrows) and equipotential surfaces (dashed lines) are shown. The electric field resembles that of a 
current dipole oriented normal to the surface of the volume conductor. 

adequately represent generalized epileptiform activity due to a deeply located source [Cooper 
et ai., 1965], (2) cannot represent generalized epileptiform activity produced by different corti
cal events, evidenced by phase shifts observed at the electrode sites [Hori et al., 1969], and (3) 
is confined by the modelling technique to fixed source configurations despite some evidence sug
gesting that the EEG activity is due to changes in source configurations [Petsche et aI., 1970]. 

The current dipole model has been extended to distributions of dipoles or dipole layers [Fourment 
et al., 1965]. These models better represent the physiological makeup of neuron layers as man
ifest for example, in the hippocampus which contains predominantly a single layer of pyramidal 
neurons. Studies have shown that the theta rhythm, the characteristic activity of this region, is 
accompanied by corresponding potential changes of the basal and apical dendrites of opposite 
polarity, however no activity is observed at all near the soma, even during hippocampal seizures 
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[Green and Petsche, 1961]. Thus, the pyramidal cells can be represented by vertically arranged 
dipoles, alternating in polarity with the theta rhythm and hence the entire hippocampus can be 
considered as a monolayer of parallel dipoles. 

Although the evidence presented above suggests that a current dipole layer may be a more 
realistic model than a single current dipole of the ED source, the use of a dipole layer is compli
cated by two factors. Firstly, the variation in length of the neurons leads to an inaccurate potential 
distribution measured on the surface of the head since some neurons (i.e., the longer neurons) will 
appear to fire at faster rates than others. Secondly, the convoluted surface produced by the gyri 
and sulci could distort the dipole layer thereby changing the orientation of several neurons and 
producing an erroneous potential distribution observed on the surface of the scalp at the electrode 
sites. Also, use of such a model to represent the cerebral cortex has been shown to cause discrep
ancies between common reference (e.g. ipsilateral-ears montage) and bipolar recordings [Calvet 
et al., 1964]. Hence, in this thesis, to maintain consistency of results between different recording 
montages, a single current dipole has been adopted to best represent the generator of the ED for use 
in the EEG beamformer. ill addition, a single current dipole is easier to implement and reduces the 
computation involved in setting up the beamformer parameters derived from the forward model, 
described in § 3.2.4. 

3.2.2 Inverse model versus forward model 

The principal goal of electroencephalography is to relate measured scalp potentials to activity 
generated in brain tissue. In the case of focal epilepsy, localization of the source(s) is desired. More 
generally, one wishes to obtain estimates of the statistical properties of the neural source field from 
scalp potential data [Nunez, 1981]. The classical inverse problem in EEG has no unique solution; 
that is, any measured surface potential distribution may be due to many different combinations of 
brain sources [Gulrajani et al., 1984]. A number of practical issues such as the presence of noise 
in the recorded signals, limited spatial sampling with scalp electrodes, imperfect head models, 
reference electrode effects, etc., further compound the inverse problem in EEG. In practice, the 
constrained inverse problem is adopted in which information about neurophysiology and anatomy 
is used to limit the number of possible source distributions. The two most common constraints 
used are: (1) the neural sources are assumed to consist of a single dipole or a small number of 
dipoles [Fender, 1987; Scherg, 1989], and (2) all sources are assumed to be located at the same 
depth in the cortex [Nunez, 1990; Kearfott et al., 1991; Sidman, 1991]. 

The emphasis in this thesis is on the forward problem in which the scalp potential field due to 
a known source is calculated. In contrast to the inverse problem, the forward problem has a unique 
solution where a complete description of the sources, together with a detailed knowledge of the 
electrical properties and geometry of body tissue, enables the potential distribution on the surface 
of the scalp to be calculated. The accuracy of the forward solution is of critical importance to the 
development of inverse solutions, in which both the constraints and the head model determine the 
applicability and accuracy of the results. 

3.2.3 Forward Models 

A number of mathematical forward models exist to estimate scalp potentials due to known sources. 
These include (1) single and two-layered models, (2) three-layered models, and (3) four-layered 
and realistic models, which are summarized in Tables 3.1, 3.2, and 3.3, respectively. Three-layered 



3.2 THE EEG BEAMFORMER 55 

models contain three concentric spherical layers, representing the brain, the skull, and the scalp 
regions of the head while four-layered models include an extra concentric spherical layer, the CSF, 
located between the brain and skull layers. The selection of a model appropriate for the present 
studies had to satisfy certain criteria. Firstly, the model had to provide a reasonable representation 
of the primary anatomical features of the head (i.e., the brain, the skull, and the scalp). Secondly, 
the electrical properties of the tissues such as the conductivites of each compartment had to be 
accommodated. Thirdly, the model needed to be implemented easily and with low computational 
cost since many of the studies performed in this thesis involve recomputation of the model para
meters for a sequence of source configurations (chapters 4 and 5). The models shown in Table 3.1 
satisfy the last criterion only in that they are each easy to implement while the realistic models of 
Table 3.3 satisfy the first two of the three criteria only. Although these realistic models provide a 
more accurate representation of the head, they are more computationally intensive. ill the case of 
the beamforming technique, emphasis is on enhancing epileptiform activity rather than localizing 
epileptogenic sources and thus a less accurate model is sufficient. Therefore, the model of Salu 
et ai. [1990] in Table 3.2 was chosen. This is a three-layered model capable of representing a 
dipole of arbitrary location and orientation with reasonable accuracy. It is also relatively easy to 
implement and is computationally efficient. This model is discussed in the next section. 

Dipole I Limitation's Author(s) 

single eccentric CSF, skull and scalp layers Brazier [1949], Wilson and Bayley [1950], 

(I-layer) not considered Frank [1952], Brody et al. [1973] 

single centric fixed dipole, CSF, skull and Yeh and Martinek [1957], 

(I-layer) scalp layers not de Munck [1988] 

considered 

single dipole on conductivity of skull and Geisler and Gerstein [1961] 

z-axis (2-layer) scalp are equal 

multiple dipoles model mismatch depending Berg and Scherg [1994] 

on z-axis (I-layer) I on geometrical and 

electrical properties 

Table 3.1 Single- and two-layered forward models. The term centric refers to a dipole whose axis passes 
through the origin of the spherical model, whereas an eccentric dipole has its axis at any angle without passing 
through the origin of the spherical model. 

3.2.4 The Forward Model used with the Beamformer 

A forward 3-dimensional piecewise homogeneous spherical model [Salu et al., 1990] was applied 
to determine the potential distribution on the surface of the scalp and thus at the required electrode 
positions. This three concentric spherical layered model uses a scalp radius of 92 mm, and outer 
surfaces of skull and brain radii of 85 mm and 80 mm respectively [Rush and Driscoll, 1969]. The 
conductivity of the scalp and brain are both 0.33 Urn -1 while that of the skull is 0.0042 Um-1 

[Ary et al., 1981]. Hence, the ratio of conductivity between the brain and skull is 80. A cartesian 
coordinate system was used to represent a dipolar source in the spherical model with the origin 
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of the coordinates at the centre of the concentric spheres. Here the x, y, and z axes were defined 

Dipole Limitations Author(s) 

single dipole on oversimplification of electrical Rush and Driscoll [1968], 

z-aXIS and geometrical properties of Rush and Driscoll [1969], 

real head, conductivity of Plonsey [1969], Schneider [1974], 

brain and scalp are equal, Kavanagh et at. [1978], 

dipole moment in xz-plane Ary et at. [1981], Nunez [1981] 

single dipole in 3 unrealistic model of head Witwer et at. [1972] 

concentric cubes 

eccentric 2-layered computationally expensive Rudy and Plonsey [1979] 

spherical cap 

dipole on z-axis 

single dipole rotated conductivity of brain and Salu et at. [1990] 

onto z-axis scalp are equal 

single dipole on dipole on z-axis ohly Eshel et at. [1995] 

z-axis within 1 

eccentric sphere 

Table 3,2 Three-layered forward models. 

right ear-left ear (right ear positive), nasion-inion (nasion positive) and up--down (up positive), 
respectively, as illustrated in Figure 3.3. The three concentric circles in Figure 3.3 represent the 

Dipole Limitations Author(s) 

single dipole on restricted to z-axis Hosek et at. [1978], Stok [1987] 

z-axis (4-layer) 

single eccentric requires accurate measurements Meijs and Peters [1987] 

(4-layer) of geometrical properties 

BEMIFEM computationally expensive, Meijs et at. [1985], He et at. [1987], 

(single dipole) requires MRl scans to obtain Yan et al. [1991] 

geometrical information 

Table 3.3 Four-layered and realistic forward models where (4) represents a four-layered model. The realistic 
models comprise BEM (boundary element model) and FEM (finite element model). 

three spherical surfaces separating the layers (that is, the brain, the skull, and the scalp) of the head 
model. 

In the forward model, the potential v at a single scalp electrode is given by: 

(3.1) 
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Figure 3.3 The 3-dimensional spherical head model used to determine the potential distribution on 
the surface of the scalp. Location. and orientation of a dipolar source (solid arrow) at polar coordinates 
(r, (), cp). The dipolar source is i1ntially defined in polar coordinates and then converted to cartesian 
coordinates. Origin of coordinates is the common centre of the spheres. 
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where g(d, s) is the forward transfer vector for scalp electrode position s [sx Sy szV due to 
a dipole at location d [dx dy dzV and q = [qx qy qzV represents the dipole moment which 
defines the strength and orientation of the dipole, that is, the x, y, and z components of the dipole 
moment. The forward transfer vector contains solutions to the forward problem. The elements of 
g( d, s) give the potential at the electrode for unit dipole moments in the three orthogonal direc
tions, that is, g(d, s) = [gx gy gz]. Each element of the forward transfer vector can be expressed 
as (equation C.39 in Appendix C): 

1 00 

gi(d,s) = ---;::- E ,(n)jJn-l{nri Pn(COS 8) + tiP~(COS 8) cos ¢>} (3.2) 
n=l 

where a is the conductivity of the brain, R is the radius of the head, Pn (.) and P~ (.) are the Legen
dre and Associated Legendre polynomials, respectively, of order n and the ri's and ti's (Appendix 
C) are the radial and tangential transfer coefficients, respectively, due to an arbitrary dipole where 
i = x, y, or z. ,(n) is a function of the radii and conductivities of the brain, skull and scalp, jJ is 
the nonnalized depth of the dipole (Le., Idl/ R), and 8 and ¢> are the polar and azimuthal angles, 
respectively, between the dipole location and the electrode position on the scalp. For an indepen
dent derivation from first principles of the potential field equation and hence the forward transfer 
vector due to a current dipole, see Appendix C. 

Equation (3.1) can be expanded to represent a model with c electrodes and a time-invariant q: 
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VI gT(dl,SI) 

V2 gT(dl, S2) 
[ q ] (3.3) 

Vc gT(dl , Sc) 

or 
v = G(d,S)q, (3.4) 

where G( d, S) (c x 3) represents the forward transfer matrix, q (3 xl) represents the dipole 
moment as previously stated, and v (c xl) is the set of electrode potentials generated by the 
dipole at the set of locations S. Throughout this thesis c = 16, coresponding to the standard 10-20 
system of electrode sites. 

3.2.4.1 Assumptions in the Forward Model 

A number of assumptions are made in adopting the spherical head model above: 

1. The ED can be modelled as a single <;urrent dipole. 
The electrophysiological events in neuronal discharges provides the underlying basis for 
generation of the scalp EEG, as discussed in § 3.1.1. At distances which are large relative 
to the dimensions of the source region, the electric field can be shown to be strongly dipolar 
[Plonsey, 1969; Duffy et at., 1989]. Although the surface potential distribution observed in 
an EEG record may be quite complicated, a dipole model provides a reasonable approxima
tion of the source. 

2. The location and orientation of the source of the ED are time-invariant. 
This produces an electric field which has a fixed spatial variation and an amplitude linearly 
related to the dipole moment magnitude. 

3. The electric field produced by the ED is quasi-static. 
The maximum frequency of significance in biological tissues is of the order of 1 kHz [Plon
sey, 1969]. However, the EEG is concerned with frequencies up to 100Hz. The effects of 
capacitance within biological tissue at this frequency can be described in terms of its con
ductivity rT and dielectric permeability E. Representing the conductivity as a complex phasor 
quantity, that is, 

( JWE) rT=rT 1+-;;:- , (3.5) 

a ratio of displacement to conduction current, where W is the angular frequency (w = 21ff, 
where f is the frequency), reveals that the expression in brackets will be a real quantity 
provided IjwElrTl « 1. Studies by Schwan and Kay [1957] on macroscopic (averaged) 
properties of many tissues demonstrated that the displacement current was usually negligible 
compared to the conduction current. Typically, they found lWEI rTl < 0.04 at f = 100 Hz for 
the various tissues, leading to the conclusion that capacitive and inductive effects may be 
neglected in the forward model (i.e., can be considered to be purely resistive). Thus, the 
fields may be considered to be conservative and all time derivatives in Maxwell's equations 
neglected (see Appendix C.1). The potential field at the head surface and therefore the 
potential measured at each electrode is thus dependent on the source and the intervening 
tissue at that instant only. 
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4. The head may be modelled as piecewise homogeneous and isotropic. 
The various tissues of the head are inhomogeneous and anisotropic [de Munck, 1988]. How
ever, there is considerable theoretical and experimental evidence that the presence of inho
mogeneities do not produce gross distortions of the electric field. Rather, the presence of 
layers of different, and in some cases anisotropic, conductivity mainly causes an attenua
tion of the surface potential field [Arthur and Geselowitz, 1970; Rudy and Plonsey, 1979; 
Nunez, 1981; Duffy et al., 1989]. 

5. The head may be modelled as spherical (with concentric inhomogeneities). 
Comparison with more realistic electrolytic models of the head reveals that the concentric
spherical model is reasonably accurate except in those regions of the skull and scalp where 
the actual and modelthickness vary the most [Schneider, 1974; Cuffin, 1993; Roth et al., 1993; 
Fletcher et al., 1993]. However, the primary purpose of the beam former is to detect rather 
than to locate sources and, thus, the emphasis in modelling is to simulate the approximate 
field rather than the exact field for a given source location and orientation. At best, the loca
tion of the source is only approximately known anyway. A more accurate head model, such 
as gained from the use of finite elements and detailed anatomical data [Meijs et al., 1985; 

Yan et al., 1991], may improve the performance of the beamformer but is likely to require 
more accurate source location information a priori than can realistically be expected [Got
man, 1996]. Certainly, the solution of the inverse problem (e.g., to find the location of a 
detected source) is likely to require a much more accurate head model. 

6. There are specific boundary conditions at each interface of the spherical model: conti
nnity of the potential across each interface and zero at the scalp-surface interface (see 
Appendix C.3). 
Since the total current (conduction plus displacement) is solenoidal, that is, V x J = 0, 
then the orthogonal component at the interface between two media must be continuous. In 
other words, the orthogonal component of current flow across each interface (brain-skull 
and skull-scalp) is continuous or specified for all instants in time. However, at the scalp
surface boundary where the conductivity of air is 0, the normal component of current density 
is assumed to be zero. 

3.2.5 Derivation of the beamformer parameters 

To implement the beamforming technique several parameters are required. These include the 
response vector, in particular, the inline response vector r q , the fixed weight vector Wf and the 
blocking matrix Bn. The derivation of each is described next. 

For a single dipolar source and dipole moment q one may rewrite (2.3), namely 

s(k) = w T v(k), 

as 

(3.6) 

for the output of the uppermost branch of the beamformer (Figure 3.1). Here, 

(3.7) 
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is the response vector to a dipole at location d. To constrain the response of the beamformer at a 
desired dipole location d so that signals from this location are preserved while signals from other 
locations are attenuated, we simply define a constraint matrix C as the forward transfer matrix at 
that desired location, that is 

cT GT(d,S). (3.8) 

Therefore, substitution of (3.8) into (3.7) leads to 

r=CTw , (3.9) 

which is equivalent to (2.48). In beamforming, the response vector is assigned unit magnitude 
with some desired orientation. However, if the orientation of the dipolar source is known and 
time-invariant at location d, then a single beamformer response vector r q is given by 

q 
rq = jqJ' (3.10) 

which is referred to as the in line response vector. In general, the orientation is either unknown or 
varying in time. In such cases, three separate beam former response vectors are utilized, one for 
each of the orthogonal directions x, y, and z. The orthogonal directions are each characterized 
by nonnalized response vectors of unit magnitude in the respective directions. For example, the 
response vector in the x-direction is defined as 

rx = [10 of (3.11) 

and similarly in the y- and z-directions. All four response vectors are used in this thesis. 
Given any of the response vectors ri (where i = q, x, y, or z) and the constraint matrix C, the 

fixed set of weights Wf can be calculated using (2.57). Next, the weight vector can be decomposed 
into two orthogonal components Wf and Wa. Here, Wf is the fixed set of weights (Figure 3.1) which 
lie in the row space of the transposed constraint matrix C T (Le., CTWf = r (2.48». Similarly, Wa 

corresponds to the set of weights which lie in the null space of CT (i.e., C T Wa 0). The vector 
Wa is a linear combination of the columns of a (16 x 13) matrix Bn (Le., Wa Bn'wn). This 
relationship holds provided the columns of Bn form a basis for the null space of CT , hence Bn 
is termed the blocking matrix. Thus, Bn can be determined from C T using any orthogonalization 
procedure such as Gram-Schmidt, QR decomposition, or singular value decomposition. Through
out these studies, the Gram-Schmidt orthogonalization technique was used. Next, the adapted set 
of weights Wn (13 x 1) are initialized to zero and thereafter updated at each sample k, until the 
end of the EEG record, using the LMS adaptive algorithm (§ 2.5.1.3), 

3.3 PREPARATION OF THE EEG RECORD 

During a routine EEG recording at Christchurch Hospital, 16 channels chosen from the 10-20 
International System of electrode placement [Jasper, 1958] are used for recording EEG waveforms 
(Figure 1.5). The 16 channels of recorded EEG signals are low-pass filtered with a cutoff fre
quency of 70 Hz (loo dB/dec), sampled at a rate of 200 Hz and digitized to 12-bit precision. 

Both EEGs containing epileptiform discharge waveforms (EDs) and normal ipsilateral-ears 
referential background EEGs were required to investigate the performance of the beamformer on 
simulated data. This data was acquired from the Department of Neurology at Christchurch Hos
pital. For simulations, EEG recorded via the ipsilateral-ears referential montage was used. Other 
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montages can, however, be simulated by reformatting ipsilateral-ears, as discussed in § 3.3.4. 

Using the ipsilateral-ears montage, EEG data from several patients (i.e., EDs and normal EEG) 

were extracted and subsequently saved on 1.44 MB floppy disks in binary format for reformatting 
on a PC in the Department of Electrical and Electronic Engineering at the University of Canter

bury. Next, the data was transferred to a Sun SPARC station and converted to ASCII format for 

ease of manipulation of the data. Each epoch of data was arbitrarily chosen to be of 4 s (800 

samples) duration since the beamformer required approximately 2 s (400 samples) to converge. 
Hence, provided the length of the epoch was greater than 2 s, longer segments could easily be 

implemented. 
Preprocessing of the data involved d.c.-subtraction in both the normal and epileptiform EEG 

epochs to remove any baseline drift present in the channels. In other words, for each of the 16 
channels of normal and epileptiform EEG, the average was calculated over the complete 800 sam

ple epoch and consequently subtracted from each sample within the respective epoch. 

3.3.1 Simulated Epileptiform Discharges 

EEG records from patients with focal epilepsy were viewed for possible EDs. Following verifi
cation by the electroencephalographer (EEGer), EDs were extracted from a single channel of the 
recorded EEG. The EDs were selected to represent the amplitude and morphology of artificial EDs 
to be used as deep foci in simulation studies. The EDs selected included monophasic and bipha
sic EDs (Figure 3.4) of variable duration (patient dependent) but typically less than 140ms (28 
samples). The extracted ED was padded with zeros to 800 samples, (Le., the same length epoch 

II 
Ar J\r 

(a) 
(b) (c) 

Figure 3.4 Extracted EDs: (a) monophasic (EOl), (b) biphasic (ED2), and (c) biphasic (Em). 

as that of the normal background data) with the peak amplitude of the non-zero signal centred at 

sample number 700 as shown in Figure 3.5 to yield SED (k). Sample number 700 was chosen so as 
to allow the beamformer output enough time to converge to the optimum weight vector. 

3.3.2 Background Signal 

EEGs with no epileptiform activity, as judged by an EEGer, were taken to be normal EEG. Records 

of this type (acquired via the ipsilateral-ears referential montage) were viewed to select and extract 

16 channels, each 800 samples in length, to represent the normal background EEG signal bEEG (k), 
as shown in Figure 3.6. 



62 CHAPTER 3 EEG SPATIAL FILTERING 

0.2 : 
<!.) 

0.1 "0 

),' B ·c 
i'Jl 0 

:V ::E 
-0.1 

-0.2 
0 100 200 300 400 500 600 700 800 

Sample Number 

Figure 3.5 An extracted biphasic ED padded to 800 samples, or 4s, to produce SED(k). 
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Figure 3.6 A 4 s (800 sample) epoch of normal ipsilateral-ears referential background EEG, b EEG (k ). 
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3.3.3 Input to the Beamformer 

Isolated EDs (described in § 3.3.1) were used as the waveforms of simulated current dipoles at 
arbitrary fixed locations and orientations in the head. From (3.4) a signal corresponding to the 
ED was computed for each electrode (for a radial dipole located at () = 45°, <p = 45°, e = 0.5, 
shown in Figures 3.7(a) and 3.7(b» and then added to the background signal for that electrode. To 
achieve this, the amplitude of the dipole was modulated by SED (k) for each time sample k so that 

z y z 
~ 

x x 

y 

Top view Back view 

(a) 3-d view (b) 2-d views 

(c) Truncated VED(k) 

Figure 3.7 The expected ED produced via the forward model for a radial dipole placed at (8 = 45° I ¢ = 
45°, e = 0.5) shown in (a) and (b) at each electrode shown in (c) corresponding to the waveform in Figure 
3.4(b). 

(3.12) 

The nature of VED (k), which has been truncated to display the ED only, is depicted in Figure 
3.7(c). Finally, the background EEG signals, bEEG(k) (Figure 3.6) were added for each respective 
channel to yield the EEG record to be input to the beamformer v (k) (16 x 800) 

(3.13) 

The overall procedure is described pictorially in Figure 3.8. 
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Figure 3.8 Development of the EEG record for a radial dipole located at B = 45 0
, ¢ = 45 0

, and 
e = 0,5 (i,e" maximum amplitude at electrode F4), Note the amplitude ofvEo(k) has been scaled 
here for display purposes since it is barely noticeable once it is superimposed upon bEEG(k) to yield 
v(k), 
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3.3.4 Referential and Bipolar Montages 

Several montages are adopted for recording EEG waveforms: three referential montages and four 
bipolar montages. The referential montages (Figure 3.9) comprise three different points of refer
ence, namely the ipsilateral-ears reference (refl), the common or averaged reference (ref2), and 
the vertex reference (ref3). The midline electrodes (Fz, Cz, and pz) are not used in refl and ref2 

(a) (b) 

(c) 

Figure 3.9 Referential Montages: (a) ipsilateral-ears reference (refl), (b) common or averaged ref
erence (ref2), and (c) vertex reference (ref3). The number refers to the channel number used in EEG 
recording. 

EEG recordings (due to there being a maximum of 16 channels available) and the earlobe elec
trodes (AI and A2) are used only in the ipsilateral-ears referential montage. Two segments ofEEG 
are recorded using the ipsilateral-ears referential montage to produce topographical maps of the 
estimated spectral magnitude distribution over the scalp. The bipolar montages (Figure 3.10) com
prise four different configurations, namely the longitudinal (bipl), transverse (bip2), longitudinal
transverse (bip3) and circumferential (bip4). Neither bipl nor bip4 use the electrodes through the 
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nasion-inion plane (Fz, Cz, and Pz). 
Although all the montages displayed in Figures 3.9 and 3.10 can be simulated, only EEG data 

(a) (b) 

(c) (d) 

Figure 3.10 Bipolar Montages; (a) longitudinal (bipl), (b) transverse (bip2), (c) longitudinal
transverse (bip3), and (d) circumferential (bip4). The number refers to the channel number used in 
EEG recording. 

recorded using refl may be reformatted, using the 3-dimensional piecewise homogeneous spher
ical model described in § 3.2.4, into EEG records corresponding to montages ref2, bip1 and bip2. 
(The work in this thesis concentrates on montages refl and bipl only). Converting the forward 
model parameters into the ipsilateral-ears referential montage format requires multiplying the for
ward transfer matrix G(d,s) (3.2) by the montage matrix Mrefl to produce a new set of electrode 
potentials: 

vrefl(k) = Mrefl G(d, S) q 8ED(k), (3.14) 
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where the montage matrix Mrefl (16 x 18), corresponds to the matrix used to derive montage refl, 

and is given by 
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(3.15) 

where the 17th and 18th columns contain the relevant reference electrode, either A2 or Al respec
tively, used for subtraction from each electrode. To implement this montage, G(d,s) is calculated 

at the 16 electrode positions shown in Figure 1.5 as well as the earlobe electrodes Al and A2 to 
produce an 18 x 3 forward transfer matrix. 

In the case of reft, in which the background EEG signals bEEG are already in the correct for
mat (that is, each channel has been recorded with respect to electrodes A2 and Al and therefore 
does not require subtraction of the reference electrode signals from the other channels), the EEG 

record to be input to the beamformer is given by 

v(k) = Vrefl + bEEG(k). (3.16) 

Once the EEG record is given in reft format, it is straightforward to convert the EEG record to 

bip 1 format by 

(3.17) 
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3.4 PERFORMANCE MEASURE 

To detennine the petionnance of the beamfonning technique, it was necessary to derive a quan
titative measure of the observed enhancement seen in the output signal. Various approaches have 
been used by other researchers. One method involves mealmring the petionnance of the technique 
at equally-spaced intervals along horizontal cross-sectional grids throughout the spherical model 
(i.e., along slices of constant z) rather than measuring the petionnance at the sutiace of the model 
[Van Veen et ai., 1992; van Drongelen et ai., 1996; Van Veen et ai., 1997]. Conversely, some 
authors have no petionnance index, but define the signal-ta-noise ratio (SNR) as the average 
power of the ED over all electrodes divided by the average noise power [Spencer et ai., 1992]. 
This method is restricted to the input signal of simulated data in which the signal and noise can be 
separated and, hence, doesn't provide a measure of the petionnance of the technique. 

It was considered desirable to develop a measure which could quantify the petionnance of the 
beamfonning technique at the scalp and, in particular, at the scalp electrode sites. Consequently, 
a petionnance measure which can be applied to both simulated and real data has been developed. 
This measure tenned the enhancement ratio (ER) demonstrates the beamfonner's ability to 
enhance signals emanating from deep foci within the brain by way of an improvement in SNR over 
that seen at any of the scalp electrodes. It is essential1y the ratio of the SNR of the adapted output 
to the best SNR calculated for any sutiace electrode. The procedure used to detennine each SNR, 
and hence ER, is described in the following sections. 
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3.4.1 Determination of the Output SNR 

The 16 channels of referential EEG without superimposed EOs were processed by the inline beam

former. The output of this was then subtracted from the output of the inUne beamformer performed 

on the 16 channels with superimposed EOs. Essentially, the input ED was reproduced with good 

fidelity except for a slight alteration in amplitude and morphology due to the adaptation process 

as shown in Figure 3.11. From this signal, the peak amplitude of the ED, which may be negative, 

was determined and fop, the RMS amplitude of 5 samples centred on this peak, was calculated. 

The background signal was treated in a slightly different manner. The adapted output from 
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Figure 3.11 The ED used to calculate fop: (a) adapted output in the inline-direction, (b) adapted 
output of the raw data (background) without superimposed EDs and (c) subtraction of the background 
from the adapted output signal to yield the ED. The numbers above each ED represent the amplitude 
of the ED at sample 700. 

the beamformer may contain slow-wave activity such as delta waves or slow waves of spike-and

wave activity. This type of activity may contribute significantly to the background activity, thereby 

increasing the RMS (and hence, reducing the SNR) unless it is removed. This is demonstrated in 

the case where the ED may be superimposed upon the crest of a slow wave, increasing the RMS 

amplitude of the background signal. Removal of this activity was accomplished by applying a 25 

sample floating mean filter (equivalent to a sine function in the frequency domain with first zero-

crossover at 8 Hz) to the adapted output and subtracting the filtered output from the adapted output 
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signal (Figure 3.12). The peak amplitude of the ED in this new output signal was determined. An 
asymmetric window of 15 preceding samples, and 24 following samples (200 ms or 40 samples 
in total, since 200ms is the maximum duration for a sharp-wave discharge (§ 1.5.2.5) enclosing 
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Figure 3.12 Subtraction of the background from the adapted signal to yield the filtered ED signal: (a) 
adapted output in the inline direction, (b) 25 sample mean filter applied to (a), (c) difference between 
(a) and (b), and (d) (a) with superimposed (b). 

the peak of the ED) was obtained. Furthermore, a window of 200 samples centred on the peak 
amplitude of the ED was determined. This window of 200 samples, or 1 s, was chosen since it is 
sufficiently long that any ED will not dominate the background RMS amplitude measure, but it is 
also sufficiently short that any bursts of alpha or muscle activity do not appear significantly larger 
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than the background activity. Extraction of the asymmetric window from this larger window left 
160 samples from which the RMS amplitude bop was calculated (Figure 3.13). Hence, the output 
SNRis 

SNRop (3.19) 

40 

85 75 

200 

Figure 3.13 Window of samples used to calculate hop. 

3.4.2 Determination of the Input SNR 

A different procedure was followed to determine the input RMS amplitude of the ED signal rip. 
The SNR for each of the 16 channels of the EEG record was calculated to determine the channel 
with the maximum SNR. For each channel the corresponding surface potential, calculated via 
the forward model, was multiplied by the d.c.-subtracted ED pre-superimposition. The peak 
amplitude of this scaled ED was determined. Next, the RMS amplitude of 5 samples centred on 
the peak of this ED was calculated to yield the input RMS ED signal rip' 

As mentioned above for the adapted output, each surface channel may also contain slow wave 
activity. The RMS amplitude of the background signal bip is therefore determined in an identical 
manner to bop as described above. Hence, the SNR for the surface channel is 

Tip 
SNRip = -b' . 

Ip 

Finally, the enhancement ratio ER is defined as 

ER = SNRip 

3.4.2.1 Projection of the Beamformer Output 

(3.20) 

(3.21) 

In addition to determining the ER for each beamformed record, the beamformed output was ref
ormatted into 16 channels of EEG. As well as visualizing the beamformer's output y(k) in any 
coordinate or resultant direction, the forward model was used to project the beamformer output 
from all three orthogonal directions, using a fixed orientation q/lql, to the surface of the scalp at 
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the standard 10-20 electrode sites. This facilitated the task of judging the ability and extent to 
which the beamformer could enhance EDs by direct comparison with the input (raw) EEG record. 
This also provided the EEGer with a set of 16 channels of EEG to view rather than just a single 
output channel. 

3.5 SUMMARY 

This chapter addressed the implementation of the GSC for use in processing EEG signals. In par
ticular, the source of the ED and the three-dimensional (three-layered) piecewise homogeneous 
spherical model used with the beamformer were discussed. Alternative source configurations and 
a selection of other well--established forward models (Le., single-, two-, three-, and four-layered, 
as well as FEMlBEM) were reviewed. 

The forward model of Salu et ai. [1990] was described in more detail along with the necessary 
assumptions accompanying such a forward model. The role of the forward model in the beam
former and the derivation of the four parameters (Wf, C, r, and Bn) required to implement the 
beamforming technique were described. 

Next, the procedure to produce the EEG record, containing background EEG signals with 
superimposed EDs, for a particular. montage for use in the simulation studies (chapter 4) was 
demonstrated. The means of reformatting EEG records from the ipsilateral--ears referential mon
tage to the longitudinal bipolar montage was outlined. 

Finally, a performance measure (ER) which is the ratio of the SNR of the adapted output to the 
maximum SNR of any surface channel was described. The procedure to determine each SNR, used 
in the calculation of ER, was also discussed, along with a means of reformatting the beamformed 
output signals into 16 channels of EEG. The performance characteristics of the beamformer in 
processing simulated EEG records for a number of different scenarios is discussed in the follow
ing chapter. 
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BEAMFORMER PERFORMANCE: SIMULATION STUDIES 

Simulations using MATLAB were performed for radially and tangentially oriented dipole sources 
to determine the performance and characteristics of the beamformer. The input to the beam former 
comprised an ED superimposed upon a 4 s epoch of t6 channels of normal referential EEG. Two 
EDs, one monophasic (EDt) and one biphasic (ED3), and five normal referential background EEG 
epochs (BGt, ... ,BG5) from five patients . were selected and extracted for use in the simulation 
studies. These background EEG records are shown in Appendix D. The simulations produced two 
types of results - dependence and sensitivity expressed as functions of location or direction. 
The inline enhancement ratio ER was the performance measure used. Throughout this thesis, the 
terms source andfocus are used interchangeably to describe the generator of epileptiform activity, 
manifested as an ED waveform. 

4.1 DEPENDENCE 

Simulations were performed to determine how dependent the beamformer's performance is on: the 
number of electrodes; the recording montage; the magnitude, location and direction of the dipole 
source. Thus, 'dependence' represents the effect on the enhancement ratio (ER) of variations in 
the number of electrodes, the recording montage, the magnitude, location and orientation of the 
dipole source for the case of the beamformer being positioned at the same location and orientation 
as the dipole. 

Radial and tangential dipoles were used in the simulations to represent the range of orienta
tions of epileptogenic foci. ER dependence curves were calculated for variations of (a) number 
of electrodes, and (b) magnitude of the dipole. A comparison of the ipsilateral-ears referential 
montage with the longitudinal-chains bipolar montage, in terms of ER, was tabulated. For these 
three cases, a radially oriented dipole was assumed and both the dipole source and the beamformer 
were fixed at the same location. In addition, ER dependence curves were determined for variations 
of (a) eccentricity e, (b) polar location 0, and (c) azimuthal location 4> of the dipole and the beam
former. In the latter three cases, the dipole source and the beamformer were moved along either an 
arc (polar or azimuthal) or in a radial direction extending from the centre of the brain to the inner 
surface of the skull (i.e., the boundary of the first spherical layer). Hence, at each new location, 
both the surface potentials and the constraint matrix C were recalculated using the same forward 
model. 
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4.1.1 Dependence on the number of electrodes 

The first investigation looked at the dependence of the beamformer on the number of electrodes 
placed on the surface of the scalp. In addition to the 16 electrodes typically employed in routine 
ipsilateral--ears referential recording, 4, 8 and 12 electrodes were arranged in both 'close' and 
'far' arrays, all selected from the standard 10-20 International System of electrode placement, 
as shown in Figure 4.1. A radially oriented dipole (solid arrow) at the position shown in Figure 

w 
@ ®@ 
@ @ 

@) ®T6 R 

4 (close) 8 (close) 12 (close) 

@ @ 

@) ® 

4 (far) 8 (far) 12 (far) 

Figure 4.1 Close and far sets of electrodes. 

4.2 represented the dipole source. In all configurations, ED3 was superimposed upon BG 1. Note 
that the dipole is closest to electrode site F4 and this electrode was incorporated into each test 
set. Beamforming at this location, using each array, produced the results displayed in Figure 4.3, 
indicating that the ER increased as a function of the number of electrodes, namely, 1.01 using 4 
electrodes to 1.73 using 16 electrodes. In addition, the beamformer's performance was slightly 
superior for the far array. This is presumably because this set provides more spatial information to 
the beamformer. 

4.1.2 Dependence on the Recording Montage 

The next investigation addressed the dependence of the beamformer on the recording montage 
used. This required beamforming using the ipsilateral--ears referentially recorded background 
EEG records (BG1, BG2, BG3, BG4, and BG5), reformatting each of these records into longitu
dinal bipolar EEGs (BIP1, BIP2, BIP3, BIP4, and BIP5), and beamforming on these new records. 
These bipolar background EEG records are provided in Appendix D. The procedure for refor
matting an EEG record from the ipsilateral--ears referential montage into another is described in 
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§ 3.2.4. In each case, a radially oriented dipole was the source used. Two different locations, 

z 

y 

x 

Figure 4.2 Location and direction of radially oriented dipole (solid arrow) and tangentially oriented 
dipole (unfilled arrow) for the study of the dependence of the beamforruer on the number of electrodes 
and on the magnitude of the ED (§ 4.1.3). Location is () = 45°, ¢ 45°, e :=: 0.5. 
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Figure 4.3 Dependence of the beamforruer on the number of electrodes. 

one at () = 45°, ¢ 45°, e = 0.5 (Figure 4.2) and another at () 60°, ¢ = 12°, e 0.661, 

(Figure 4.4) were assumed for the source. These two locations correspond to directly below elec
trode F4 and close to T4 (113 of the distance from T4 to C4 and 113 of the distance from T4 to 
FS) respectively. Beamforming for the dipole at each location using ED1 and ED3 superimposed 

1 An e = 0.66 was considered by a Radiologist to be the approximate depth of the hippocampus on the medial 
surface of the temporal lobe, a common site of temporal lobe epilepsy. 



76 CHAPTER 4 BEAMFORMER PERFORMANCE: SIMULATION STUDIES 
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x 

Figure 4.4 Location and direction of radially oriented dipole (0 = 60°, ¢ = 12°, e = 0.66) for the 
study of the dependence of the beamformer on the recording montage. 

upon BG1, BG2, BG3, BG4, BG5, BIP1, BIP2, BIP3, BIP4, and BIP5 produced the results shown 
in Tables 4.1 and 4.2 respectively. In all cases, ER> 1.0. Also, for a particular background EEG 
and location, the differences observed between different EDs are minimal, being less than 3.9% 
for ER(referential) and 3.5% for ER(bipolar). However, Tables 4.1 and 4.2 reveal differences as 
large as 92.8% between referential and bipolar montages for a given location and ED. These dif
ferences arise partly from the method of calculating ER (§ 3.3) and partly due to the SNR being 
maximum on a different surface channel when using either montage. Also, significant variations 
in ER within the different background EEGs for a particular ED and location are observed. This 
indicates that the beamformer adapts differently for each EEG record. The greatest variation mea
sured was 0.71 for ED3 located at (0 = 60°, ¢ = 12°, e = 0.66) using the referential recording 
montage. Figures 4.5(a) and 4.5(b) display an example of the input and projected beamformed 
output EEG records respectively using the referential montage while Figures 4.5(c) and 4.5(d) 
show the corresponding reformatted input bipolar and projected beamformed output EEG records. 
All waveforms are of 2 s duration and have been normalized to the maximum amplitude of the ED 
in each record - channel F4 in Figures 4.5(a) and 4.5(b) and channel C4-P4 in Figures 4.5(c) 
and 4.5(d). Notably, the inline output signal produced using the bipolar montage differed slightly 
in terms of a small variation in the morphology and amplitude of the background signal from that 
produced using the referential montage. This lead to differences in output SNR and hence differ
ences in ER. 

Beamforming using the referential montage produced a slightly higher average enhancement 
of 1.53±0.24 than the bipolar montage (1.37±0.30), although the difference is only marginally 
significant (p < 0.10, df = 19, via the two-tailed paired t-test). This indicates that the beam
former may enhance EDs in referential montages more than those in bipolar montages. Also, 
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ER (referential) 

Bgrd () = 45°, 1> = 45° , e = 0.5 () = 60°,1> 12°, e = 0.66 

BGI 1.7465 (F4) 1.7267 (F4) 1.3533 (T4) 1.3435 (T4) 

BG2 1.0759 (F8) 1.0981 (F8) 1.5339 (T4) 1.5173 (T4) 

BG3 1.5369 (F4) 1.5196 (F4) 1.5278 (T4) 1.5303 (T4) 

BG4 1.4337 (F4) 1.4669 (F4) 2.0225 (T4) 2.0567 (T4) 

BG5 1.5282 (F4) 1.5559 (F4) 1.4837 (T4) 1.5224 (T4) 

ED EDI ED3 EDI ED3 

Table 4.1 Dependence of beamformer on recording montage. Here, referential = ipsilateral-cars referential 
montage and Bgrd refers to the background referential EEG record. The expression in brackets beside each ER 
measurement indicates the electrode for which the SNR was maximum. 
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the projected EEG records using the referential montage produced more prominant EDs than that 
observed for the corresponding bipolar cases. Although this is a limited data set, the referential 
montage appeared to perform slightly better in most cases, both quantitatively and graphically, 
than the bipolar montage. 

ER (bipolar) 

Bgrd () = 45°,1> = 45°, e 0.5 () = 60°,1> 12°, e = 0.66 

BIPI 1.0577 (C4-P4) 1.0757 (C4-P4) 1.3288 (C4-P4) 1.3041 (C4-P4) 

BIP2 1.5507 (C4-P4) 1.5336 (C4-P4) 1.3307 (Fp2-F8) 1.2959 (Fp2-F8) 

BIP3 1.6704 (F4-C4) 1.6588 (F4-C4) 1.5780 (Fp2-F8) 1.5950 (Fp2-F8) 

BIP4 1.4144 (C4-P4) 1.4297 (C4-P4) 1.1494 (Fp2-F8) 1.1291 (Fp2-F8) 

BIP5 1.3661 (C4-P4) 1.3626 (C4-P4) 1.3444 (Fp2-F8) 1.3225 (Fp2-F8) 

ED EDI ED3 ED1 ED3 

Table 4.2 Dependence of beam former on recording montage. Here, bipolar = longitudinal-chains bipolar mon
tage and Bgrd refers to the background bipolar EEG record. The expression in brackets beside each ER measure
ment indicates the bipolar channel for which the SNR was maximum. Comparison with Table 4.1 reveals quite 
large variations in ER recorded in several cases between referential and bipolar montages for the same location 
and ED. Also, the surface channel for which the SNR was maximum was predominantly channels F4 and T4 using 
the referential montage whereas channels C4-P4 and Fp2-F8 dominated the results using the bipolar montage. 

4.1.3 Dependence on magnitude of epileptogenic spike 

The beamformer is expected to have linear response to the source of interest. Confirmation of 
this property was investigated by simulation. For this investigation, two separate sources were 
used: a radially oriented dipole (solid arrow) and a tangentially oriented dipole (unfilled arrow), 
both located at () = 45°, ¢ = 45°, e = 0.5, as shown in Figure 4.2. Two EDs, one monophasic 
(EDl) and one biphasic (ED3), were superimposed upon the same segments of noisy background 
EEG (BGI and BG3). The magnitude of each ED was varied from 0.01 to 0.1 in increments 
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of 0.01. An upper limit of 0.1 was chosen since this study was only concerned with how the 
beamformer performed on EDs which were either smaller or comparable to the background EEG. 
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Figure 4.5 An EEG record with superimposed ED: (a) referentially recorded input EEG record, (b) 
corresponding projected beamformed output, (c) reformatted bipolar EEG record from Figure 4.S(a), 
and (d) corresponding projected bearnformed output. 
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The modified ED was then superimposed upon the background EEG to produce the new input 
record to the beamformer. Beamforming for each dipole at the location shown in Figure 4.2 
using the two different EDs and two different background EEGs produced the graphs shown in 
Figure 4.6. These preliminary results confirm that ER is virtually independent of the magnitude 

ER ER Jm_m __ muuummumm_ 
at ! ! ! ! ! ! ! 

0.00 0.09 OJ 0.01 0.02 0.03 0.04 0.05 0,06 0.07 MS 0.09 0.1 

Magnitude of ED 

(a) BGl (b) BG3 

ER ER 

(c) BGl (d) BG3 

Figure 4.6 Dependence of ER on absolute magnitude of ED for the cases shown in Figure 4.2, that 
is, a radially oriented dipole using: (a) BGl, and (b) BG3, and a tangentially oriented dipole using: (c) 
BGl, and (d) BG3. (0 EDl and x = ED3) 

of the ED, irrespective of whether the dipole is radially or tangentially oriented, as expected. For 
each dipole, a variation in ER was observed between different EEG backgrounds. 

4.1.4 Dependence on depth of dipole and beamformer: radial dipole 

The next investigation addressed the dependence of the beamformer on eccentricity. This required 
keeping the angular coordinates of the dipole constant. In the first case, a radially oriented dipole 
at () 45°,1> = 45°, given by either of the solid arrows shown in Figure 4.7(a), was the source 
used. A second location was chosen, one in which a radially oriented dipole was located along the 
radial line shown in Figure 4.7(c), that is, () = 60° and 1> 12°, a common site of temporal lobe 

epilepsy (see footnote on p. 75). 
Beamforming for each dipole at equally spaced locations along each radial line using ten dif

ferent sets of input data - ED1 and ED3 superimposed upon BG1, BG2, BG3, BG4, and BG5 
produced the graphs shown in Figures 4.7(b) and 4.7(d) respectively. It should be noted that, for 
each value of eccentricity the data point plotted is the average of the ten results, that is, the mean 
ER, obtained from the combination of the two EDs and five background EEGs. Also, each error 
bar indicates the range of the ten results pertaining to that particular value of eccentricity2 . 

2The mean ER, which is the average of the ten results using the two EDs and five background EEG records, and 
the error bars, which give the range of the ten results, are used in all dependence and sensitivity results in this chapter 
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In Figure 4.7(b), ER increases as the dipole source and beamformer are moved towards the 
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Figure 4.7 Dependence of ER on eccentricity e of a radial dipole: (a) dipole at 0 = 45° and ¢ = 
45°, (b) corresponding dependence curve; (c) dipole at 0 = 60° and ¢ = 12°, (d) corresponding 
dependence curve. For each location, both EDI and ED3 were each superimposed upon backgrounds 
BGl, BG2, BG3, BG4, and BG5. The brain-skull interface is shown at e = 0.87 and the skull-scalp 
interface at e = 0.95. 

surface of the brain, reaching a maximum mean ER of 2.07 at the boundary of the first spheri
cal layer (e = 0.87) of the forward model. The results varied when the radially oriented dipole 
was on the radial line shown in Figure 4.7(c). Here, the mean ER reaches a maximum value of 
2.29 at e = 0.2, approximately quarter the distance from the centre of the brain to the brain-skull 
boundary. Possible reasons for this behaviour could be due to (1) the method used for calculation 
of ER, (2) the reference electrode becoming active (i.e., it receives more signal when a source is 
close to it), and (3) less spatial information is available to the beamformer at greater polar angle 
locations (i.e., e > 45°) since the electrodes are all located on the upper hemisphere of the head. 
As the source is moved towards the surface of the scalp, the maximum SNRip occurs on different 
electrodes (F8 initially, then T4) producing a lower ER as the source moves closer to the scalp sur
face. This could indicate that the beamformer is quite dependent on the background EEG activity 
recorded at each electrode. However, in both cases, ER> 1.0 at all eccentricities, including that 
close to the centre of the brain. 

(eccentricity, polar angle, and azimuthal angle) from this point forward. 
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4.1.5 Dependence on depth of dipole and beamformer: tangential dipole 

The technique described in §4,1.4 above was applied to a tangentially oriented dipole located 
along the same two radial lines within the brain also described in §4.1.4. The first radial line is 
indicated in Figure 4.8(a) while the second radial line is indicated in Figure 4.8(d). Beamfonning 
for the dipole at equal spaced locations along each radial line using the same ten sets of input data, 
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Figure 4.8 Dependence of ER on eccentricity e of a tangential dipole: (a) dipole at () 45° and 
¢ 45°, (b) corresponding dependence curve; (c) dipole at () = 60° and ¢ = 12°, (b) corresponding 
dependence curve. 

described in §4.1.4, produced the graphs shown in Figures 4.8(b) and 4.8(d) respectively. In both 
cases, the mean ER increases slightly with increasing radial distance. However, in Figure 4.8(b) 
a maximum mean ER of 2.70 is obtained at the brain-skull boundary while a slightly lower mean 
ER of 1.68 is shown at the same boundary in Figure 4.8(d). Here, a similar effect is seen on the 
dependence ofER on the eccentricity of the beamformer to that observed in Figures 4,7(b) in that 
ER> 1,0 for most positions along the radial line. Also, the graphs indicate that the ER increases 
as a function of moving the source closer to the surface of the scalp. Only five cases ranging from 
e = 0.1 to e 0,5 inclusive in Figure 4.8(d) display an ER<l.O. 
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4.1.6 Dependence on polar location of dipole and beamformer: radial dipole 

Next, the dependence of ER on the polar location of the beamfonner was considered. Here, both 
the azimuthal angle ¢ and the eccentricity e were kept constant. As described in previous sections, 
two radially oriented dipoles, one at ¢ = 45° and e = 0.5, with locations given by the set of 
solid arrows in Figure 4.9(a), and the other at ¢ = 12° and e = 0.66, with locations given by 
the set of solid arrows in Figure 4.9( c), were used to represent the dipole source within the brain 
in these studies. Beamfonning for the dipole at each new location along these polar arcs using 
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Figure 4.9 Dependence of ER on polar angle location () of a radial dipole: (a) dipole at ¢ = 45° and 
e = 0.5, (b) corresponding dependence curve; (c) dipole at ¢ = 12° and e = 0.66, (d) corresponding 
dependence curve. 

ten different sets of input data produced Figures 4.9(b) and 4.9(d) respectively. Both sets of data 
display sinusoidal-like curves with mean ER> 1.0 when beamfonning along either of these polar 
arcs. However, four cases in each of Figures 4.9(b) and 4.9(d) display an ER<1.0. Also, in 
Figure 4.9(b) the ER dependence on polar angle reaches a maximum mean ER of 1.60 at () = 
60°, ¢ = 45°, e = 0.5, a location which is between electrodes Fp2, F4 and F8, indicating the 
beamfonner perfonns better when the dipole source is located further away from any electrodes 
on the surface. This can be explained as follows: moving the dipole away from an electrode results 
in the amplitude of the input ED decreasing on that particular electrode (until it reaches a location 
equidistant from a set of adjacent electrodes in which it will begin to increase in amplitude on 
a different electrode). Consequently the amplitude of the beamfonned output background signal 
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increases slightly, but at a slower rate than the amplitude of the ED is decreasing, resulting in a 
lower surface SNR but relatively constant output SNR and thus a higher ER between adjacent sets 
of electrodes. However, away from this peak the ER is shown to be reasonably constant for all 
other locations along this particular polar arc as shown in Figure 4.9(b). 

Also, in Figure 4.9(d), the mean ER reaches a local maximum of 1.88 at 0 50° for (¢ = 12° 
and e 0.66), a position located between electrodes C4, F8 and T4, but considerably closer to 
T4. It is also noted that the ER increases again beyond 0 = 65°, ¢ = 12°, e 0.66. Hence, using 
a different position within the brain for the dipole produced similar results for the dependence of 
ER on the polar location of the dipole and beamformer in that the maximum mean ER occurred at 
a site distant from any set of electrodes. 

4.1. 7 Dependence on polar location of dipole and beamformer: tangential dipole 

In a similar manner to that described in the preceding section, the dependence of ER on the polar 
location of a tangentially oriented dipole was studied. In the first case, a tangentially oriented 
dipole at ¢ = 45°, e 0.5 given by any of the solid arrows located along the polar arc shown in 
Figure 4.1O(a) was the source used. Similarly, a second source, located at ¢ = 12°, e 0.66 as 
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Figure 4.10 Dependence of ER on polar angle location B of a tangential dipole: (a) dipole at 1 
45° and e 0.5, (b) corresponding dependence curve; (c) dipole at 1 = 12° and e = 0.66, (d) 
corresponding dependence curve. 

displayed in Figure 4.10(c) was assumed. Beamforming for the dipole at equally spaced locations 
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along these arcs using the ten sets of data, produced the graphs shown in Figures 4.1O(b) and 
4.1O(d) respectively. The mean ER is shown in Figures 4.10(b) and 4.1O(d) to be maximal at 2.92 
at (} = 0°, if; 45°, e = 0.5, and 3.93 at (} 0°, if; 12°, e = 0.66, respectively, and to decrease 
with increasing polar angle in both cases. (} 0° corresponds to locations which are furtherest 
away from any electrode on the surface in each case. Furthermore, a mean ER> 1.0 is obtained 
at all locations along either polar arc when the dipole source is oriented tangentially and ER<1.0 
in only a few cases near (} = 90°. Also, in Figures 4.1O(b) and 4.1O( d) note that when () = 90°, 
(i.e., the dipolar source is located in or close to the lower hemisphere) very little enhancement is 
achieved using the beamforming technique whereas the converse is true for the radial cases shown 
in Figures 4.9(b) and 4.9( d). This may be due to the orientation of the tangential dipole at (} = 90° 
in which the potential recorded on the surface of the scalp is 0 at this location and is maximal on 
a more distant channel in which the dipole is radially pointing to. 

4.1.8 Dependence on azimuthal location of dipole and beamformer: radial dipole 

The next investigation addressed the dependence of ER on the azimuthal location of the dipole and 
beamformer. For these studies, both the polar angle (} and the eccentricity e were kept constant 
while the dipole source was rotated about an azimuthal angle if; to a new position. In the first 
simulation, a radially oriented dipole at (} 45° , e -;- 0.5 given by one of the solid arrows shown 
in Figure 4.11(a), was the source used. Next, a radially oriented dipole at (} 60°, e = 0.66 given 
by one of the solid arrows shown in Figure 4.11(c), was the second source used in the simulations. 
Beamforming for the dipole at each new location (equally spaced) along each azimuthal arc using 
the ten sets of input data produced Figures 4.11 (b) and 4.11 (d) respectively. In both graphs (Fig
ures 4.11(b) and 4. 11 (d» a small variation occurs in mean ER along each azimuthal arc, whereas 
each graph has a local maximum mean ER at approximately if; = 22° (ER 1.84 and 1.87 respec
tively). In both cases, these maxima occur near a site furtherest away from any set of electrodes. In 
addition, Figure 4.11(d) shows sinusoidal-like behaviour in which another local maximum occurs 
at if; = -28°, corresponding to a location between adjacent surface electrodes C4, P4, T4, and T6. 
A mean ER> 1.0 is observed at all locations along both azimuthal arcs when the dipole source is 
oriented radially. In Figure 4.11 (d) only four cases displayed ER<1.0. 

4.1.9 Dependence on azimuthal location of dipole and beamformer: tangential 
dipole 

Finally, the procedure of the preceding section was repeated for a tangentially oriented dipole 
located along two different azimuthal arcs within the brain. The first position «(} = 45°, e 0.5) 

is shown in Figure 4.12(a), while the second position «(} 60°, e = 0.66) is shown in Figure 
4. 12(c). Beamforming for the dipole (any of the solid arrows) at each new location along these 
arcs using the standard ten sets of input data produced the graphs in Figures 4.12(c) and 4.12(d) 
respectively. Here, much less dependence on azimuthal angle is shown than for the radial dipole. 
The maximum mean ER was recorded in each case near the forward most location. Note that 
ER> 1.0 in all ten simulations in both Figures 4.12(b) and 4.12( d). The results indicate that the 
beamformer is relatively independent of the azimuthal angle of a tangentially oriented dipole. This 
is due to the dipole pointing to the same electrode within each data set (electrode Cz since Cz is 
not used in the ipsilateral--ears referential montage, either F4 or P4 is selected to determine SNRip 
instead) hence the SNR is constant and thus ER remains relatively constant also. 
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Figure 4.11 Dependence of ER on azimuthal angle location ¢ of a radial dipole: (a) dipole at () 
45° and e = 0.5, (b) corresponding dependence curve; (c) dipole at () 60° and e 0.66, (d) 
corresponding dependence curve. 
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Simulations were performed to determine how sensitive the beamformer is to inaccuracies in the 
assumed location of a dipolar source. Both radially and tangentially oriented dipoles were used 
in the simulations to represent epileptogenic foci. Three types of curves were plotted for each, 
namely the sensitivity of the beamformer to inaccuracies in eccentricity e, polar location 0, and 
azimuthal location ¢. In order to produce the sensitivity curves, the EEG was computed on the 
basis of the location and orientation of what is here referred to as the actual dipole. A new position 
was assumed for the estimated dipole along either an arc (polar or azimuthal) or along a radial line 
extending from the centre of the brain to the brain-skull interface. In each case studied, the arc or 
radial line passed through the actual dipole location. For each new position of the estimated dipole, 
the fixed surface potentials of the actual dipole, calculated via the forward model, were used while 
the constraint matrix C was recalculated using the forward model for the estimated dipole at that 
new position. Thus, the dipole was fixed while the beamfonner was moved. Plots of the ER as a 
function of change in eccentricity L}.e, change in polar angle L}.O and change in azimuthal angle 
L}.¢ were obtained. Beamforming was undertaken on the standard ten different sets of input data 
(described in § 4.1.4). 
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o = 45° and e = 0.5, (b) corresponding dependence curve; (c) dipole at 0 = 60° and e = 0.66, (d) 
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4.2.1 Sensitivity to depth of beamformer: radial dipole 

The first investigation addressed the sensitivity of the beamformer to inaccuracies in eccentricity. 
The actual dipole was represented as a radially oriented dipole located within the brain at (() = 
45°, ¢ = 45°, e = 0.5) as shown in Figure 4.13(a). This dipole is shown schematically as the solid 
arrow in Figure 4.13(b). Now, a new location for the estimated dipole, given by the unfilled arrow 
(Figure 4.13(b», was obtained by translation along a radial direction, a distance ~e from the actual 
dipole. A second simulation was performed with the actual dipole at (() = 60°, ¢ = 12°, e = 0.66), 
a position corresponding to a common site of temporal lobe epilepsy, in which EDs are difficult to 
detect on the surface EEG. The location is illustrated in Figures 4.13(d) and 4. 13(e). 

Beamforrning at the locations of each estimated dipole in Figures 4.13(b) and 4.13( e) using the 
standard ten different sets of input data produced the graphs shown in Figures 4.13( c) and 4.13(f) 
respectively. In both cases, the beamformer's performance is seen to be relatively insensitive to 
the depth of the estimated dipole until it gets close to the centre of the head, approximately < 0.2 
in eccentricity. Even then the mean ER remains above 1.0 for eccentricities greater than 0.12 
and 0.09 respectively from the centre of the brain in Figures 4.13(c) and 4.13(f). Furthermore, 
Figures 4.13(c) and 4.13(f) reveal that the mean ER reaches a maximum value at ~e = 0.2 and 
-0.2, respectively, and decreases with increasing radial distance. Although this is very close to the 
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location of the actual dipole, the deviation observed could be due to the fact that both sources are 
located at relatively deep positions within the brain (Le., 0.5 and 0.66 respectively) which leads to 
smearing of the amplitude of the ED and thus a slightly reduced ER. The graphs also indicate that 
the beamformer's performance is not overly sensitive to inaccuracies in its position relative to the 
actual dipole. This is of primary importance if the beamformer is to be used to estimate the location 
of epileptogenic sources for example. The similarity between Figure 4.13(c) and 4.13(f) suggests 
that the sensitivity of the beamformer to inaccuracies in eccentricity is largely independent of the 
area in the brain where the source lies. 

4.2.2 Sensitivity to depth of beamformer: tangential dipole 

The technique explained in § 4.2.1 above was applied to a tangentially oriented dipole in two differ
ent positions within the brain. The two positions are indicated in Figures 4. 14(a) and 4.14(d). Each 
position corresponds to the actual dipole (solid arrow) given in Figures 4.14(b) and 4.14(e) respec
tively. Beamforming at the location of the estimated dipole (unfilled arrow) using the standard ten 
different sets of input data produced the graphs shown in Figures 4.14(c) and 4.14(f) respectively. 
As observed in § 4.2.1, the beamformer's performance is again seen to be relatively insensitive to 
the depth assumed for the estimated dipole tangentially oriented case. Figures 4.14(c) and 4. 14(f) 
each display a mean ER greater than 1.0 irrespective of whether the estimated dipole is located 
either near the centre or the surface of the brain. Furthermore, in Figure 4.14(c) the mean ER 
reaches a maximum value at.6.e 0.2, identical to that observed in Figure 4.13(c) and decreases 
with increasing radial distance. No such peak is observed in Figure 4. 14(f) however. 

4.2.3 Sensitivity to polar location of beamformer: radial dipole 

Next, sensitivity to inaccuracies in polar angle of the beamformer was considered. A radially 
oriented dipole placed at the two locations within the brain as shown in Figures 4.15(a) and 4.15(d) 
was used in these studies. The dipole is shown again in Figures 4.15(b) and 4. 15(e) as the filled 
arrow. A different location and orientation for the estimated dipole, shown as an unfilled arrow 
(Figures 4.15(b) and 4.15(e», was assumed by rotation through an angle .6.(} with respect to the 
location of the actual dipole along the dashed arcs in both cases. The rotation was in the plane 
of the z-axis and the actual dipole. Beamforming at each new location using the standard ten 
different sets of input data produced the graphs shown in Figures 4.15(c) and 4.15(f) respectively. 

The graphs show, in both cases, that the beamformer is more sensitive to inaccuracies of polar 
angle location than of eccentricity of the estimated dipole. This is attributed to the placement of 
the electrodes whereby the source may exhibit a maximum SNR on different electrodes (due to 
the different levels of background activity on each electrode) as it is rotated through angle (). The 
mean ER peaks within 50 of the location of the actual dipole in both Figures 4.15(c) and 4.15(f). 
Also, in both graphs a mean ER2:: 1.0 for all locations of the estimated dipole is obtained within 
±25° of the actual dipole. In both cases, the ER decreases as polar angle separation increases. 
Thus, this implies that a relatively broad area of the brain has to be searched in terms of using the 
beamformer to localize epileptogenic sources, since the beamformer is only moderately sensitive 
to the location of possible sources. 
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Figure 4.14 Sensitivity of beamformer to inaccuracies in eccentricity e of beamformer for the cases where 
the location and direction of the tangentially oriented dipole is at: 8 = 45°, ¢ = 45°, and e 0.5 shown 
in (a) and (b) with (c) corresponding sensitivity curve; 8 = 60°, ¢ = 12°, and e = 0.66 shown in (d) and 
(e) with (f) corresponding sensitivity curve. In all cases, the actual dipole is given by the solid arrow and the 
estimated dipole is represented by the unfilled arrow. The brain-skull interface is shown at 6e = 0.37 and 
6e 0.21 respectively, and the skull-scalp interface at 6e = 0.45 and 6e = 0.29 respectively. 
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Figure 4.15 Sensitivity of beamformer to inaccuracies in polar angle () of beamformer for the cases where 
the location and direction of the radially oriented dipole is at: () = 45°, ¢ = 45°, and e = 0.5 shown in (a) 
and (b) with (c) corresponding sensitivity curve; () = 60°, ¢ = 12°, and e = 0.66 shown in (d) and (e) with 
(f) corresponding sensitivity curve. In all cases, the actual dipole is given by the solid arrow and the estimated 
dipole is represented by the unfilled arrow. 



4.2 SENSITIVITY 91 

4.2.4 Sensitivity to polar location of beamformer: tangential dipole 

In a similar manner to that described in the previous section, sensitivity to polar location was 
studied for a tangentially oriented dipole in two different locations within the brain. The two 
locations for the tangentially oriented actual dipole shown in Figures 4.16(a) and 4.16(d) were 
used, corresponding to the locations given by the solid arrows in Figures 4.16(b) and 4.16(e). 
Beamforming at the location of the estimated dipole (unfilled arrow) using the standard ten sets of 
input data produced the graphs shown in Figures 4.16(c) and 4.16(f) respectively. 

The mean ER is shown in Figures 4.16(c) and 4.16(f) to be a maximum within 5° of the exact 
location ofthe actual dipole and to decrease below 1.0 when the estimated dipole is moved towards 
the lower hemisphere of the brain, that is, when () > SO°. Furthermore, in Figure 4.16( c) a mean 
ER~ 1.0 is obtained when the estimated dipole is located within ±35° of the actual dipole, while in 
Figure 4. 16(f) the corresponding angular range is ±25°. In both cases, the ER is shown to decrease 
for increasing polar angle separation, as shown for the equivalent radially oriented dipoles. 

4.2.5 Sensitivity to azimuthal location of beamformer: radial dipole 

The next investigation addressed the sens~tivity of the beamformer to inaccuracies in azimuthal 
location of the dipole source. The first simulation performed was the radially oriented dipole given 
in Figure 4.17(a). This represents the actual dipole which is depicted as the solid arrow in Figure 
4. 17(b). A second simulation uses the radially oriented dipole in Figures 4.17(d) and 4.17(e) in 
which the actual dipole is represented by the solid arrow. Now, a location for the estimated dipole, 
given by the unfilled arrow (Figures 4.17(b) and 4.17(e» was obtained by rotation through an 
angle b.¢ with respect to the location of the actual dipole. Beamforming at this new location for 
the estimated dipole using the standard ten sets of input data produced Figures 4.17 (c) and 4.17 (f) 
respectively. 

The mean ER is shown in Figure 4.17 (c) to be a maximum at the exact location of the actual 
dipole and remains above 1.0 for 11b.¢11 ~ 37.5°. However, in Figure 4. 17(f) the mean ER is a 
maximum approximately 10° forward of the location of the actual dipole. Once again, this effect 
is likely to be related to the location of the electrodes (discussed in § 4.2.3). The range for which 
the mean ER remains above 1.0 is again within approximately ±30° of the location of the actual 
dipole. 

4.2.6 Sensitivity to azimuthal location of beamformer: tangential dipole 

The procedure of the preceding subsection was repeated for a tangentially oriented dipole in 
two different locations within the brain. The two positions are shown in Figures 4.18(a) and 
4.18(d). Again, a location is assumed for the estimated dipole (unfilled arrow in Figures 4.1S(b) 
and 4.18(e» by rotation through an angle b.¢ with respect to the position of the actual dipole (solid 
arrow). Beamforming at the two different locations of the estimated dipoles using the ten sets of 
input data produced the graphs shown in Figures 4.18(c) and 4.1S(f) respectively. 

In both cases, the beamformer's performance is seen to be relatively insensitive to the azimuthal 
location of the estimated dipole when it is oriented tangentially. This is due to the dipole pointing 
to the same electrode within each data set (electrode Cz - since Cz is not used in the ipsilateral
ears referential montage, either F4, or P4 is selected to determine SNRip instead) hence the SNR 
is constant and thus ER remains relatively constant also (§ 4.1.9). The mean ER is a maximum 
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Figure 4.16 Sensitivity of beamformer to inaccuracies in polar angle 0 of beamformer for the cases where 
the location and direction of the tangentially oriented dipole is at: 0 = 45°, ¢ = 45°, and e = 0.5 shown 
in (a) and (b) with (c) corresponding sensitivity curve; 0 = 60°, ¢ = 12°, and e = 0.66 shown in (d) and 
(e) with (f) corresponding sensitivity curve. In all cases, the actual dipole is given by the solid arrow and the 
estimated dipole is represented by the unfilled arrow. 
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Figure 4.17 Sensitivity of beamfonner to inaccuracies in azimuthal angle cP of beamfonner for the cases 
where the location and direction of the radially oriented dipole is at: fJ 45° , cP = 45° , and e 0.5 shown 
in (a) and (b) with (c) corresponding sensitivity curve; fJ = 60°, cP 12°, and e = 0.66 shown in (d) and 
(e) with (0 corresponding sensitivity curve. In all cases, the actual dipole is given by the solid arrow and the 
estimated dipole is represented by the unfilled arrow. 
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Figure 4.18 Sensitivity of beamformer to inaccuracies in azimuthal angle cP of beamformer for the cases 
where the location and direction of the tangentially oriented dipole is at: 0 = 45°, cP = 45°, and e = 0.5 
shown in (a) and (b) with (c) corresponding sensitivity curve; 0 = 60°, cP = 12°, and e = 0.66 shown in (d) 
and (e) with (f) corresponding sensitivity curve. In all cases, the actual dipole is given by the solid arrow and 
the estimated dipole is represented by the unfilled arrow. 
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near the location of the actual dipole, within SO, in both graphs (Figures 4.18(c) and 4.18(f»). Fur
thermore, an ER above 1.0 is observed for almost all cases over a wide range, indicating that for 
these particular EDs and EEG background combinations, the bearnformer continues to improve 
the SNR of the ED irrespective of the location of the estimated dipole. 

4.3 DISCUSSION 

The simulation results presented represent the primary results from an extensive set. Each result 
has been confirmed by repeat simulations with different background EEG, different location and/or 
different ED. Investigations using both radially and tangentially oriented dipolar sources were per
formed throughout the simulation studies. Since there were no constraints on the orientation of the 
source, a dipolar source of any orientation could be used. 

Although only two recording montages, ipsilateral-ears referential and longitudinal-chains 
bipolar have been used here, other referential and bipolar montages can also be used in the beam
forming technique. The two montages that have been employed here were chosen on the basis 
that they provide more visual cues to the EEGer analyzing the EEG record and hence are more 
frequently used. 

The beamformer has been shown to be 'relatively independent of the depth of both radially and 
tangentially oriented dipoles along the two radial lines used. Hence, even when the dipole was 
placed at the centre of the head, the beamformer was still able to enhance the ED, as shown in 
the dependence studies. Also, the sensitivity studies revealed that the beamformer was moderately 
insensitive to the depth of both radially and tangentially oriented dipoles. Thus, the beamformer 
has the ability to enhance EDs from sources located deep in the brain. This property is demon
strated for the case where the amplitude of the ED is comparable to that of the background EEG 
in Figure 4.S(a) in which the event has been enhanced in Figure 4.S(b). This demonstrates that 
the beamformer has considerable potential for application in clinical neurophysiology for non
invasively enhancing epileptiform activity from deep foci in the brain. 

The relative insensitivity of the beamformer to inaccuracies in eccentricity, polar location, and 
azimuthal location indicates that the beamformer is most suitable for enhancement of activity from 
epileptogenic foci whose location is ill-defined. Conversely, it may not be very suitable for local
ization of deep epileptogenic foci, that is, providing a means of determining the 'inverse solution'. 

Various approaches have been used by other authors for measuring the performance of beam
forming techniques. A different approach from that implemented here defined the SNR as the 
average power of the source over all electrodes divided by the average noise power [Van Veen 
et al., 1992; Spencer et al., 1992; van Drongelen et al., 1996; Van Veen et al., 1997]. How
ever, this approach can only be applied to the input signal of simulated data, whereas the method 
for determining the enhancement ratio ER in this thesis can be applied to both the input and the 
output signals of the simulations and real data. Also, some authors [Van Veen et al., 1992; van 
Drongelen et al., 1996; Van Veen et al., 1997] have mea.<;ured the performance of this technique 
at equally-spaced intervals along horizontal cross-sectional grids throughout the spherical model 
(that is, along slices of constant z), whereas the method employed here for determining ER is 
based on the signals observed on the surface of the scalp at the electrode sites. However, the inline 
ER determined in this thesis provides a relatively conservative measure of the performance of the 
beamformer. This point is illustrated in Figures 4.S(a) and 4.S(b) where the visibility of the simu
lated ED in the output projected onto the scalp is much improved although the ER of 1.73 implies 
only a modest enhancement. Although ER may be somewhat low in several cases, it does provide 
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a very robust perrormance measure. 

4.4 SUMMARY 

The penormance of the beamformer has been assessed via a number of simulations using both 
radially and tangentially oriented dipoles placed at different locations. Two EDs and five back
ground EEGs, either referential or bipolar, provided the input data to the beamformer. 

Two types of studies were perrormed. The first being 'dependence', which determined how 
dependent the beamformer's penormance was on variations in number of electrodes; recording 
montage; amplitude, location and orientation of the dipolar source. Here, the surrace potentials 
and the constraint matrix C were recalculated at each new position before beam forming. 

The dependence studies indicated that: 

• the ER's ranged from 0.72 (Le., an attenuation of the amplitude of the ED) to a maximum 
enhancement of 4.57 with a mean enhancement of 2. 18±0.34 for the dependence studies. 

II for the case of 8 or more electrodes, the beamformer is not strongly dependent on the num
. ber and arrangement of the surrace electrodes, penorming better when the chosen array of 

electrodes has the widest spread. . 

• the perrormance of the beamformer when using the ipsilateral-ears montage may be supe
rior to the longitudinal bipolar montage since values of ER were, on average, 43% (p < 
0.10) higher. However, it is important to recognize that there is considerable variation in 
penormance between the two montages which are dependent on EEG background, location 
and orientation of focus, etc. That is, in many instances the enhancement is greater on the 
bipolar montage and, hence, one cannot simply resort to sole use of the referential montage. 

• the beamformer appears to be largely independent of the magnitude and morphology of the 
epileptogenic spike but there are substantial variations in ER between different background 
EEGs. 

II the beamformer is only moderately dependent on the eccentricity of both radially and tan
gentially oriented dipoles along the two radial lines used. 

• the beamformer is only moderately dependent on polar angle location for radial dipoles 
whereas tangential dipoles displayed a higher ER near the centre of the brain. 

e the beamformer is relatively independent of the azimuthal location for both radially and tan
gentially oriented dipoles. However, a large variation was observed at particular azimuthal 
locations due to different background EEGs, reflecting the bearnformer's dependence on the 
background EEG. 

• the beamformer perrorms better when the dipolar source (both radially and tangentially 
oriented) is located further away from any electrodes on the surface of the scalp. 

The second study perrormed was 'sensitivity', which determined how sensitive the beamformer is 
to inaccuracies in location, namely, eccentricity, polar angle, and azimuthal angle of the dipolar 
source. In this case, the surrace potentials of the actual dipole were fixed while the constraint 
matrix C was recalculated for the estimated dipole at each new location. 

The sensitivity investigations indicated that: 
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.. the beamfonner is not strongly affected by inaccuracies in depth of both radially and tan
gentially oriented dipoles, except when the beamfonner is placed too close to the centre of 
the head. 

.. the beamfonner is dependent, but not strongly, on the polar and azimuthal location of both 
radial and tangential dipoles, producing a maximum ER either at the exact location or close 
to the exact location of the actual dipole and decreasing with increasing polar or azimuthal 
angle separation. 

Overall, the perfonnance of the beamfonner has demonstrated the potential for using the beam
fonner to enhance real epileptifonn activity by using a priori infonnation of the location of the 
epileptogenic source. Its relative insensitivity to eccentricity of the source provides the opportu
nity of applying the beamfonner to suspected epileptogenic sources located at any depth within the 
brain. Admittedly, and for reasons not completely understood, in several cases, the beamfonner 
provided greater enhancement when the source was located more superficially. 

The finding that the beamfonner's perfonnance is only mildly adversely affected by inaccura
cies in depth or angular location of the focus indicates that the beamfonner may have considerable 
potential in clinical neurophysiology for enhancing activity from suspected epileptogenic sources 
deep in the brain where the likely location can only be crudely estimated. The converse of this 
attribute is that techniques other than beamfonning are likely to be more effective and accurate at 
detennining the location of the source. 





Chapter 5 

BEAMFORMER PERFORMANCE: CLINICAL STUDIES 

Following detennination of the perfonnance of the beamfonner via a range of simulation stud
ies in chapter 4, this chapter aims to detennine the perfonnance of the beamfonner on real EEG 
data. For each patient, a priori infonnation from the EEGer's report and visual cues in the EEG 
record were used to provide an estimate of the position of the epileptogenic source within the 
brain. The beamfonner was then scanned within a small volume around the estimated location to 
detennine the location at which the beamfonner achieved a maximum SNR. The SNR, calculated 
using the procedure described in § 3.3, was found for the magnitude derived from the three orthog
onal beamfonner outputs. The thresholded mean enhancement ratio ERt , defined in § 5.2, was the 
perfonnance measure used in each case. 

This chapter introduces the volumetric search procedure used to detennine the estimated loca
tion of the epileptogenic source for use in the beamfonner and the modified perfonnance measure 
used in all EEG records containing beamfonned projected output epochs. Next, the results for 
the definite and questionable focal epileptifonn EEG records are presented quantitatively and the 
raw and projected output wavefonns are compared for each. The orientation of the epileptogenic 
source, detennined by the beamfonning technique, is compared with that of a radially oriented 
source for both sets of definite and questionable events. Finally, the raw and beamfonned data 
were presented in a randomized manner to an EEGer for grading in tenns of certainty of being 
epileptifonn. 

5.1 CLINICAL DATA 

EEG records from 11 patients, all graded globally as containing definite or questionable focal epil
eptifonn activity according to 2 or 3 independent EEGer's, were used in a preliminary assessment 
of the beamfonner's ability to enhance real EDs. In this context 'global' refers to the collective 
grading of all epileptifonn events within a standard 20 minute EEG recording. The assessment was 
divided into two independent studies. In the first study, EEG records from 4 patients all graded 
globally as containing definite epileptifonn activity were chosen. From these records, 12 events 
rated as either definite or questionable focal EDs were selected. From the EEGs of the remaining 7 
patients which had been graded globally as questionable, 27 questionable focal epileptifonn events 
were selected for the second study. The convention adopted throughout this thesis is that epilept
ifonn discharge (ED) refers to a definite epileptifonn event, epileptiform transient (ET) refers to 
the wavefonn on a single channel corresponding to an ED. That is, an ED is an event seen as one 
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or more single-channel ETs occurring simultaneously in the multi-channel EEG. Conversely, an 

'event' can refer to any single- or multi-channel transient waveform and can represent an ED, a 

questionable ED, or an artifact. 

5.2 SEARCH :METHOD TO DETERMINE APPROXIMATE LOCATION OF 
AN EPILEPTOGENIC SOURCE 

In order to gain a reasonable estimate of the location and orientation of the epileptogenic source 

within the brain for each EEG epoch, a volumetric search method was introduced. Firstly, for 

each patient, a priori information from the EEGer's report and visual cues in the EEG epoch 

were used to provide a crude estimate of the location of the epileptogenic source. The EEGer's 

report contained information for each patient describing: the presence of epileptiform abnormal

ities (e.g., definite/questionable/none), its distribution (e.g., focal, occipital, right), the presence 

of background abnormalities (e.g., mild-moderate), and distribution of background abnormality 

(e.g., generalized, symmetric, anterior maximum). In addition, the typical visual cue used in an 

ipsilateral-ears referentially recorded EEG was the attenuation of the amplitude of the ED over 

the 16 channels (§ 1.3.2). The channe1(s) containing the maximum amplitude ET(s) indicated the 

approximate location in terms of polar angle 0 and azimuthal angle ¢ of the epileptogenic source. 

In addition, the amplitude of the ET(s) provided an indication of the depth, in terms of eccentricity 

e, of the epileptogenic source. In the case of EEGs recorded using the longitudinal bipolar mon

tage, the approximate location of an epileptogenic source was best indicated by phase reversal of 

the ED on two or more adjacent channels (§ 1.3.3) in a particular chain with the amplitude of the 

ED providing information of the depth of the suspected epileptogenic source. 
Once the approximate location of the epileptogenic source was determined, the volumetric 

search method was invoked. This involved scanning the beamformer and dipolar source within a 
small volume, typically 600 x 600 x 0.3 (6.0 x 6.¢ x 6.e) centred on the estimated location of the 

source. Within this volume, 0 and ¢ were each adjusted in increments of 100 while the eccentric

ity was adjusted in increments of 0.1 giving 147 locations in total (Figure 5.1). In all cases, radial 

dipoles were used to represent the epileptogenic source. At each location, three beamformers, one 

for each orthogonal direction (i.e., x, y, and z) were processed to determine the location at which 

the beamformer achieved a maximum SNR. 

The outputs of the three beamformers were each filtered using the floating mean filter, described 

in § 3.3.1 (i.e., 25 sample floating mean), to produce the filtered outputs bx , by, and bz (Figures 

5.2(a), 5.2(b), and 5.2(c» and the magnitude signal Ibl = Vbi + b~ + b~. An example is shown 
in Figure 5.2(d). 

Next, the SNR of Ibl was determined by an identical procedure as that described in § 3.3.1. 

The location at which SNRlbl was a maximum provided an estimate of the location of the epilep

togenic source. The sample number k at which the maximum amplitude of the ED occurred in 

bx , by, and bz was determined and typically ranged from 699 - 701 (noting that the spike was 

nominally located at sample 700). The amplitude of the ED at this sample k in each of the three 

signals was used to estimate the orientation of the epileptogenic source, namely Oos and ¢os, where 

(5.1) 
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and 

¢los = arctan (~::) , 0
0 ~ ¢los ~ 360

0
• (5.2) 

Finally, beamforming using the estimated location of the epileptogenic source produced the 

z 

{ 

y 

x 

Figure 5.1 An example of the volume used in the search process. In this case, the estimated location 
of the radially oriented dipole (epileptogenic source) is at e = 600

, ¢I 2600
, and e 0.5. Hence the 

enlarged volume on the left is given by 30° ::; (j ::; 900 ,2300 
::; ¢I ::; 2900

, and 0.4 ::; e ::; 0.6. 

three beamformer outputs. Filtering these outputs and projecting the result onto the surface of the 
scalp (described in chapter 3) produced 16 channels of EEG. 

5.3 THE THRESHOLDED MEAN ENHANCEMENT RATIO 

In the simulation studies, the inline enhancement ratio ER was the preferred measure of perfor
mance. However, in the case of the projected output of both real and simulated epileptiform 
EEG records, an ER based on a single-channel comparison was considered inadequate since the 
epileptiform event is enhanced to varying degrees on several channels. Therefore, a global ER 
performance measure was required. The mean enhancement ratio ER calculated from the ER for 
each of the 16 channels was chosen as the performance measure. However, because estimates of 
SNR can be grossly inaccurate for low signal levels, input channels with very low SNRs can lead 
to erroneous ERs and, hence, an inaccurate ER. To overcome this, an arbitrary (based on observa
tions made with an EEGer) SNR threshold of 0.7 was chosen. Thus, any input or output channel 
which has a SNR~ 0.7 is excluded from the calculation of ER. The thresholded ER, denoted 
ERt , is thus the mean enhancement ratio calculated over all channels for which both input and 
output SNR are >0.7. Typically, 3 out of 16 channels failed to reach threshold for the calculation. 
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Figure 5.2 The three beamfonner output signals: (a) b"" (b) by, and (c) b z after mean filtering and 
(d) the resultant magnitude signal rbl. 
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5.4 DEFINITE FOCAL EPILEPTIFORM EEG RECORDS 

In the first study, EEG records from 4 patients which had been graded globally as containing 
definite focal epileptiform activity by 2 or 3 independent EEGer's were used in a preliminary 
assessment of the beamformer's ability to enhance real EDs. From these records, 12 events rated 
as definite (7112) or questionable (5/12) epileptiform activity were selected for the evaluation. 
All 12 events were recorded using the ipsilateral-ears referential montage (Figure 3.9(a». These 
recordings were also subsequently reformatted into longitudinal bipolar data, using the procedure 
described in § 3.2.4, for further processing by the beamformer. 

5.4.1 Applying the Search Method 

For each patient, the volumetric search method described in § 5.2 was applied to each epileptiform 
event to estimate the location and orientation of the epileptogenic source. Note that the estimated 
orientation was not used in the beamforming process; it was determined solely to compare with 
radially oriented sources at the same location, discussed next in § 5.4.3. Figure 5.3 shows typical 
surface plots of SNRlbl as a function of f) and 1, determined by the search method for the three 

e 0.86 

e = 0.76 

e 0.66 

100 

o o 

Figure 5.3 A typical example of the 3-dimensional surface plots obtained from the search method. 
In this particular example, the estimated location of the radially oriented dipole (epileptogenic source) 

was determined to be (Os = 47° , ¢a 75° , es = 0.76). 

values of eccentricity. Bicubic-spline interpolation has been applied to the data to form the plots. 
In this example (event lA in Table 5.1), the SNR is observed to peak at f) 47°, 1 = 75°, and 
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e = 0.76. Apart from the more prominent peak at e 0.76, the three plots show considerable 

consistency in the angular variation of SNRlbl' 
This estimated location (Os, ¢s, es) was used in the beamformerfor both the ipsilateral-ears ref

erentially recorded EEG and the reformatted longitudinal bipolar record. Next, for each montage, 
the outputs of the three orthogonal beamformers, were calculated using the estimated location of 
the epileptogenic source. Projection of the output of the three floating-mean filtered beamfOlmer 
outputs, that is, bx , by, and bz , onto the surface of the scalp produced 16 channels of EEG from 
which ERt was calculated. Currently, the MA1LAB-based computation involved in applying the 
beamforming technique to a 4s epoch of EEG takes lOs to process using a Pentium 166MHz 
processor. Attempts were made to confirm the estimated location of the epileptogenic source with 
independent radiographic evidence in the form of MRI and/or CT for each patient. Unfortunately, 
none of the patients had any corroborative radiographic evidence of the location of the focus. 

5.4.2 Enhancement of Definite Focal Epileptiform Events 

Figure 5.4(a) shows a typical EEG epoch from one of the patients containing a definite event. In 
each case shown, only the latter 2 s of the EEG epoch is displayed. For this particular epoch, 
attenuation of the ED is observed bya decrease in the amplitude of the ED over several channels 
with the ED being most prominent on electrode F4. The relatively high amplitude and the rapid 
fall-off on adjacent electrodes indicates a source located relatively close to the brain-skull inter
face. Using this electrode site as the best available estimate of the location of the epileptogenic 
source, the search method estimated the focus to be at Os = 67°, ¢s = 75°, and es = 0.86; that is, 
near to electrode Fp2 (0 72°, ¢ = 72°). Projecting the outputs from the three beamformers onto 
the surface of the scalp produced Figure 5.4(b) in which the enhancement of the event, relative to 
the background, is evident on all channels but is more prominent on the frontal-<::entral channels 
F4, F3, C4, and C3. That is, the beamformer has filtered out much of the slower wave activity in 
the raw EEG. In this case, the beamformer enhanced the event by a mean 215% = 3.15). All 
EEG epochs, both input and output, have been normalized for display to the maximum amplitude 
of the ED calculated from all channels within that epoch (e.g., F4 in Figures 5.4(a) and 5.4(b»). 
This will, of course, have the superficial effect of indicating no apparent enhancement of the max
imum amplitude ED, unless one takes the attenuated background into account. 

Figure 5.4(c) shows the EEG of Figure 5.4(a) after reformatting into bipolar data, and Fig
ure 5.4(d) displays the corresponding projected beamformed output. Processing of the bipolar 
data resulted in a of 1.67, substantially lower than that for the corresponding referential case. 
Nevertheless, Figure 5.4(d) displayed an ED of higher amplitude with sharper features on several 
channels, particularly the frontal channels Fp2-F4, F4-C4, and Fpl-F3. 

Another example of beamforming on a definite epileptiform event is shown in Figures 5.5(a) 
and 5.5(b) which displays the raw referentially recorded EEG and projected output respectively 
for a different patient. Here, the preliminary estimate of the location of the epileptogenic source 
was close to electrode 01. A more accurate estimate of the location, determined by the search 
method, indicated the focus was at Os = 50°, ¢s 25°, and es 0.68 (event 4A in Table 5.1). In 
this case, the ED was enhanced predominantly on the parietal-occipital channels P4, P3, 02, and 
01 with a 1.77. 

Similarly, the corresponding reformatted bipolar epoch and projected output are shown in Fig
ures 5.5( c) and 5.5( d) respectively. Here, much of the higher frequency background EEG, observed 
on several input channels, has been attenuated in the beamforming process. In Figure 5.5(d), the 
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Figure 5.4 A typical 2 s EEG epoch from one of the patients containing a definite event showing (a) 
referentially recorded input EEG epoch, (b) corresponding projected beamformed output, (c) reformat
ted bipolar input EEG epoch, and (d) corresponding projected beamformed output. The maximum ED 
amplitude occurred on channel F4 in (a) and (b) and on channel Fp2-F4 in (c) and (d), to which the 
rest of the EEG epoch has been normalized. 
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Figure 5.5 A second typical 2 s BEG epoch (from a different patient to that in Figure 5.4) contain
ing a definite event showing (a) referentially recorded input EEG epoch, (b) corresponding projected 
beamformed output, (c) reformatted bipolar EEG epoch from Figure S.S(a), and (d) corresponding pro
jected beamformed output. The maximum ED amplitude occurred on channel 01 in (a) and (b) and on 
channel T5-01 in (c) and (d), to which the rest of the EEG epoch has been normalized. 
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ED appears to be sharper than that observed on the input channels and is more prominent on chan
nels located in the left parietal-temporal-occipital area. The event was enhanced by a mean 108% 
(ERt = 2.08). 

Table 5.1 summarizes results obtained for the 12 events, giving the estimated location (Os, ¢s, es) 
and orientation (Oos, ¢08) of the epileptogenic source, determined by the volumetric search process, 
and the respective for each of the referential and bipolar epochs from the 4 patients. Table 5.1 
indicates 10 or more channels (13 on average) were used for calculation of ERt for referential 

Event Grade Estimated Location Estimated Orientation ERt 

Os ¢s es Oos ¢os Referential Bipolar 

1A QlQI- 47° 75° 0.76 43° 60° 2.29 (13) 2.45 (10) 

1B QlQI- 37° 85° 0.86 37° 69° 1.68 (16) 1.50 (13) 

1C DIDI- 67° 75° 0.86 10° 46° 3.15 (13) 1.67 (12) 

1D DIDI- 27° 85° 0.86 33° 66° 1.70 (16) 2.16 (16) 

2A QI-/Q 5° 260° 0.80 12° 274° 2.18 (13) 1.96 (10) 

2B D/-/Q 5° 310° 0.80 14° 270° 2.44 (10) 2.38 (8) 

3A QlQI- 102° 1540 0.75 -92° 1440 1.52 (14) 1.68 (12) 

4A D/-ID 500 2500 0.75 720 2580 1.77 (14) 2.08 (13) 

4B D/-ID 600 2300 0.75 760 2540 1.85 (13) 2.20 (16) 

4C D/-ID 800 2200 0.75 790 2530 1.95 (10) 2.18 (15) 

4D D/-ID 600 2300 0.75 770 2670 1.94 (15) 2.18 (14) 

4E D/-ID 500 2500 0.75 62° 2670 1.54 (12) 2.04 (14) 

Mean 2.00 2.04 

Thble 5.1 Referential and bipolar for the 12 focal epileptiform events from 4 patients with EEGs con
taining definite epileptiform activity where the number in the event column refers to the patient and the letter 
indicates the epileptiform event for that particular patient. Each event is classified according to 2 independent 
EEGer's either as definite (D) or questionable (Q). In all cases two different EEGer's have classified the event 
while the third EEGer has not seen the EEG record, indicated by a hyphen. The number in brackets beside each 
ERt indicates the total number of channels used to determine ERt in each event. 

records and 8 or more channels (13 on average) for bipolar records. The overall mean ERt's 
(±SD) for the referential and reformatted bipolar data were essentially identical at 2.00±0.44 and 
2.04±0.28 respectively. As the difference is not significant (p > 0.50, df = 11, via the two-tailed 
paired t-test) this indicates that, overall, beamforming enhances EDs in referential and bipolar 
montages to the same degree. However, it must be emphasized that, as indicated previously (e.g., 
see Figures 5.4 and 5.5 and examples in the simulated data of chapter 4) there is considerable 
variation in the degree of enhancement of individual EDs according to whether the data uses a 
referential or bipolar montage. Also, ranged from 1.52 - 3.15 for the referential data while a 
slightly smaller range of 1.50 - 2.45 was observed for the corresponding bipolar data. However, 
within each individual epileptiform event, differences in ERt as large as 148% were obtained 
between referential and bipolar data, as shown in Table 5.1 for event IC. 

In addition, when the volumetric search process was applied to the single event 3A, the loca
tion of the epileptogenic source was found to be slightly below the horizontal plane through the 
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centre of the brain. Even at this very deep location the event was enhanced by a mean 52% using 
the referentially recorded EEG epoch and by a mean 68% with the reformatted bipolar EEG epoch. 

5.4.3 Orientation of Source determined by Beamforming: Definite Focal Epilept
iform EEG Records 

There has been much conjecture regarding the orientation of dipolar sources in the brain which 
best model the observed EEG (see § 1.4.4). Therefore, the orientations of the equivalent dipo
lar sources for each of the 12 events, as determined by beamforming, were looked at in terms of 
deviation from radial orientation. The estimated orientation (Oos, <Pos) was obtained by equations 
5.1 and 5.2 and compared with Os, <Ps for the estimated location which effectively gives the radial 
direction. Oos and <Pos values are listed in (Table 5.1). Table 5.2 displays the differences Os - Oos 

and <Ps - <Pos. 
The mean difference observed was -1.4°±20.6° in 0 and -0.3°±25.2° in <p, confirming that, on 

Event Difference in Orientation 

Os - Oos <Ps - <Pos 

1A 4° 15° 

1B 0° 16° 

Ie 57° 29° 

ID _6° 19° 

2A _7° -14° 

2B _9° 40° 

3A 10° 10° 

4A -22° _8° 

4B -16° -24° 

4C 1° -33° 

4D _17° -37° 

4E _12° _17° 

Mean -1.4° -0.3° 

Table 5.2 Differences between the radial direction (e8 , 1>8) and beamformer orientation (e08 , 1>08) for the definite 
focal epileptiform events. 

average, epileptogenic foci are radially oriented and that there is no bias introduced by the beam
former in its estimation of the orientation of such foci. Conversely, some individual events exhib
ited large devations from radial orientation, the largest being 57° in polar and 29° in azimuthal 
angle (both for event 1C). Other events from the same patient showed smaller differences. Over

all, the mean absolute deviations were 1.6..1£18-£108 = 13.4° ± 15.2° and 1.6..14>8-4>08 = 21.8° ± 10.6° 
for the orientation of the epileptogenic source. It is not possible to determine from the current data 
whether this average deviation from the radial direction reflects the actual variability of orienta
tion of foci (as expected from the convolutions of the cerebral cortex) or whether the variability 
in Table 5.2 is simply a reflection of experimental error and/or noise in the beamformer process. 
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Overall, from the small set of focal EDs studied, the orientation of the equivalent dipolar sources 
are moderately radial but there is sufficient deviation from this to justify the need for techniques 
to accommodate non-radial dipoles. 

5.4.4 EEGer's Evaluation of the Beamformed Definite Epileptiform Events 

Results presented up to now regarding the performance of the beamforming technique have been 
quantitative. In addition, however, it was considered desirable to determine the utility of beam
former enhancement from a clinical perspective. An EEGer was used to visually assess the raw 
and beamformed projected output EEG epochs by assigning a grade to each event. This procedure 
was performed to determine if the beamformer was capable of enhancing an event to the extent 
that the EEGer could upgrade the event from questionable --7 definite status. 

Both of the sets of EEG epochs shown in Figures 5.4 and 5.5, along with several other sets 
corresponding to the epileptiform events in Table 5.1, were randomized and subsequently shown to 
a single EEGer. The EEGer was asked to classify each event as either definite, probable, possible, 
unlikely, or non-epileptiform. The results from the EEGer's assessment are shown in Table 5.3. 
From Table 5.3, 5/12 referential events were upgraded in status, namely those belonging to patient 

II Event I Grade I Refip I Refop I Bipip I Bipop II 
1A QlQ/- Po V Po Pr 

1B QlQ/- V Po Po Pr 

IC DID/- V Po Po Pr 

ID DID/- V Po Po Pr 

2A QI-/Q Non Non V Non 

2B D/-/Q Non Non V Non 

3A Q/Q/- V V Po Pr 

4A D/-ID D D Po Po 

4B D/-ID Pr D Po Po 

4C D/-ID V Po Po Po 

4D D/-ID Pr Pr Pr D 

4E D/-ID Pr Pr D Pr 

Table 5.3 EEGer's assessment of both the referential and bipolar input and output epochs, corresponding to 
those in Table 5.1. Here, Refip, Refop , Bipip, and Bipop represent the referential input and output epochs and the 
bipolar input and output epochs respectively. The grading of each event is defined as: D = definite, Pr = probable, 
Po = possible, U = unlikely, and Non = non-epileptiform. Note that 'Grade' refers to the grade assigned to an 
event by two or three EEGers when viewed in the context of the entire EEG. 

1 where 3 events were upgraded from unlikely --7 possible, and those belonging to patient 4 where 
2 events were upgraded from probable --7 definite and unlikely --7 possible respectively. One event 
(lA) was downgraded from possible --7 unlikely. Likewise, 6/12 bipolar events were upgraded, 4 
of which belonged to patient 1 (possible --7 probable), the single event from patient 3 (possible --7 

probable), and I event from patient 4 (the only bipolar event which was upgraded from probable to 
definite status). Conversely, 3/12 events (2 from patient 2 and 1 from patient 4) were downgraded 
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indicating that these events may have been artifacts. 
Two of the events are now discussed in more detail. Figures 5.6(a) and 5.6(b) show the input 

and output referentially recorded EEG epochs for event 4C which was upgraded from unlikely -+ 
possible. Here, in Figure 5.6(b), the attenuation of the background EEG on those channels more 
distant from the location of the epileptogenic source can be seen. Also, the ED is evident on sev
eral channels but remains prominent on channel 01 with a ERt of 1.95. 

Figures 5.6(c) and 5.6(d) show the reformatted bipolar input of Figure 5.6(a) and the beam
formed output respectively of the same event (4C). Although in Figure 5.6(d) the ED is more 
prominent on several channels and the background has been substantially reduced to that seen in 
the input, the event was rated as possible in both cases. 

One of the problems encountered by an EEGer when asked to perform such an assessment is 
the lack of temporal information available to the EEGer. In order to provide a general interpreta
tion of the overall activity, an EEGer requires both spatial and temporal information of the EEG 
record. Additional knowledge of the age, state of alertness and medical history of the patient are 
also required (as described in § 1.4). 

In the study, the epochs were given to the EEGer with no a priori know ledge of the age, state of 
alertness, nor medical history of the patient making the assessment a difficult task for the EEGer. 
In addition, each epoch was of 4 s duration only and typically contained only one ED. An example 
in which the EEGer required additional information is the referential case shown in Figures 5.7(a) 
and 5.7(b). Here, the ED, originally classified as questionable by the EEGer, seen on channels 
C4, P4, C3, and P3 was mistakenly identified as an artifact, that is, a vertex sharp transient, and 
consequently the event in both the input and output was graded as non-epileptiform. As observed 
in Figure 5.7(b) the ED was enhanced on several channels by a mean 118% (ERt = 2.18). Note 
that the waveforms shown here are only the latter 2 s of the EEG epoch, whereas the EEGer was 
shown epochs of 4 s duration. 

Similarly, the equivalent bipolar epochs for the above example, shown in Figures 5.7(c) and 
5.7(d), were graded as unlikely and non-epileptiform respectively despite the large attenuation of 
the background EEG to that observed in the input and ERt = 1.96. Upon reshowing this set of 
4 epochs to the EEGer along with additional information about the patient (i.e., age and state of 
alertness during the EEG recording), the EEGer agreed that the events should be upgraded from 
possible -+ probable. 

5.5 QUESTIONABLE FOCAL EPILEPTIFORM EEG RECORDS 

The second study comprised EEG records from 7 patients which were graded globally as contain
ing questionable focal epileptiform activity by 2 or 3 independent EEGer's to assess the beam
former's ability to enhance questionable EDs. From these records, 27 events rated as questionable 
were selected for the evaluation. All 27 events were recorded using the longitudinal bipolar mon
tage (Figure 3.1O(a». 

5.5.1 Applying the Search Method 

Using an identical procedure to that described in § 5.4.1 for the definite focal epileptiform EEG 
records, the volumetric search method was applied to each bipolar recorded questionable event 
to determine the estimated location and orientation of the epileptogenic source within the brain. 
Similarly, the three beamformers were processed using this estimated location of the epileptogenic 
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Figure 5.6 An example of a 2 s EEG epoch in which the epileptiform event was upgraded from 
unlikely -+ possible showing: (a) referentially recorded input EEG epoch where the event was rated 
unlikely, (b) corresponding projected beamformed output in which the event was upgraded to possible, 
(c) reformatted bipolar EEG epoch of Figure 5.6(a) in which the event was graded possible, and (d) 
corresponding projected beamformed output in which the event was also graded possible. The max
imum ED amplitude oceurred on channel 01 in (a) and (b) and on channel P3-01 in (c) and (d), to 
which the rest of the EEG epoch has been normalized. 
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Figure 5.7 An example of a 2 s EEG epoch in which the epileptifonn event was mistakenly identified 
as an artifact and consequently was graded non-epileptiform in all 4 sets of waveforms: (a) referentially 
recorded input BEG epoch, (b) corresponding projected beamfonned output, (c) reformatted bipolar 
EEG epoch of Figure 5.7(a), and (d) corresponding projected beamformed output. The maximum ED 
amplitude occurred on channel C4 in (a) and (b) and on channel P4-02 in (c) and (d), to which the rest 
of the EEG epoch has been normalized. 
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source. Projection of the filtered beamformer outputs, that is, bx , by, and bz , onto the surface of 
the scalp produced 16 channels of EEG from which was determined. It should be noted that 
none of these patients had any independent corroborative radiographic evidence supporting the 
location of the epileptogenic source. Hence, the estimated source location, determined via the 
search method, could not be independently confirmed for any patient. 

5.5.2 Enhancement of Questionable Focal Epileptiform Events 

Figures 5.8(a) and 5.8(b) display an EEG epoch from one of the patients containing a question
able event and its projected beamformed output respectively. Here, the enhancement, relative to 
the background, of the event is seen on several channels, in particular, the left frontal-temporal 
channels. Also, the effect of the beamformer on the right frontal-temporal channels is illustrated 
by significant attenuation of the background EEG activity, noticeable on channels Fp2-F8, F8-T4, 
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Figure 5.8 A typical 28 bipolar recorded EEG epoch from one of the patients containing a question
able event displaying: (a) input EEG epoch and (b) projected beamformed output The maximum ET 
amplitude occurred on channel F7-T3 in (a) and (b), to which the rest of the BEG epoch has been 
normalized. 

T4-T6, and T6-02. Much of the higher frequency background activity evident on input channels 
Fp1-F3 and Fp1-F7 has also been filtered out by the beamformer. In this example, the ET is not 
particularly sharp, compared to most definite EDs, and could possibly be superimposed upon an 
artifact. Nevertheless, the beamformer was found to enhance this event by a mean 104% (ERt = 
2.04). All the EEG epochs used in this study have been normalized for display to the maximum 
amplitude of the ET calculated from all channels within that epoch, with only the latter 2 s of each 
4 s epoch displayed. 
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Another example is shown in Figures 5.9(a) and 5.9(b) which displays the raw bipolar recorded 
EEG and projected beamfonned output respectively for a different patient also containing a ques
tionable event. In this case, a phase reversal of the ET is observed on input channels F3--C3 and 
C3-P3 indicating that the best estimate of the location of the epileptogenic source is near electrode 
C3. Consequently, the estimated location of the source detennined from the search method was 
Os = 75°, ¢s = 170°, and es = 0.75, in the vicinity of electrode C3 but closer to electrode T3 
(0 = 72°, ¢ = 180°). Again, it appears that numerical inaccuracies, either in the beamfonner 
or in the forward model, may be responsible for this variation. However, Figure 5.9(b) reveals 
the enhancement of the event predominantly on channels Fp1-F3, F3--C3, C3-P3, and P3-01, 
emphasizing the estimated location of the epileptogenic source is closer to electrode C3 since no 
enhancement (relative to the background) is seen on electrode T3. Hence, although the detennined 
estimated location of the source deviated slightly from the true location, the beamfonner was still 
able to substantially enhance this event. Also, of particular note is the sharpness of the ET on 
the above mentioned channels and the surface-positive ET visible on channel Fp2-F4 and the 
corresponding surface-negative ET observed on channel P4-02, consistent with that observed on 
channels Fp1-F3 and F3--C3, and, C3-P3 and P3-01, respectively. In addition, the beamfonner 
has filtered out much of the background activity on those channels on the right side of the head, 
that is, Fp2-F4, F4--C4, C4-P4, P4-02, Fp2-F8, F8-T4, T4-T6, and T6--02. A mean enhance
ment of 95% (ERt = 1.95) was obtained for the event. 
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Figure 5.9 Another example of a 2 s bipolar recorded EEG epoch from a different patient containing a 
questionable event showing: (a) input EEG epoch and (b) projected beamformed output. The maximum 
ET amplitude occurred on channel C3-P3 in (a) and (b), to which the rest of the EEG epoch has been 
normalized. 

Table 5.4 displays the results for the 27 focal events extracted from 7 patients. The grading 
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of each event by 2 or 3 EEGers, the estimated location (Os, 1>s, es) and orientation (Oos,1>os) of 
the epileptogenic source, and the ERt for each event are tabulated. From Table 5.4, it is shown 

Event Grade Estimated Location Estimated Orientation ERt 

(}s 1>8 es (}os 1>os 

lA Q/Q/- 80° 260° 0.75 17P 261° 1.20 (9) 

IB QIDI- 30° 230° 0.75 10° 184° 1.03 (7) 

lC Q/Q/- 30° 290° 0.75 23° 324° 2.11 (13) 

ID Q/D/- 80° 270° 0.75 64° 265° 1.33 (15) 

IE Q/Q/- 30° 230° 0.75 10° 231° 1.37 (13) 

IF Q/Q/- 30° 230° 0.75 24° 207° 1.49 (14) 

1G QIDI- 90° 230° 0.55 63° 245° 1.13 (12) 

IH Q/Q/- 90° 270° 0.65 60° 256° 1.37 (13) 

11 Q/Q/- 90° 270° 0.55 70° 247° 1.07 (13) 

GJ QINI- 55° 180° ,0.75 24° 146° 2.64 (9) 

3A Q/-IN 60° 190° 0.75 60° 215° 3.59 (12) 

3B Q/-IN 70° 190° 0.75 83° 189° 2.26 (11) 

3C Q/-/N 80° 190° 0.75 63° 183° 1.58 (8) 

4A Q/-/Q 100° 190° 0.75 94° 189° 1.92 (15) 

4B Q/-/Q 40° 190° 0.75 26° 203° 1.43 (10) 

4C Q/-/Q 80° 160° 0.75 67° 108° 1.75 (13) 

4D Q/-/Q 40° 200° 0.75 67° 185° 2.04 (10) 

5A Q/-IN 50° 140° 0.75 85° 123° 1.53 (8) 

6A QIDI- 60° 130° 0.75 87° 130° 2.04 (14) 

6B QIDI- 50° 130° 0.75 64° 140° 2.80 (14) 

7A · Q/NIN 55° 180° 0.75 69° 124° 1.52 (14) 

7B QININ 65° 180° 0.75 80° 189° 1.94 (16) 

7C QININ 65° 180° 0.75 78° 231° 1.74 (11) 

7D QININ 75° 180° 0.75 72° 19F 2.01 (11) 

7E QININ 75° 180° 0.75 72° 210° 1.53 (9) 

7F QININ 75° 180° 0.75 73° 155° 1.95 (11) 

7G QININ 65° 170° 0.75 80° 163° 1.57 (12) 

Mean 1.78 

Table 5.4 Bipolar for the 27 focal epileptiform events from 7 patients with EEGs rated globally as con
taining questionable epileptiform activity where the number in the event column refers to the patient and the 
letter designates the epileptiform event for that particular patient. Each event is graded by 2 or 3 independent 
EEGers either as questionable (Q), definite (D), or not epileptiform (N). A hyphen indicates that the EEGer has 
not seen the EEG record. The number in brackets beside each ERt indicates the total number of channels used to 
determine ERt for each event. 
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that ERt was calculated using 7 or more channels from each event with an overall mean ERt 

of 1.78±0.57, slightly lower that that determined for the definite events of 2.04±0.28 (§ 5.4.2). 
This could be due to either (1) these questionable events are located deeper in the brain (i.e., 
0.55 ::; e ::; 0.75 in Table 5.4 compared with 0.75 ::; e ::; 0.86 in Table 5.1), therefore ERt 

will be lower (§ 4.1.4), or (2) these questionable events may be artifacts, or (3) the epileptogenic 
source may be less focal than those of definite EDs and, therefore, the epileptiform events will 
not be enhanced as much as for more focal sources. Also, ERt ranged from 1.03 - 3.59, com
pared with 1.50 - 2.45 for the definite events. Within each patient, the estimated location of the 
epileptogenic source, determined by the search method for each event, displayed relatively con
sistent polar angle, azimuthal angle and eccentricity values with the exception of patients 1 and 4. 
Here, variations in polar angle as large as 60° were observed. Patient 1 also displayed variations 
in azimuthal angle as large as 60°. These large variations could indicate that this questionable 
event is an artifact or, alternatively, reflect a distributed or spatially varying epileptogenic source 
or multiple foci. 

Within the set of 274 s epochs, several contained substantial artifacts or multiple ETs (appar
ently from the same source and not due to multiple foci), not typically incorporated in the EEG 
records to date. Figure 5.1O(a) displays one such example (event 4A in Table 5.4) in which an eye 
blink artifact can be seen near the start of the 2 s epoch on the frontal channels Fp2-F4, F4-C4, 
Fp1~F3, F3-C3, Fp2-F8, F8-T4, Fpl-F7, and F7-T3. A small phase reversal of the questionable 

Fp2-F4,\ 

F4-C4 '\ 

C4-P4 

P4-02 

Fpl-F3 "" I .~ 
F3-C3 " 
C3-P3 

P3-0l 

Fp2-FS 

FS-T4 
"\ I ~ 

T4-T6 

T6-02 
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F7-T3 '1 ! .~ 
T3-T5 

T5-0l 

(a) (b) 

Figure 5.10 An example of a 2 s bipolar recorded EEG epoch containing a questionable event show
ing: (a) input EEG epoch containing a possible artifact, and (b) corresponding projected beamformed 
output. The maximumET amplitude occurred on channel F7-T3 in (a) and (b), to which the rest of the 
EEG epoch has been normalized. 

ED is evident on channels F7-T3 and T3-T5, at 1.5 s, indicating the location of the epileptogenic 



S.S QUESTIONABLE FOCAL EPILEPTIFORM EEG RECORDS 117 

source is near electrode T3. From the search method, the estimated location of the source was 
determined to be Os = 100°, CPs = 190°, and es 0.75. In Figure 5.10(b), the event is enhanced, 
relative to the background, on channels P3-01, Fpl-F7, F7-T3, T3-T5, and T5-01 by a mean 
92% (ERt = 1.92) and the high frequency background activity seen on input channels Fpl-F3 and 
Fpl-F7 has been significantly reduced. In addition, a sharp feature resembling an ED has become 
prominent on several output channels corresponding to the same channels in which the ET has 
been enhanced, implying that a genuine ED had been obscured by a simultaneous and much larger 
eye blink artifact. 

Another example is the bipolar recorded EEG epoch shown in Figure 5. 11 (a) which contains 
up to three questionable events with projected beamformed output shown in Figure 5.11 (b). Here, 

Fp2-F4 ~~ 
F4-C4 

C4-P4 ~ 

P4-02 ~ 

Fpl-F3 ~~~~ 

F3-C3 ~~ 
C3-P3 

P3-0l 

Fp2-F8 -----_. 
F8-T4 .......... 

T4-T6 

T6-02 

Fpl-F7 

F7-T3 ~lV~ 
T3-TS 

TS-Ol 

(a) (b) 

Figure 5.11 Another example of a 2 s bipolar recorded EEG epoch containing a questionable event 
displaying: (a) input EEG epoch containing possibly 3 questionable events, and (b) corresponding 
projected beamformed output. The maximum ET amplitude occurred on channel F3-C3 in (a) and (b), 
to which the rest of the EEG epoch has been normalized. 

in Figure 5.11(a) channels F3-C3 and C3-P3 display phase reversals of two or three questionable 
EDs in close succession. Using this information, the estimated location of the epileptogenic source 
was found to be Os = 55°, CPs 180°, and es = 0.75, near to electrode C3 (0 36°, cP 180°). 
Beamforming using this location and projecting the three orthogonal outputs to the surface of 
the scalp produced Figure 5.11(b) in which the appearance of three ETs is evident on channels 
Fp1-F3, F3-C3, C3-P3, and P3-01, all with consistent phase reversals. It is also observed that 
the amplitude of each successive ET has been slightly reduced probably due to the beamformer 
not having enough time to re-adapt to the background signals before encountering the next ET. 
In addition, all background activity occurring on channels located further from the epileptogenic 
source display a significant attenuation in the projected beamformed output, particularly notice-
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able on right frontal channels Fp2-F4 and F4-C4. A lower mean enhancement of 52% (ERt = 
1.52) was obtained for this case. 

5.5.3 Orientation of Source determined by Beamforming: Questionable Focal Epila 

eptiform EEG Records 

A similar procedure to that used in § 5.4.3 allows a comparison of the orientation of the source 
determined by beamforming to the radial direction to be performed. From Table 5.4 the difference 
Os - Oos ranged from -35° to +31 ° with a mean of 2.60 ± 18.2°. The difference rPs - rPos ranged 
from -51 ° to +56° with a mean of 4.7° ± 25.6°. Overall, the mean absolute deviations observed 

are 1.6.10.-00• = 15.4° ± 9.50 and 1.6.14>.-4>06 = 19.5° ± 16.8°. The presence of substantial varia
tions from the radial orientation is consistent with results obtained for definite EDs (§ 5.4.3). The 
larger range of the observed differences here is probably due to the generally lower SNR's for the 
questionable events compared to the definite events in § 5.4.3. 

5.5.4 EEGer's Evaluation of the Beamformed Questionable Epileptiform Events 

An evaluation of the questionable epileptiform events, similar to that performed for the definite 
epileptiform events (§ 5.4.4), was carried out. Bipolar input and beamformed output EEG epochs 
for all the events in Table 5.4 were randomized and given to an EEGer for grading. Each epoch 
was of 4 s duration and typically contained only one event as in § 5.4.4, the levels of classification 
used by the EEGer for each event were: definite (D), probable (pr), possible (Po), unlikely (U), 
and non-epileptiform (Non). Table 5.5 shows the results from the EEGer's assessment. From 
these results, 8/27 events were upgraded in status, namely those belonging to (a) patient 3 in 
which 2 events were both upgraded from non-epileptiform ---+ possible, (b) patient 4 where 2 
events were upgraded from non-epileptiform ---+ possible and 1 event changed from unlikely -+ 
possible, (c) patient 5 in which the single event was upgraded from unlikely -~ possible, and (d) 
patient 7 where 2 events improved from non-epileptiform -~ probable and non-epileptiform ---+ 
possible respectively. Conversely, 4/27 events were downgraded, typically from unlikely -~ non
epileptiform with the exception of 1 event which dropped from definite -+ probable status. 

As in the previous study, it was apparent that the EEGer required more temporal information 
of each epoch and additional knowledge of each patient in order to provide a reasonably accurate 
assessment of each event. Figures 5.12(a) and 5.12(b) display the input and output EEG epochs 
for event 2A which was downgraded from definite -+ probable, indicating that the event may have 
been an artifact. Phase reversal of the triphasic event on channels F3-C3 and C3-P3 indicates that 
the best estimate of the location of the questionable epileptogenic source is near electrode C3; the 
estimated location defined by the search process was Os = 55°, rPs = 180° and es 0.75, quite 
close to C3. Figure 5J2(b) displays the beamformer's ability to attenuate the background activity 
on channels more distant from the estimated source; that is, those channels on the right side of the 
head being the side opposite to that in which the source is located. Also, a triphasic event which is 
observed as being surface-positive on channel Fpl-F3 and surface-negative on channel P3-01, 
both consistent with that observed on channels F3-C3 and C3-P3 respectively. In this particular 
case, the beamformer was found to enhance this event by a mean 164% = 2.64). 

A typical example in which a questionable event was rated as non-epileptiform in the input and 
possible in the projected bearnformed output is shown in (Figures 5. 13(a) and 5. 13(b» respectively. 
Once again, the most prominent visual cue used to determine an estimate of the location of the 
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Grade Bipip Bipop 

IA QIQI- Po Po 
IB Q/D/- U Non 
IC QIQI- U U 

ID Q/D/- Non Non 
IE QIQI- Non Non 
IF Q/Q/- Non Non 
IG Q/D/- Non Non 
IH QIQ/- Non Non 
11 QIQ/- Non Non 
2A QINI- D Pr 
3A Q/-IN Non Po 
3B Q/-IN Pr Pr 
3C Q/-IN Non Po 
4A Q/-IQ Non Po 
4B QI-IQ Non Po 
4C QI-IQ u Po 
4D QI-IQ u Non 
SA Q/-IN U Po 
6A Q/D/- Non Non 
6B Q/D/- U Non 

7A QININ Non Pr 

7B QININ Po Po 
7C QININ Non Non 
7D QININ Po Po 
7E QININ Non Po 
7F Q/NIN Po Po 
7G QININ Pr Pr 

Table 5.5 EEGer's assessment of the 27 questionable events corresponding to those in Table 5.4. Here, Bipip 
and Bipop represent the bipolar input and output epochs respectively. The grading of each event is defined as: D 

definite, Pr probable, Po = possible, U == unlikely, and Non = non-epileptiform. 



120 CHAPTER 5 BEAMFORMER PERFORMANCE: CLINICAL STUDIES 

epileptogenic source is the phase reversal of the questionable ED observed on input channels F3-
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T4-T6 

T6-02 

Fpl-F7 

F7-T3 

T3-T5 

T5-01 

(a) (b) 

Figure 5.12 An example of a 2 s bipolar recorded EEG epoch containing a questionable event dis
playing: (a) input EEG epoch in which the event was graded definite, and (b) corresponding projected 
beamformed output in which the event was rated probable. The maximum ET amplitude occurred on 
channel F3-C3 in (a) and (b). to which the rest of the EEG epoch has been normalized. 

C3 and P3-01. Clearly this indicates a possible source between electrodes C3 and P3. Using 
the volumetric search method, the estimated location was found to be Os = 600

, CPs = 1900
, 

and es = 0.75. Figure 5.13(b) demon states the beamformer's behaviour is consistent with that 
observed in previous examples, namely, the reduction of the background activity on channels 
located furtherest from the source, in this case, on the right side of the head. Also, the event has 
been enhanced on several channels -- Fpl-F3, F3--C3, P3-0l, F7-T3, and T5-01. A surface
negative ET is observed on channel T5-01 while surface-positive ETs are seen on channels Fpl
F3 and F7-T3. No ET is observed on channel T3-T5 which is consistent with that seen on channel 
C3-P3. This event achieved the highest enhancement of all 27 events by the beamformer with a 
mean enhancement of 259% (i.e., ERt = 3.59). 

5.6 DISCUSSION 

The clinical results presented in this chapter provide a preliminary assessment of the beamformer's 
ability to enhance EDs and, in particular, to provide an EEGer with more definitive information on 
questionable events (either acceptance as real EDs or rejection as non-epileptiform). Both quanti
tative and qualitative results are presented. 

Although the EEG records used here were obtained using only two recording montages, that is, 
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Figure 5.13 An example of a 2 s bipolar recorded EEG epoch containing a questionable event show
ing: (a) input EEG epoch in which the event was graded non-epileptiform, and (b) corresponding 
projected beamformed output in which the event was rated possible. The maximum ET amplitude 
occurred on channel F3-C3 in (a) and (b), to which the rest of the EEG epoch has been normalized. 
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ipsilateral-ears referential and longitudinal bipolar, many other referential and bipolar recording 
montages can also be used in the beamforming technique. 

The crude estimation of the location of the epileptogenic source was. determined from visual 
cues in the EEG epoch itself and from the EEGer's report. In most of the EEG epochs used the EDs 
were of sufficient amplitude that this approach was adequate. However, in other cases in which 
the amplitude of the EDs is comparable or even smaller than that of the background activity, then 
visual cues present in other montages within the EEG record of the patient were used. Independent 
radiographic data from MRI or CT was available for most patients but, in all cases, was unable 
to help in estimation of the location of the epileptogenic source. Also, the need for independent 
electrical collaborative evidence, such as from sphenoidal or depth electrodes, would be required 
to assess whether the up-or-down grading of the beamformed events, in particular, questionable 
EDs, by an is correct; that is, whether questionable events should be upgraded to real EDs 
or downgraded to artifacts. However, it should be noted that an estimate of the location, but not 
the orientation, of the source is required for beamforming. Such independent evidence would also 
provide a means of measuring the beamformer's ability to localize sources and the accuracy to 
which it can localize sources. 

As indicated in Tables 5.1 and 5.4 the mean thresholded ER, ERt , also provides a relatively 
conservative measure of the performance of the beamformer. Although ERt may be low in some 
cases, it was always greater than 1.0 in all definite and questionable events. The degree of enhance
ment also appears more substantial visually as illustrated in Figures 5.5, 5.9, 5.12, and 5.13, which 
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supports the possibility of using the beamformer in clinical neurophysiology investigations. This 
visual enhancement is attributed to the dramatic attenuation of the background activity, in particu
lar on those channels more distant from the epileptogenic source. 

Although the computation involved in the beamforming technique is relatively modest (Le., 
10 s to process a 4 s epoch of EEG using a Pentium 166 MHz processor), the search method cur
rently beamforms on 147 locations and is consequently a relatively inefficient process. Admittedly, 
the three orthogonal beamformed outputs are not projected to the surface of the scalp, reducing 
the computation per location. However, it is apparent that an automated iterative search method 
which would improve the computational efficiency of the beamforming technique is required. 

5.7 SUMMARY 

The search method used to determine the estimated location and orientation of the epileptogenic 
source appeared to produce a location that was reasonably consistent with that observed from the 
EEG epoch itself despite there being no way of testing its accuracy. Although radiographic inves
tigations had been carried out on most patients, none of these indicated focal lesions relating to the 
area of definite or suspected epilepsy. 

Results from the definite and questionable focal epileptiform EEG records demonstrate that 
the beamforming technique has considerable potential for application in clinical neurophysiology. 
The beamformer can non-invasively detect and enhance real and suspected epileptiform activity, 
relative to the background activity, from deep foci in the brain, such as in medial temporal lobe 
epilepsy. Key findings from the definite and questionable focal epileptiform EEG records were as 
follows: 

Definite Focal Epileptiform EEG Records: 

II Each of the 12 epileptiform events rated as definite or questionable, from 4 patients, were 
enhanced by the beamforming technique using ipsilateral-ears referentially recorded EEG 
records and reformatted longitudinal bipolar EEG records. Overall means of ERt of 2.00 
and 2.04 respectively were obtained. Thus, beamforming is able to substantially enhance, 
relative to the background, independently verified EDs. 

III ERt ranged from 1.52 - 3.15 for referential data and 1.50 - 2.45 for the corresponding 
bipolar data. There was no difference between the overall mean ERts indicating no overall 
superiority of either recording montage in terms of beamforming enhancement. 

III On average, foci were determined to be radially oriented. However, there were substantial 
variations (up to 57°) from radial orientation for individual events. 

III Of the 12 events, only 5 referentially recorded events and 6 reformatted bipolar events were 
upgraded after all input and output epochs were shown to an EEGer for assessment. This 
emphasized problems encountered by the EEGer when asked to perform such an assess
ment including (a) lack of temporal information made available since each epoch was of 4 s 
duration only and (b) inadequate or no knowledge regarding the age, state of alertness, nor 
medical history of the patient was given to the EEGer. 

Questionable Focal Epileptiform EEG Records: 
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• All 27 events from 7 patients, each recorded using the longitudinal-ears bipolar montage 
and rated as questionable by two or three EEGers, were enhanced using the beamforming 
technique. The overall mean ERt was 1.78 (range of 1.03 to 3.59), a level of enhancement 
of 25% less than that found for the definite focal epileptiform reformatted bipolar events. 

• From the 27 events, 8 were upgraded and 4 were downgraded by the EEGer. No events were 
upgraded to definite status and three were downgraded to non-epileptiform. Improvements 
to both the beamforming technique and the amount of information given to the EEGer to 
assess these events could possibly result in more events being upgraded, possibly to definite 
status, or downgraded. 

411 The beamformer was found able to attenuate artifacts to reveal possible underlying EDs and 
to enhance sequential EDs located in close succession in the EEG epoch. 
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Chapter 6 

COMPARISON OF ADAPTIVE ALGORITHMS 

Up to this point in the thesis, the LMS algorithm has been used exclusively for the results pre
sented using the beamformer. In all simulation studies (chapter 4) and real data analysis (chapter 
5), the LMS algorithm was used with a fixed learning rate tt of 0.1. 

Comparisons between gradient-search algorithms and least squares algorithms were performed 
in a preliminary evaluation of the perform~ce of each algorithm in the beamformer when applied 
to EEG data. The gradient-search algorithms investigated comprised the least-mean square 
(LMS) and the normalized least-mean square (NLMS) algorithms while the least squares algo
rithms comprised the recursive least squares (RLS) and the exponentially weighted recursive least 
squares (EWRLS), all of which are described in chapter 2. The performance of each algorithm 
was assessed in terms of the inline ER, rate of convergence to the minimum mean-squared error, 
and percentage misadjustment. A summary of the gradient-search and least squares algorithms 
used in this study is given in Appendix B. 

6.1 PROCEDURE 

Simulations were performed to investigate the effect of different adaptive algorithms on the beam
former's performance. A radially oriented dipole was used in all simulations to represent an ide
alistic epileptogenic source. Three different locations were chosen for the source (Figure 6.1): a) 
() 45°,4> = 45°, e = 0.5; b) () 60°,4> = 12°, e = 0.66 (a common site for temporal lobe 
epilepsy); and c) () = 300 ,4> 2600

, e 0.69 (a site arbitrarily placed in the left-occipital cor
tex). 

A single biphasic ED (ED3) was superimposed upon five EEG backgrounds from five different 
patients, namely BG1, BG2, BG3, BG4, and BG5 (the same backgrounds used in chapter 4), pro
viding 5 sets of input records to the beamformer. Only one ED was used in these studies since the 
simulation studies revealed that the beamformer was virtually independent of the magnitude of the 
ED (§ 4.1.3). Each EEG background was recorded using the ipsilateral-ears referential montage 
and was 4 s in duration. 

Two gradient-search algorithms, LMS and NLMS and two least squares algorithms, RLS and 
EWRLS were each used as the adaptive algorithm within the beamformer (Figure 3.1). Beam
forming on the 5 EEG records with the dipolar source placed in three different locations produced 
a total of 15 results for each algorithm. 
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Figure 6.1 Location and direction of radially oriented dipole used in the simulations: (a) (J = 
45°, ¢ = 45°, and e = 0.5, (b) (J = 60°, ¢ = 12°, and e = 0.66, and (c) (J = 30°, ¢ = 260°, 
e = 0.69. 

6.2 PERFORMANCE OF GRADIENT-SEARCH (LMS AND NLMS) 
ADAPTIVE ALGORITHMS 

6.2.1 Enhancement Ratio 

Table 6.1 displays preliminary results of beamforming for the dipolar source at each of the three 
locations shown in Figure 6.1 using the LMS and the NLMS algorithms. Selected values of 
/-l, for use in the LMS algorithm, were 0.05, 0.1 and 1/10Amax (recommended by Widrow and 
Stearns [1985]) where Amax is the largest eigenvalue, that is, the largest diagonal element of the 
correlation matrix Ruu (chapter 2). Each of these values satisfy the condition for convergence of 
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the adapted weight vector to the optimum weight vector, that is (chapter 2): 

1 
0< J.L < -,-

"'max 
(6.1) 

In order to determine Amax, u(k) was assumed zero mean and the correlation matrix was defined 

as 
1 N 

Ruu = N L u(k)uT(k) 
k=l 

(6.2) 

where N is the number of samples. Three different values of N were initially used, N = 685 

(total number of samples before encountering the ED), N = 685 + (800 - 725) (total number of 
samples excluding the ED), and N = 800 (all samples). Since the vector u(k), which contains 

only a small amount of the ED signal, was used to calculate R uu , N = 800 was selected since 
it contained the maximum number of samples and only a small variation in Ruu between the 

different N values was observed. Next, the eigenvalues of Ruu were determined by solving the 
characteristic equation l for Ruu by searching for all scalar solutions for which the maximum 

eigenvalue Amax was found. 

ED Location Bgd ER 

(0, r/J, e) LMS NLMS 

J.L 0.05 J.L=0.1 J.L ~ J.Ln = 0.025 J.Ln 0.05 J.Ln = 0.1 

45° , 45° , 0.5 BGI 1.59 1.73 1.77 1.68 1.66 1.69 

BG2 1.12 1.10 0.90 1.01 0.87 0.83 

BG3 1.25 1.52 2.21 1.99 2.00 1.84 

BG4 1.42 1.47 1.34 1.30 1.12 0.84 

BG5 1.42 1.56 1.59 1.69 1.60 1.50 

60°, 12°, 0.66 BG1 1.36 1.34 1.34 1.32 1.35 1.32 

BG2 1.61 1.51 1.13 1.38 1.15 1.05 

BG3 1.39 1.52 1.82 1.58 1.68 1.68 

BG4 1.86 2.05 2.86 2.63 2.96 2.52 

BG5 1.46 1.52 1.78 1.80 1.78 1.73 

30° , 260° , 0.69 BG1 1.27 1.65 2.30 1.96 2.19 2.23 

BG2 1.02 1.31 1.48 1.75 1.66 1.64 

BG3 1.07 1.36 1.89 2.04 2.18 2.28 

BG4 1.23 1.41 1.62 1.50 1.58 1.72 

BG5 1.28 l.59 2.07 l.94 1.90 1.85 

Mean 1.36 1.51 1.74 1.70 1.71 1.65 

Table 6.1 Comparison of the gradient-search adaptive algorithms. LMS and NLMS for the cases where the 
dipolar source was placed at the three locations shown in Figures 6.l(a), 6.1(b), and 6.l(c). 

For the NLMS algorithm, the normalized step parameter J.Ln (chapter 2) comprised values of 

IThe characteristic equation of the matrix Ruu is given by det(AuuI - Ruu) 0 where det is the determinant, Auu 
corresponds to an eigenvalue of Ruu. and I is the identity matrix. 
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0.025, 0.05, and 0.1 where fLn clearly satisfied the condition, 0 < fLn < 2. Selection of these 

values of fLn was by trial and error on the basis that the beamfonner was found to perfonn best 
for fLn within this range. From Table 6.1 it is observed that the overall mean ER using the LMS 

algorithm displayed a larger variation between values of fL, namely, 1.36±0.22 to 1.74±0.50 than 
those for the NLMS algorithm, 1.65±0.49 to 1.71±0.51. This indicates that the LMS algorithm 

is moderately dependent on the selection of fL, whereas the NLMS algorithm will produce more 

consis tent values of ER irrespective of the selection of fLn. 

Using the LMS algorithm, the highest overall mean ER of 1.74±0.50 was obtained using 

fL = 1 /10Amax and the highest individual ER's were also recorded in 11 of the 15 simulations with 

this same value of fl. Thus, although only three values of fL were used in these simulations, the 

use of fL = 1/10Amax in the LMS algorithm appears to provide the best perfonnance for the LMS 
approach. Similarly, the highest overall mean detennined for NLMS algorithm was 1.71±0.51 

using fLn = 0.05. The difference between the LMS and NLMS approaches is not significant (p > 
0.10, df = 14, via the two-tailed paired t-test) indicating that the beamfonner enhances EDs using 
either the LMS or NLMS algorithms to the same degree. 

However, for a single simulation, the greatest variation seen in ER was 103% (ER ranged from 

1.27 (fL = 0.05) to 2.30 (fL = 1/10Amax)) using the LMS algorithm and a much lower 46% (ER 
ranged from 0.84 (fLn = 0.1) to 1.30 (fLn = 0.025)) using the NLMS algorithm. A maximum ER 
of 2.86 was obtained using the LMSalgorithru while 2.96 was calculated for the same simulation 
using the NLMS algorithm. 

Overall, it appears that the LMS algorithm perfonns better than the NLMS algorithm, based 
on the fact that higher ERs were recorded in most of the simulations using the LMS adaptive 
algorithm. 

6.2.2 Mean Squared Error 

One method of observing the convergence properties of an adaptive algorithm is by plotting the 
mean squared error ( versus the sample number k, commonly referred to as the learning curve 

[Hayldn, 1991]. 
For a stationary environment, using the beamfonning technique, the minimum mean squared 

error (min is obtained when the adapted weight vector Wn (chapter 2) approaches the optimum 
weight vector Wgsc as k --+ 00, defined by (2.60). Since ~ LMS and the NLMS algorithms 

both use a noisy estimate of the gradient error function \7((k), Wn generally approaches Wgsc 

after a large number of iterations and then will exhibit small fluctuations about W gsc. Typically, 
( is larger than (min, with the difference between these two values referred to as the excess mean 

squared error (ex. 
In order to plot the learning curve, both (min and ( were detennined. Firstly, (min was obtained 

using (2.11) and (2.13) with Wgsc = Wopt, and d(k) = 0, thus 

(6.3) 

Next, the mean-squared error ( was detennined using (2.9). Expressing (2.9) in tenns of the 
parameters used in the GSC and redefining the weight vector Wn as the weight vector at the kth 
iteration, that is, w(k) = Wgsc + Wdiff (where Wdiff is an N-dimensional vector representing the 

difference between w(k) and w gsc ), gives 
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E[de(k)]- 2P;dWgsc + w~cRuuWgsc 2p;dWdiff +W;tffRuuWgsc + W~cRuuWdiff + 

w;tffRuuWdiff' (6.4) 

Recognizing the first three terms as (min (equation (2.13» and noting that Ruu is a symmetric 
matrix, allows ( to be written as 

( = (min - 2p;d W diff + P;d W diff + w;tff Pvd + w;tff Ruu W diff 

Substitution of the expression for w(k) (shown above) into (6.5) leads to 

( = (min + (w(k) wgsc)TRuu(w(k) - w gsc). 

(6.5) 

(6.6) 

Hence, (min was calculated using (6.3), ( was calculated at each sample number k using (6.6) and 
(ex is the difference between (800 (Le., ( at sample number 800) and (min' 

Figures 6.2(a) and 6.2(b) illustrate typical learning curves over 4 s obtained using the LMS 
algorithm with f1. 1/10Amax and the NLMS algorithm with f1.n = 0.05 respectively. Each set of 
5 learning curves correspond to the case in which the dipolar source was located at () 300

, ¢> 
2600

, and e = 0.69. It is observed that each learning curve is relatively exponential in nature. 
The amplitude of ( generally decreases a~ f1. is reduced in the LMS examples [Haykin, 1991]. 
However, when f1. is small, adaptation tends to be quite slow, but results in a smaller (ex after 
adaptation. In contrast, when f1. is large, adaptation is relatively fast but at the expense of a larger 
(ex after adaptation. 

In Figure 6.2(a), convergence of ( to within 5% of (min using the LMS algorithm occurs rather 
smoothly and between sample 115 (0.58 s) and 610 (3.05 s), and was typically before sample 400 
(2 s) in most simulations. In contrast, the NLMS algorithm reveals a faster rate of convergence 
of (to within 5% of (min, occurring between sample 75 (0.38 s) and 310 (1.55 s) (Figure 6.2(b», 
despite the more erratic nature of the convergence. Overall, the NLMS algorithm displays a faster 
convergence rate due primarily to the dynamic adjustment of f1.(k) which typically maintains an 
optimum value of f1. at each sample k since the updated weight vector w(k + 1) exhibits the 
minimum change (in a Euclidean norm sense) with respect to the previous weight vector w(k) 
[Raykiu, 1991]. In some cases, in particular those using BG1, BG2, and BG4, the NLMS algo
rithm required up to 50 samples to settle down after encountering the ED (at sample 700). This 
indicates the NLMS algorithm would be well suited to processing records in which multi
ple EDs occur in close succession since the NLMS algorithm converges relatively quickly after 
encountering an ED. In contrast, the LMS algorithm was shown in most cases to provide greater 
enhancement of a single ED than the NLMS algorithm, but with a larger settling down time (at 
least 0.58 s), therefore the LMS algorithm would be ideal for processing EEG records in which the 
EDs are more spread out in order to provide good ERs. 

6.2.3 Misadjustment 

A method which is used to measure the difference between the adaptive and optimal performance 
of an adaptive algorithm is the misadjustment (Mao), a dimensionless quantity typically expressed 
as a percentage. The misadjustment in an adaptive process is defined as the ratio of the excess 
mean squared error (defined in the previous section) to the minimum mean squared error: 

Mao = (ex = (800 - (min. 

(min (min 
(6.7) 
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Figure 6.2 Comparison of the learning curves for the case where the dipolar source was placed 
at () = 30°, ¢ = 260°, and e = 0.69: (a) LMS learning curves (f-t = l/lOAmax), and (b) 
NLMS learning curves (f-tn = 0.05). The dashed line represents (min. 

Hence, Mao provides a measure of how closely the adaptive process is approaching the optimum 
Wiener solution. In order to determine Mao, both (min and (ex were calculated as described previ
ously. 

Mao was calculated for each simulation in Table 6.1 using the LMS algorithm with /-L = 
1/10Amax and the NLMS algorithm where /-Ln = 0.05, as shown in Table 6.2. From Table 6.2, 
Mao ranges from 1.29% to 24.03% using the LMS algorithm and a slightly wider range of 2.2S% 

to 33.S3% was obtained using the NLMS algorithm. The mean Mao was only 8.S3%±6.62% 

and 12.29%±9.46% using the LMS and NLMS algorithms respectively, indicating that the weight 
vector in the adaptive process Wn approaches relatively close, within S% of the optimum solution 
Wgsc. However, the difference between these two mean values is significant (p < O.OS, df = 14, via 
the two-tailed paired t-test) indicating that although the LMS takes longer to converge to within 



6.2 PERFORMANCE OF GRADIENT-SEARCH (LMS AND NLMS) ADAPTIVE ALGORITHMS L31 

5% of (min, it approaches the optimum solution much closer than the NLMS algorithm. 

(min Mao (%) 

LMS (p = 1 

0.0014 6.34 14.74 

0.0005 8.83 27.04 

0.0008 3.74 6.45 

0.0018 1.29 6.75 

0.0010 1.83 7.11 

0.0009 19.41 23.43 

0.0003 4.03 6.84 

0.0003 24.03 20.96 

0.0006 15.09 5.48 

0.0005 4.51 33.53 

0.0058 12.67 5.83 

0.0040 3,41 2.25 

0.0017 6.97 10.24 

0.0036 9.25 8.24 

0.0045 6.52 5.39 

Mean 8.53 12.29 

Table 6.2 Comparison of the misadjustment Mao for each simulation shown in Table 6.1 using the LMS algo-
rithm (/1 l/lOAmax) and the NLMS algorithm (fln 0.05). 

6.2.3.1 Using Misadjustment to Determine the Optimum Learning Rate for use in the LMS 
Adaptive Algorithm 

The misadjustment parameter can be used to estimate the theoretical optimum learning rate Popt 
used in the LMS adaptive algorithm, where Popt optimizes the adaptation rate in terms of a trade
off between fast convergence and minimum misadjustment. Graphs of Mao versus P provide 
the optimum selection of P when Mao is a local minimum. Beamforming for the dipolar source 
placed at the three locations displayed in Figures 6.1(a), 6.1(b), and 6.1(c) and using the 5 sets 
of EEG records produced Figures 6.3(a), 6.3(b), and 6.3(c) respectively. In each simulation P 
was incremented in steps of 0.01 from 0.01 to 1.0. For each curve in Figures 6.3(a), 6.3(b), and 
6.3(c), Popt was determined and compared with that calculated using P l/lO>'max as shown 
in Table 6.3. This investigation was performed to determine how accurate P l/lO>'max was at 
estimating Popt with the amount of variation defined by /:::..P = Popt p. 

The mean variation of /:::..P was observed to be 0.15±0.20, with an absolute mean variation of 
l/:::..pl = 0.18 ± 0.18. Also, mean variations of /:::..P = 0.42 ± 0.17 and /:::..P 0.25 ± 0.11 were 
observed for Popt and P 1/10>'max respectively, indicating that the selection of I)' 0.1 used in 
the simulation studies of chapter 4 and the real data studies in chapter 5 was underestimated by at 
least a factor of 2. However, in 4 cases in Table 6.3, P was substantially underestimated, displaying 
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Figure 6.3 The use of misadjustment Mao to determine the theoretical optimum learning rate 
fJoopt for operation in the LMS adaptive algorithm for the case where the dipolar source was 
located at (a) (j = 45°, ¢ = 45°, and e = 0.5, (b) (j = 60°, ¢ = 12°, and e = 0.66, and (c) 
(j = 30°, ¢ = 260 0

, and e = 0.69. 
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variations from {topt ranging from -0.14 to 0.58. This indicates that further testing is required to 
determine if {t l/lOAmruo or any other value of {t, provides a more accurate estimate of {topt. 

Location (0, ¢, ~) ~gd {topt {t ~ fj,{t {topt {t 

45° , 45° , 0.5 BG1 0.18 0.21 -0.03 

BG2 0.44 0.40 0.04 

BG3 0.25 -
BG4 0.35 0.26 0.09 

BG5 0.42 0.30 0.12 

60°, 12°, 0.66 BG1 0.18 0.12 0.06 

BG2 0.30 0.26 0.04 

BG3 0.44 0.24 0.20 

BG4 - 0.18 -

BG5 0.76 0.18 0.58 

30°,260°,0.69 BG1 - 0.16 -

BG2 0.39 0.53 -0.14 

BG3 0.64 0.40 0.24 

BG4 0.59 0.12 0.47 

BG5 0.36 0.18 0.18 

Mean 0.42 0.25 0.15 

Table 6.3 Comparison of p,opi, determined graphically from the misadjustment Mao versus learning rate p, plots, 
with p, = l!lOAmax . The hyphen seen in the p,opt column indicates that Mao had not reached a local minimum 
before p, = 1.0 was reached. Hence, no C!.p, value was calculated in such cases. 

6.3 PERFORMANCE OF LEAST-SQUARES (RLS AND EWRLS) ADAPTIVE 
ALGORITHMS 

6.3.1 Enhancement Ratio 

By a similar procedure to that described in § 6.2, Table 6.4 displays preliminary results of beam
forming for the dipolar source at each location shown in Figures 6.1(a), 6.1(b), and 6.1(c) using 
the RLS and EWRLS algorithms. Selected values of Ii for use in the RLS algorithm were 0.1, 1.0, 
and 10. Using the EWRLS algorithm, three sets of parameters were chosen: Ii = 0.5, p = 0.8; 
Ii = 1.0, P = 0.5; and Ii = 10, p 0.5. In both algorithms, the parameter Ii is defined as a small 
positive constant [Haykin, 1991] while p satisfies the condition 0 < p ::; 1, as defined in chapter 
2. All values of Ii and p were selected on a trial and error basis via an identical procedure to that 
used to determine the parameters used in the LMS and NLMS algorithms. 

The overall mean ER results ranged from 1.77 ±0.54 to 1. 86±0. 78 and 1.7 4±0.62 to 1. 79±0. 61 
for the RLS and EWRLS algorithms respectively. As the difference between the largest mean 
ERs for the RLS and EWRLS algorithms is not significant (p >0.20, df = 14, via the two-tailed 
paired Hest) this indicates that, overall, beamforming enhances EDs using the RLS or EWRLS 
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algorithms to the same degree. The largest mean ER was 1.86±0.78 and the highest individual ER 

ED Location Bgd ER 

«(},cp,e) RLS EWRLS 

I'\, = 0.1 1'\,=1 I'\, = 10 I'\, = 0.5 I'\, = 1.0 I'\, = 10 

P = 0.8 p= 0.5 p= 0.5 

45° , 45°, 0.5 BG1 1.74 1.77 1.71 1.76 1.75 1.68 

BG2 0.93 0.90 0.94 0.90 0.90 0.93 

BG3 2.20 2.19 2.30 2.21 2.20 2.13 

BG4 1.23 1.34 1.34 1.31 1.28 1.39 

BG5 1.40 1.61 1.43 1.57 1.53 1.29 

60°, 12°,0.66 BG1 1.42 1.37 1.38 1.38 1.38 1.40 

BG2 1.16 1.13 1.14 1.13 1.11 1.12 

BG3 1.87 1.81 1.89 1.83 1.81 1.78 

BG4 3.46 3.10 3.90 3.17 3.29 2.90 

BG5 1.60 1..77 1.60 1.69 1.68 1.45 

30°, 260°, 0.69 BG1 2.95 2.47 3.14 2.58 2.75 3.19 

BG2 1.60 1.49 1.57 1.51 1.50 1.47 

BG3 2.03 1.79 1.97 1.84 1.87 2.02 

BG4 1.53 1.81 1.41 1.86 1.89 1.44 

BG5 1.99 2.07 2.12 1.99 1.97 1.94 

Mean 1.81 1.77 1.86 1.78 1.79 1.74 

Table 6.4 Comparison of the least squares adaptive algorithms, RLS and EWRLS for the cases where the dipolar 
source was placed at the three locations shown in Figures 6.I(a), 6.1(b), and 6.1(c). 

obtained was 3.90 (compared with 2.94 recorded for the same single simulation using the LMS 
algorithm), both occurring using the RLS algorithm with I'\, = 10. Both the individual and mean 
ER results were typically higher for the recursive algorithms than those found for the gradient
search algorithms. 

For each simulation, most of the results obtained using the RLS algorithm displayed little vari
ation in ER with the exception of one case which varied as much as 80% (ER ranged from 3.10 
(I'\, = 0.1) to 3.90 (I'\, = 10)). Similarly, results using the EWRLS algorithm also displayed a small 
variation in ER with a maximum variation of 61 % recorded for the case where ER ranged from 
2.58 (I'\, = 0.5, p = 0.8) to 3.19 (I'\, = 10, P = 0.5). 

6.3.2 Mean Squared Error 

Just as the mean squared error ( was used in § 6.2.2 to analyse the rate of convergence of the LMS 
and NLMS algorithms to (min, an identical procedure is followed here with the RLS and EWRLS 
adaptive algorithms. 

Learning curves, (versus sample number k, are displayed for the RLS and EWRLS algorithms 
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using fi, 10 and fi, = 1.0, P = 0.5 in Figures 6.4(a) and 6.4(b) respectively for the case where 
the dipolar source was placed at () = 30°, <p 260°, and e = 0.69. These values were selected 

o 100 200 300 41JO 500 600 700 800 

0.010 

o 100 200 300 400 500 600 700 800 

0 100 200 300 4(JO 5(Kl 600 700 800 0 100 200 300 400 500 600 700 Soo 

~:~ 
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Figure 6.4 Comparison of the learning curves for the case where the dipolar source was placed 
at () = 300

, ¢ = 2600
, and e 0.69: (a) RLS learning curves (,. = 10), and (b) EWRLS 

learning curves (,. = 1.0, P 0.5). The dashed line represents (min' 

simply because they achieved the highest mean ER of both sets of data. Here, in the examples 
using the RLS algorithm (Figure 6.4(a», convergence of (to within 5% of (min commonly occurs 
between samples 25 and 250, but typically before sample 175 in many of the simulations. Similar 
characteristics are observed in the examples using the EWRLS algorithm (Figure 6.4(b». Here, 
convergence is observed between samples 30 and 250. 

Both algorithms displayed a faster rate of convergence towards (min, typically before sample 
250 (1.25 s), than the LMS (sample 610 - 3.05 s) and NLMS (sample 310 1.55 s) algorithms. For 
large fi, values, the RLS algorithm converges much faster towards (min than for lower values. How
ever, faster convergence is typically accompanied by a larger misadjustment value (i.e., >20%). 
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That is, the adapted weight vector differs substantially from the optimum weight vector. Since 
/'i, is used to initialize the RLS algorithm only and the algorithmic weights typically converge to 
within 5% of (min before sample 250 (1.25 s), then the value of /'i, has negligible effect on the ER 
measure. The effect of the parameters /'i, and p on the rate of convergence of the EWRLS algorithm 
to the optimal weight vector is more difficult to analyze. Since both parameters are adjusted in the 
examples shown in this chapter, it is more difficult to assess the influence of one parameter on the 
other for such a small data set. A more complete analysis is required in which one parameter is 
kept fixed while the other is varied in order to observe any effect. 

6.3.3 Misadjustment 

Misadjustment values were also determined from (6.7) for each of the cases in Table 6.4 for the 
RLS and the EWRLS algorithms as shown in Table 6.5. Once again, the parameters /'i, = 10 and 
/'i, = 1.0, p = 0.5 were used in each respective algorithm. Here, Mao ranged from 2.19% to 28.48% 

(min Mao (%) 

RLS (/'i, = 10) EWRLS (/'i, = 1.0, p = 0.5) 

0.0014 14.63 11.10 

0.0005 7.29 8.91 

0.0008 4.58 3.71 

0.0018 4.62 3.52 

0.0010 11.15 6.18 

0.0009 13.16 15.51 

0.0003 2.45 1.81 

0.0003 22.90 22.39 

0.0006 2.19 5.74 

0.0005 28.48 17.36 

0.0058 5.98 7.65 

0.0040 3.05 3.11 

0.0017 8.12 5.81 

0.0036 25.27 2.87 

0.0045 3.76 4.56 

Mean 10.51 8.02 

Table 6.5 Comparison of the misadjustment Mao for each simulation shown in Table 6.4 using the RLS algo
rithm (I\; = 10) and the EWRLS algorithm (I\; = 1.0, p = 0.5). 

using the RLS algorithm and a slightly lower range of 1.81 % to 22.39% was found for the EWRLS 
algorithm. The overall mean Mao for the RLS algorithm was slightly higher (10.51 %±8.70%) than 
the EWRLS algorithm (8.02%±6.06%), although the difference is only marginally significant (p 
> 0.05, df = 14, via the two-tailed t-test). These overall mean Maos were slightly lower than those 
determined for the LMS (8.53%±6.62%) and NLMS (12.29%±9.46%) algorithms. This indicates 
that the adaptive performance of all the algorithms deviated from the optimal performance by less 
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than 13% which is acceptable in many applications. 

6.4 DISCUSSION 

Only one adaptive algorithm and set of controlling parameters was employed for all the results in 
earlier chapters. The work reported in this chapter sought to determine if further improvements 
in performance could be gained by employing a different adaptive algorithm and/or different con

trolling parameters. 
Two gradient-search (LMS and NLMS) and two least squares (RLS and EWRLS) algorithms 

were investigated. The gradient-search algorithms use an estimate of the gradient error function 
in an iterative technique to determine the optimum weight vector. Both of the gradient-search 
algorithms are generally easy to implement and are computationally inexpensive at the expense 
of oscillating about the optimum weight vector. In contrast, the least squares algorithms use the 
input data in such a way as to ensure optimality at each iteration. Both the RLS and EWRLS 
algorithms converge towards the optimal weight vector at a faster rate than the gradient-search 
algorithms but are more computationally expensive since the inverse correlation matrix R;;(k) 
must be re-calculated at each iteration. 

The LMS algorithm appeared to perform better than the NLMS algorithm in terms of record
ing both the highest individual ERs and mean ER. In contrast, the NLMS algorithm took fewer 
samples to converge to within 5% of (min, rendering it ideal for processing EEG records contain
ing multiple EDs in close succession. Although it has the ability to settle down relatively quickly 
after encountering an ED, it may not provide as high enhancement of EDs as the LMS algorithm 
can. 

The ERs obtained using the LMS algorithm with /1, = 0.1 were substantially lower than those 
using f1, = 1/10Amax . This indicates that the results obtained in chapters 4 and 5 could contain 
quite conservative ER values and that the EDs could in fact be enhanced more simply by selec
tion of a different f1, per se. Since the overall mean ER was 1.74 using the LMS algorithm with 
/1, = 1/10Amax (compared to 1.51 with f1, = 0.1), providing a level of enhancement 31% (p > 
0.10) higher than that obtained using f1, = 0.1, then this indicates that the EDs and questionable 
EDs in chapters 4 and 5 could in fact be enhanced more simply by using f1, 1/10Amax as the 
learning rate in the LMS adaptive algorithm of the beamformer. 

Of the least squares algorithms (RLS and EWRLS), neither algorithm appeared to out-perform 
the other in terms of enhancing EDs and rate of convergence of (to within 5% of (min' However, 
in comparison to the gradient-search algorithms (LMS and NLMS), the least squares algorithms 
produced, on average, (1) higher individual ERs and average ERs, (2) faster rate of convergence 
towards (min, and (3) lower misadjustment values. For the same simulations, the RLS algorithm, 
with;;, = 10, enhanced EDs by a mean 1.86, a level of enhancement 14% (p > 0.20) higher 
than that found using the LMS algorithm with f1, = 1/10Amax . Here, an average enhancement 
improvement of 41 % using the RLS algorithm (;;, = 10) could be achieved in processing the 
events in chapters 4 and 5. 

The computational load of each algorithm can be described as the number of multiplications 
per sample, or per update. For the RLS and EWRLS algorithms this is 4M2 + 4M and 4M2 + 7 M 

respectively, where M is the number of weights contained in the filter. However, these figures are 
significantly reduced in the cases of the LMS (2M) and NLMS (M2 + 2M) algorithms due to the 
ease with which each algorithm can be implemented. For example, when M = 4, the number of 
multiplications per update is 80 and 92 for the RLS and EWRLS algorithms respectively, versus 
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8 and 24 for the LMS and NLMS algorithms respectively. For M = 16, corresponding to the 
number of channels used in the EEG records, the corresponding numbers of multiplications per 
update is 1088, 1136, 32, and 288 respectively, a 34-fold increase in computation using the RLS 
algorithm as opposed to the LMS algorithm. Hence, processing a 20--minute EEG record using 
either of the least squares algorithms could take a considerable and possibly unsatisfactory amount 
of time. 

However, if speed of computation is not important (i.e., the beamformer is run off-line) then 
it would appear that the RLS algorithm would be the optimal choice of adaptive algorithm used to 
enhance EDs. Its performance in terms of providing relatively high enhancement of EDs coupled 
with its ability to converge quickly towards the optimum solution renders it ideal for processing 
EEG records containing multiple EDs. Alternatively, if computational speed is important, then one 
of the gradient-search algorithms (LMS or NLMS) would be more suitable for the task of enhanc
ing EDs. However, since the difference between the RLS (K, = 10) and the LMS (J-l = l/lOAmax ) 

algorithms is insignificant (p > 0.20, df = 14, via the two-tailed t-test) then the LMS algorithm 
could possibly be the better choice especially since the computational load would be reduced by a 
factor of 34 by using the LMS algorithm. 

The algorithms investigated in this chapter are only a small selection of the adaptive algorithms 
available. Many others (chapter 7) may provide superior performance to those mentioned here and 
have been included in future investigations. . 

6.5 SUMMARY 

Preliminary results regarding the performance of two gradient-search algorithms, namely, LMS 
and NLMS, and two least squares algorithms, RLS and EWRLS, used in the beamformer were 
investigated. Overall, the RLS algorithm provided the best performance in terms of, highest indi
vidual ERs (on average) and highest mean ERs, relatively fast rate of convergence, and lowest 
misadjustment. Although this is a small selection of the numerous adaptive algorithms available, 
the gradient-search and least squares algorithms provided some useful findings. 

Gradient-Search Algorithms: 

It The LMS algorithm provided individual ER's that ranged from 1.10 - 2.05, mean ER = 

1.51±0.21, using J-l = 0.1 with a wider range of 0.90 - 2.86 and mean ER = 1.74±0.50 
obtained using J-l = 1/10Amax . Variations in ER up to 103% were observed. The NLMS 
algorithm displayed a wider range of individual ER's than those determined for the LMS 
algorithm. Typically, ER ranged from 0.87 - 2.96 with a mean ER of 1.71±0.51 using 
J-ln = 0.05, with variations in ER up to 46%. The LMS algorithm appeared superior to the 
NLMS algorithm based on the higher individual ERs on average and the higher mean ER. 

It Convergence of ( to within 5% of (min, occurred much faster using the NLMS algorithm 
« 30 samples, or 1.55 s) compared with the LMS algorithm « 610 samples, or 3.05 s). 
This implies that ifEDs are located more than 3.05 s apart in the EEG record, then the LMS 
algorithm may not fully converge and, therefore the EDs may not be enhanced as much, as 
for the NLMS algorithm. 

• The optimum learning rate J-lopt provided a means of optimizing the adaptation process of 
the LMS algorithm in terms of obtaining fast convergence and minimum misadjustment 
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which gives the best ER. 

Least Squares Algorithms: 

iii A higher range of individual ER values were obtained using the .RLS algorithm, in partic
ular,0.94 3.90, mean ER = 1.86±0.78 using /'i, 10, than that obtained using the LMS 
or NLMS algorithms. Similarly, individual ER's ranging from 0.90 - 3.17 (mean ER = 
1.78±0.57) using the EWRLS algorithm with /'i, 0.5, p = 0.8 were obtained. The two 
algorithms performed similarly with the RLS marginally better in terms of lower misadjust
ment. 

.. Smaller variations in ER were also apparent using the RLS and the EWRLS algorithms, 80% 
and 61 % respectively. This variation could be due to parameter selection, noise inherent in 
the beamformer, or noise in the adaptive algorithm itself . 

.. Convergence of ( to within 5% of (min occurred at a faster rate using both algorithms, 
typically before sample 250 (1.25 s). This faster rate of convergence than that found for the 
gradient-search cases indicates that the least squares algorithms would be valuable when 
processing EEG records containing multiple EDs/events, that is, they would provide a faster 
settling down time after encountering each ED before the next ED appears. This is important 
when measuring the ER of each ED. 





Chapter 7 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 
AND DEVELOPMENT 

This thesis reviews existing techniques in adaptive signal processing and presents an analysis of 
an adaptive spatial filtering technique used for enhancing epileptiform activity in the interictal 
EEG (Le, abnormal activity occurring between seizures). In this chapter, conclusions from the 
original experimental work in chapters 4 to 6 are presented. TIris is followed by possible direc
tions for future research and development focusing on further improvement and evaluation of the 
beamforming technique. These include an improved modelling technique, optimizing the adap
tive algorithm used in the beamformer, incorporating different constraints into the beamformer 
design, improving the current volumetric search method, introducing a means of quantifying any 
distortion occurring during the beamforming process, and introducing a means of determining any 
variation in the location of an epileptogenic source for a particular patient. Finally, implementation 
of the beamformer for use in the Neurology Department at Christchurch Hospital along with the 
possibility of modifying the beamformer to accommodate multiple epileptogenic foci is proposed. 

7.1 CONCLUSIONS 

The detection of EDs spikes and sharp waves - occurring in the EEG between seizures is 
an important component in the diagnosis of epilepsy. When an epileptogenic source is located 
near the surface of the brain, the corresponding EEG will contain characteristic EDs which are 
strongly indicative of epilepsy. In contrast, if an epileptogenic source is located deep within the 
brain, the EDs may be sufficiently masked by the more superficial background EEG as to make 
their detection in the raw EEG by an EEGer not possible. TIris is frequently the case in tem
porallobe epilepsy. Until recently, the only means of enhancing EDs located deep in the brain 
has been by invasive electrophysiological monitoring techniques, such as sphenoidal electrodes, 
depth electrodes, and electrocorticography (§ 1.3.4), or by the very expensive (~ $2M) magne
toencephalography technique (§ 1.5.6.1). 

Van Veen et al. [1992], Spencer et al. [1992], van Drongelen et al. [1996], and Van Veen 
et al. [1997] have applied a three-dimensional spatial filtering technique, more commonly known 
as 'beamforming', to help localize epileptogenic sources in the brain. No comprehensive analysis 
of the characteristics nor a means of quantifying the performance of the beamformer, as applied 
to EEG, has been addressed by other researchers. This thesis presents the results of studies of the 
performance of the beamforming technique, applied to both simulated situations (chapter 4) and 
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real data (chapter 5) using radially and tangentially oriented dipoles at different locations. 
Simulations using a three-layered piecewise homogeneous spherical forward model to super

impose idealistic EDs on normal EEG recordings were performed. Both the simulations and the 
clinical results showed the beamformer's ability to enhance signals, relative to the background, 
originating from deep or superficial foci. ill particular, the beamformer was able to provide good 
enhancement of EDs using different recording montages, including when the dipolar source was 
located near the centre of the head and/or when the amplitude of the ED is comparable to that of 
the background EEG. The beamformer was shown to be relatively insensitive to depth (eccentric
ity) of the focus and to inaccuracies in estimate of location (depth and angular) of both radially and 
tangentially oriented dipoles. This indicates that the bearnformer is likely to be most suitable as 
a non-invasive means of enhancing activity from epileptogenic foci whose location is ill-defined. 
Conversely, the beamformer is unlikely to prove as accurate as other techniques at localization of 
confirmed deep epileptogenic foci, for the same reasons. 

ill the case of real clinical data (chapter 5), a search method which estimates the location of the 
epileptogenic source provided a location which was consistent with the signals in the EEG record. 
Unfortunately, radiographic investigations of most of the patients in this study failed to provide 
any independent corroboration of the site of focal lesions likely to be responsible for the definite 
or questionable epileptiform activity seen in the EEGs. Therefore, there was no means of con
firming the accuracy with which the search method had estimated the location of the epileptogenic 
source in each record. 

From this small data set of 11 patients (4 patients contained 12 epileptiform events rated as 
definite or questionable focal epileptiform activity and 7 patients contained 27 questionable focal 
epileptiform events), all events were enhanced by the beamforming technique. Upon showing 
these beamformed events to an EEGer for grading, some events were upgraded from questionable 
to probable (confirming that they could in fact be genuine EDs) while a few were downgraded 
from probable to non-epileptiform (indicating that they were likely to be artifacts). The most 
important characteristics identified in the projected beamformed output (16 channels) were (1) the 
beamformer's ability to enhance EDs in both ipsilateral-ears referential and longitudinal bipolar 
recorded EEGs, (2) the substantial attenuation of background activity on channels located fur
ther away from the epileptogenic source, (3) the ability of the beamformer to attenuate artifacts 
to reveal possible underlying EDs, and (4) the beamformer's ability to enhance sequential EDs 
located in close succession (e.g., ~ 400 ms apart) in the EEG record. 

Both the simulation and clinical results demonstrated that the beamforming technique has 
considerable potential for application in clinical neurophysiology. The beamforming technique 
can non-invasively enhance epileptiform activity from deep foci in the brain, such as in mesial 
temporal lobe epilepsy, thereby reducing the need for invasive electrophysiological investigations. 
Further improvements in performance are likely once the beamforming technique has been further 
optimized (see following section). 

Preliminary results comparing the performance of two gradient-search algorithms (LMS and 
NLMS) and two least squares algorithms (RLS and EWRLS) used in the beamformer were pre
sented in chapter 6. From this small data set, the least squares algorithms provided better perfor
mance than the gradient-search algorithms at the cost of being more computationally expensive. 
In both the RLS and EWRLS algorithms, ( converged to within 5% of (min at a much faster rate 
than that observed for the LMS and NLMS algorithms. Also, the mean ERs achieved were slightly 
higher than those for the gradient-search algorithms despite the broader range of ERs for the least 
squares algorithms. This indicates that the LMS algorithm currently used in the beamformer could 
be replaced with one of the least squares algorithms to yield better enhancement of epileptogenic 



7.2 SUGGESTIONS FOR FUTURE RESEARCH AND DEVELOPMENT 143 

foci (unless speed of computation is critical). 

SUGGESTIONS FOR FUTURE RESEARCH AND DEVELOPMENT 

The results presented in chapters 4 to 6 indicate that the beamfonner is able to enhance epilept
ifonn activity from deep foci in the brain to an extent which would make the beamfonner a desir
able tool in clinical neurophysiology. However, further development is required to increase the 
clinical utility and perfonnance of the beamfonner. Various approaches to achieve this include (1) 
implementation of a more realistic forward model for detennination of the constraint matrix, (2) 
application of a different adaptive algorithm to provide better enhancement, (3) incorporation of 
different constraints used to solve the optimization problem, and (4) automation and optimization 
of the search method used to estimate the location of the epileptogenic source. In addition, further 
quantification of the beamfonner perfonnance could be of clinical value. For example, deter
mining the amount of distortion in the ED incurred by the beamfonning process could provide 
valuable infonnation regarding the characteristics of the beamfonner. Another example involves 
detennining the variation of source location between events, for a particular patient; this would 
allow one to analyze the temporal behaviour of an epileptogenic source (Le., does the location 
and/or orientation of a source change over time?). Further development would also involve imple
mentation and evaluation of the beamfonner as a routine clinical tool at Christchurch Hospital. 
This implementation could also provide a facility which would allow the beamfonner to process 
records suspected of containing multiple foci to be accommodated. 

7.2.1 Improved Modelling Techniques 

Presently, the most widely used model for estimating scalp potentials due to known electrical 
sources in the brain is the three--concentric spherical layers model. There is, however, consider
able evidence for the increased accuracy which can be gained from the use of more realistic models 
such as the finite element model (FEM) and the boundary element model (BEM)l [Yan et al., 1991; 

Cuffin, 1996]. The three-concentric spheres model is an oversimplification of both the geometric 
and electrical properties of real heads, whereas a FEM or BEM provides a more exact numeri
cal solution which incorporates the geometrical complexities [Yvert et ai., 1997]. However, the 
disadvantages of the FEM and BEM approaches are (l) the entire geometrical region of interest 
must be stored in computer memory, (2) increased computational time, and (3) MRI or CT slices 
are required to obtain accurate geometrical infonnation, which then have to be digitized hefore 
constructing triangulated surface meshes [Roth et al., 1993; Yvert et al., 1995]. 

Differences in skull shape and thickness occur predominantly in the occipital, frontal, pos
terotemporal and frontotemporal areas [IDim~nainen and Sarvas, 1989; Roth et ai., 1993; Cuf
fin, 1996]. Localization errors of typically 1 cm but up to 4cm have been recorded for dipolar 
sources placed in the frontal or temporal lobe areas by comparing the three-spheres model with the 
BEM [Roth et ai., 1993; Cuffin, 1996]. Since this is the area of the brain that has been addressed 
in this thesis it would indicate that the currently used three-spheres model should possibly be 
replaced with a more realistic model. Since the forward model is used to detennine the constraint 

lIn the FEM, the potential distribution is calculated at each node on the outer surface of the arbitrarily shaped 
multicompartmental model whereas, in the HEM, it is determined at each boundary surface element within the arbitrarily 
shaped multicompartmental model. In both the FEM and the HEM, each compartment has a homogeneous and isotropic 
conductivity [Meijs et al., 1989; Yan et al., 1991; Roth et al., 1993]. 
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matrix and hence blocking matrix used in the beamfonner, a more realistic model such as the 
FEM or BEM should provide more accurate constraint and blocking matrices which may lead to 
increased enhancement of EDs. 

7 .2.2 Fine-Tuning the Beamformer Parameters 

7.2.2.1 Alternative Adaptive Algorithms 

Results from chapter 6 showed that the least squares algorithms can give better perfonnance than 
the gradient-search algorithms, at least in simulations. However, testing of all the algorithms 
on clinical data is required to detennine whether this calculation applies equally to real EEG. 
Other adaptive algorithms, such as, the Griffiths LMS [Widrow and Steams, 1985], leaky LMS 
[Widrow and Steams, 1985], gradient adaptive lattice [Griffiths, 1978], multiple signal classifica
tion (MUSIC) [Schmidt and Franks, 1986], QR-decomposition-RLS (QRD-RLS) [Haykin, 1991], 
and various fast RLS algorithms should be included in any further tests. 

7.2.2.2 Constraint Design 

The single linear constraint C T Wf = r was used in the beamfonner. This constraint may be gener
alized to include multiple linear constraints for added control over the beamfonner response. For 
example, if there is a region of the brain containing known interference, then adjoining another 
constraint equation to the output power of the beamfonner such as C T Wf = 0 (where C T corre
sponds to the constraint matrix of the location of the interference) will force zero response in that 
location. 

Also, the use of point, derivative, or eigenvector constraints [Van Veen and Buckley, 1988] 
may also improve the perfonnance of the beamfonner. Point constraints can be used to fix the 
beamfonner's response at points of spatial location. Derivative constraints control the response 
over a region of spatial location by forcing the derivatives of the beamfonner response at some 
point of location to be zero. Derivative constraints would be ideal, for example, in cases when 
the location of an epileptogenic source is only approximately known. Eigenvector constraints are 
based on a least squares approximation and tend to control the beamfonner response over regions 
of locations. 

Implementation of these different constraints in the beamfonner could introduce additional 
capabilities into the beamfonner. For example, the beamfonner could be used to enhance epilept
ifonn or non--epileptifonn (e.g., artifacts) activity emanating from either a point, area, or region 
within the brain. 

7.2.2.3 Improved Search Method 

The current search method is not optimal nor is it very efficient. In order to detennine the 
location of the suspected epileptogenic source, the search method beamfonns at 147 locations 
within a predetennined volume irrespective of whether. particular locations are located further 
away from the estimated location of the source (OS? CPs? es). Therefore, an automated iterative 
search method is required. Suggested iterative search methods include, but are not limited to, 
steepest-descent, least-mean square, Levenberg-Marquardt (combination of steepest-descent and 
Newton-Raphson methods), or Tikhonov. 
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7.2.3 Quantitative Analysis of Beamformer Results 

7.2.3.1 Distortion Index 

Visual scrutiny of the projected beamformer output of the simulation and clinical results indicated 
that the morphology of the enhanced ED is slightly different to that observed in the raw EEG 
record. This variation or distortion can be quantified by way of a distortion index (DI). The DI 
would provide a further means of quantifying the performance of the beamformer, in addition to 
ER, convergence and computational speed. 

To determine DI, both the surface and projected bearnformer output channels containing the 
maximum ED amplitude, ripn and ropn respectively, are required. One suggested method for 
calculating DI is to calculate the normalized sum of the squares difference between the amplitudes 
at the N samples enclosing the ED (40 samples used in these studies) 

(7.1) 

It should be noted that for surface signals in which the amplitude of the ED is comparable to the 
amplitude of the background activity, then Iipn can not be determined very accurately and thus DI 
would also be inaccurate. 

7.2.3.2 Variation in Epileptogenic Source Location 

Determination of the amount of variation in source location for a particular patient might provide 
useful clinical information in terms of understanding the behaviour and characteristics of EDs 
and also in localizing focal lesions, etc. Chapter 5 revealed some possible variation between the 
estimated locations of the epileptogenic source, determined by the search method, for the different 
events pertaining to the same patient. This variation requires further investigation to confirm if it 
is genuine (Le., mUltiple foci or a single focus whose location andlor orientation is changing with 
time) or if it is due to noise inherent in the bearnformer. 

7.2.4 Implementation of the Beamformer for Clinical Use 

Another development stage would involve implementing the beamformer in the Neurology Depart
ment at Christchurch Hospital for use by an EEGer in routine clinical investigations. The beam
former could be used in conjunction with the present spike detection technique or it could operate 
independently. To facilitate the use of the beamforming technique, a graphical user interface (GUI) 
designed either in Visual Basic, Visual C++, or Delphi would be required. The GUI should pro
vide a means of allowing the EEGer to specify an approximate location of the epileptogenic source 
in the brain for a particular EEG record. This would also provide the beamformer with an initial 
location at which to start the volumetric search. Once the search method has determined the esti
mated location of the epileptogenic source, the beamformer would proceed to beam form on either 
selected epochs or the entire 20 minute EEG record for all specified montages and then project the 
beamformed output to the surface of the scalp to provide 16 channels of EEG in which the EEGer 
would be able to specify which epochs to view. Also, implementation of the beamformer in C++ 
could also lead to improvements in computational speed of the beamforming process. 
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7.2.4.1 Multiple Foci 

Although the beamformer has been used to enhance epileptiform activity originating from a sin
gle source, it is not restricted to single foci. Modifications to the beamforming program would 
facilitate enhancement of multiple foci which would be valuable in cases where more than one 
epileptogenic source is suspected of causing the activity observed in the EEG record. However, 
the extent to which the beamformer can enhance multiple foci is unknown quantitatively and would 
have to be investigated via simulation and clinical studies. Other researchers such as Van Veen 
et al. [1992], van Dronge1en et al. [1996], and Van Veen et al. [1997] have used a graphical means 
to illustrate the ability of the beamformer to localize simulated multiple sources but do not quantify 
their results in terms of a performance measure. 



Appendix A 

CLASSIFICATION OF THE DIFFERENT TYPES OF EPILEPSY 

Attempts to develop an acceptable classification scheme for epileptic seizures has generated much 
controversy due mainly to differences in opinion and the purposes for which the classification was 
intended. 

Traditional classification schemes were based on either aetiology or symptomatology, how
ever, the advent of the EEG complicated ,these schemes. Efforts were made to develop a clas
sification that would combine the clinical and electrographic features of seizures as well as the 
presumed aetiology and anatomy of the epilepsy. Previous classification schemes based on aetiol
ogy recognised the distinction between primary (essential, idiopathic, cryptogenic) and secondary 
(symptomatic, organic) fonns. Classifications based on symptomatology used the clinical charac
teristics of seizures to differentiate between primary and secondary fonns. 

The most recognised clinical classification in current use is that developed by a Commission 
on Tenninology established by the International League Against Epilepsy (ILAE), including rep
resentatives from the World Federation of Neurology and the International Federation of Societies 
for EEG and Clinical Neurophysiology [Gastaut, 1969]. 

In the 1969 ILAE classification, epileptic seizures were categorized according to: (1) clinical 
features; (2) ictal and interictal EEG; (3) common age of expression, and (4) presumed anatomical 
basis and aetiology. The classification subdivided epileptic seizures into four main categories -
partial, generalized, unilateral, and unclassified. Each main category was further divided into sev
eral groups of seizures. A revised ILAE classification of epileptic seizures was developed in 1981 
which further divided partial epilepsy into simple and complex depending on whether conscious
ness is preserved or not [Dreyfuss, 1981], as shown in Table A.I. 
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Partial Epilepsy 

(A) Simple Partial Epilepsy (consciousness preserved) with: 

i) Motor symptoms (e.g., focal motor, Jacksonian) 

ii) Special sensory or somatosensory symptoms 

iii) Autonomic symptoms 

iv) Psychosensory symptoms (e.g., dysphasic, dysmnesic, cognitive, affective, illusions) 

v) Compound forms 

(B) Complex Partial Epilepsy (consciousness impaired) with: 

i) Motor symptoms 

ii) Special sensory or somatosensory symptoms 

iii) Autonomic symptoms 

iv) Psychosensory symptoms (e.g., dysphasic, dysmnesic, cognitive, affective, illusions) 

v) Compound forms 

(C) Partial Epilepsy becoming secondarily generalized epilepsy (tonic and/or clonic) 

i) Simple partial seizures 

ii) Complex partial seizures 

iii) Simple partial seizures ~ complex partial seizures initially 

Generalized Epilepsy 

(A) Absence attacks (petit mal) 

i) Simple absences 

ii) Complex absences 

(B) Bilateral massive epileptic myoclonus (e.g., myoclonic jerks) 

(C) Infantile spasms 

(D) Clonic seizures 

(E) Tonic seizures 

(F) Tonic-donic seizures (e.g., grand mal) 

(G) Atonic seizures (e.g., epileptic drop attacks, atonic absences) 

(ll) Akinetic seizures (e.g., loss of movement without atonia) 

Unilateral Epilepsy 

Analogous to that of generalized epilepsy; clinical signs restricted to one side of the body 

and the EEG discharges are recorded over the contralateral hemisphere. 

Unclassified Epilepsy 

All other forms of epilepsy for which there is insufficient data to fully categorize each type. 

Table A.I The different categories of epilepsy. Adapted from Gastaut [1969] and Dreyfuss [1981]. 
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SUlVIMARY OF ADAPTIVE ALGORITHMS USED IN THE GSC 

The two stochastic gradient-search algorithms, LMS and NLMS, and the two least squares algo
rithms, RLS and EWRLS are summarized in Tables B.l and B.2 respectively. All four algorithms 
were implemented in the GSC and are compared in chapter 6. The LMS adaptive algorithm was 
the only algorithm used in the simulation studies of chapter 4 and the clinical studies of chapter 5. 

The expressions shown in Tables B.l.and B.2 are slightly modified to those seen in § 2.5.1 
and § 2.5.2 since these algorithms are used in the GSC rather than in the LCMV structure. For 
example, the input vector to the adaptive algorithm is u(k) instead of v{k) which corresponds 
to Figure 2.3. Also, t{k) represents the scalar output of the adaptive section of the GSC (Fig
ure 2.3). The correlation and inverse correlation matrices used in the least squares algorithms are 
also changed to Ruu and R;;; respectively. All other parameters remain unchanged. 

The amount of computation required to execute each adaptive algorithm is stated in terms of 
the number of multiplications performed for each iteration of the algorithm where M is the num
ber of adaptive weights. Hence, order M encompasses all vector dot products and scalar-vector 
products, while order M2 includes all matrix-vector products and vector outer products. 

• Initialization w(O) = 0 

y(O) = 0 

0< J.L < imax 

Update w(k + 1) = w(k) + 2J.Lu{k)e(k) 

Output y{k) = s(k) - t(k) 

s(k) = wf v(k) 

t(k) = wr u(k) 

Multiplications 2M 

per update 

J.L(k) 

o < J.Lnorm < 2 

as small 

w{k + 1) w{k) + 2J.L(k)u( 

y(k) s(k) t(k) 

s(k) wfv{k) 

t{k) = w~'u(k) 

Table B.I Comparison of the LMS and NLMS algorithms. 
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II Algorithm RLS EWRLS 

Initialization w(O) = 0 w(O) = 0 

R~J(O) = 11;-11 R~J(O) = 11;-11 

11; small, I identity matrix 11; small, I identity matrix 

Update w(k + 1) = w(k) + Suu w(k + 1) = w(k) + Tuu 

Suu = R~J(k + l)U(k)e(k) 
A_I 

Tuu = Ruu (k + l)U(k)e(k) 
A_I _ A_I R~J(k + 1) = p-1 [R~J(k) - Quu] Ruu (k + 1) - Ruu (k) - Puu 

A 1 T A 1 1 A -1 T A -1 P _ R~u (k}u(k}u (k}R~u (k} Q _ p- Ruu (k}u(k}u (k}Ruu (k} 
uu -

1 +uT (k )Ru'; (k )u(k) uu - 1+p-1u T (k)Ru,;(k)u(k) 

O<p:S1 

Output y(k) = s(k) - t(k) y(k) = s(k) - t(k) 

s(k) =wTv(k) s(k) = wT v(k) 

t(k) = wr u(k) t(k) = wr u(k) 

Multiplications 4M2 +4M 4M2 + 7M 

per update 

Table B.2 Comparison of the RLS and EWRLS algorithms. 
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DERIVATION OF THE POTENTIAL FIELD EQUATION DUE TO 
A CURRENT DIPOLAR SOURCE 

The approach adopted by most authors when addressing potential field problems is simply to 
state the field equations of Arthur and Geselowitz [1970] or Ary et al. [1981] or some v.ariation 
of these equations without any derivation, assuming the equations to be correct [Watanabe and 
Sakai, 1984; Smith et al., 1985; Salu et al:, 1990; Berg and Scherg, 1994; Srebro, 1994]. Neither 
Arthur and Geselowitz [1970] nor Ary et al. [1981] provide a full derivation of the field equations 
from first principles. However, Geselowitz [1960] provides a derivation of the potential field 
distribution due to a cardiac source located within an insulated homogeneous conductor in terms 

of a multipole expansion. In this appendix, the potential field equation due to a current dipole 
source is derived from first principles. The purpose of this derivation is twofold, firstly, it serves to 
confirm the potential fields equations most often cited (Le., Arthur and Geselowitz [1970] and Ary 
et al. [1981]) and secondly, it provides the basis upon which the modified potential field equation 
used in this thesis (that of Salu et al. [1990]) is derived. 

C.l BASIC FORMULATION 

The total current density J in a quasi-stationary current field is represented as 

J = J i + O'E, 

where Ji is the impressed current density (sources and sinks due to electrophysiological activity), 
0' is conductivity in S 1m, E is the electric field and 0' E is the conduction current. 

Conservation of charge requires that 

\7. J = 0, 

so within a region of uniform and isotropic conductivity, 

\7 . J i + 0'\7 . E = 0, 

and thus 

(C.1) 

a form of Poisson's equation. (Note that changes in conductivity can be accommodated by intro
ducing secondary sources.) 
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The RHS of (C.l) is a scalar so one can postulate the existence of a point (monopolar) cur
rent source I, which has a magnitude V . Ji. Comparison of (C.l) with the Poisson equation 
for electrostatic charge indicates a direct equivalence between the potential fields which can be 
expressed: 

Charge: 

in an unbounded dielectric region, 

Current: 

q 

41f'ER' 

in an unbounded conducting region, where R is the distance between source point and observation 
point. (The units in the two cases are (C)(m/F)(l/m) = volts, and (A)(m/S)(l/m) = volts, 
respectively. ) 

A current monopole I located at the point z = (3 on the z-axis of a rectangular coordinate 
system whose origin is at 0 as shown in Figure C.l is considered. The potential <I> is sought at 
another point, P say, in terms of the coordinates of P with respect to the origin, O. The rectangular 
coordinates of P are (x, y, z), but due to the azimuthal symmetry of the field about the z-axis it is 
more convenient to represent <I>(P) in terms of the two spherical coordinates rand O. By the law 

x 

of cosines: 

z 

P 

Figure C.I Coordinate system used for the problem. 

R2 1'2 + (32 - 21'(3 cos 0 

R (1'2 + (32 21'(3 GOS 0)1/2 

1 

R ]

-1/2 
21' 7i cosO 

y 
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or alternatively, 

r ]

-1/2 

cos e 
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Looking at the latter case the tenn inside the square bracket may be expanded by the binomial 
theorem if: 

2f3 
cose < I, 

r 

which requires (at least) that r > f3. The binomial series is given by [Arfken, 1985]: 

(l+x)ID = 
m(m -1)x2 - k + l)xk 

1 + mx + 2! + ... + ---''-----'--'-----'::-:----'------'---

1 
~ m(m -1) ... (m - k + l)xk 

+ L.. k' . , 
k=l . 

(C.2) 

which converges for Ixl < 1. 
Substitution of 

(
f3) 2 .2f3 

x = . -;: - r cos e and m -1/2 (C.3) 

into (C.2), and if 1~12 + I¥ cos el < 1, the resultant series converges absolutely and consequently 
the various powers may be multiplied out and the tenns rearranged to yield 

Thus 

1 
R 

2f3 l) -1/2 
cose = 

r 

4 (~) 3 cos e + 4 (~) 2 cos2 e 1 + ... 

_ 1 + ~cose+ (~) 2 [~cos2e _~] + ... 

and the coefficients of ~ are polynomials in cos e and are known as Legendre Polynomials. The 
first few Legendre polynomials are given below: 

Po (cos e) 

PI (cos e) -

P2(cos e) 

1 

cos e 
1 
2 (3 cos2 e - 1) 

1 
4 (3 cos 2e + 1) 

1 2' (5 cos3 e - 3 cos e) 
1 
8(5 cos 3e + 3 cos e). 
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One can now express R in tenns of Legendre polynomials incorporating the following notation: 

1 
R 

1 00 ((3)n 
r ~ Pn(cos 0) -;;: 

and the potential due to the monopole, expressed in spherical polar coordinates, is 

<I>(r, 0) = I ~ (3n Pn (cosO). 
41fu L.J rn+! 

n=O 

It can be shown [Stratton, 1941], § 3.8 that an altemative expression is 

<I>(r,O) = ~ ~ (3n(_l)n 8n (~). 
41fu L.J n! 8zn r 

n=O 

C.2 DIPOLAR FORMULATION 

C.2.1 The Radial Current Dipole 

(CA) 

It should be noted that for the potential of a linear charge distribution to be represented by a dipole, 
it is essential that the net charge be zero; the system as a whole is neutral and that the distance to 
the point of observation, P say, is very great relative to the length of the dipole. 

By analogy, the nett current injected through a set of point current sources (sinks) must be 
zero. Postulate therefore an equal and opposite source and sink of current. Using equation CA, the 
equivalent expansion for the potential of a radial dipole with a source-sink separation d, located at 
z (3 ± ~ within a homogeneous medium is: 

I 00 [((3 + ~r ((3 - ~rl 
<I>(r, 0) 41fu ~ r n+1 - rn+! Pn{cos 0), 

where (3 corresponds to the coordinate of the dipole centre and the observation point is sufficiently 
distant that r' > (3, Expanding by the binomial theorem, 

For d « (3 only the first two tenns in the series need be considered, therefore 

<I>(r, 0) 

noting that the term for n 0 disappears (the constant potential is arbitrary). Designating I d = qr, 
where qr is the dipole moment for a radial dipole, yields 

"'( Il) 1 ~ 1 an-l ( 11) 
'J:" r,17 41fu L.J rn+1 nqrfJ Pn cos 17 , 

n=l 

(C.S) 
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which is equivalent to [Arthur and Geselowitz, 1970] 

for a radial current dipole located on the z-axis in an unbounded conducting region. 

C.2.2 The Tangential Current Dipole 

Similarly, the equation for a tangential current dipole located on the z-axis and directed along 
¢ 0 in an unbounded conducting region can be shown to be 

<p(r, 0) = 4~0" f: r:+1 qtfJn-lp~(cosO)cos¢, 
n=l 

(C.6) 

where the p::" (cos O)'s are the Associated Legendre Polynomials. The first few associated Legen
dre polynomials are given below: 

pl sinO 

pi 3cosOsinO 

pi 3sin2 0 

pi ~(5cos2 -1) sinO. 

C.2.3 Resultant Potential on the Surface of a Spherical Conducting Region 

Combining (C.5) and (e.6) gives the potential for a current dipole positioned at z = (J (and lying 
in the ¢ 0 plane) with both radial and tangential components in an unbounded conductor as 

(e.7) 

Now consider what happens when an insulating boundary is introduced at r = R, that is, the 
conducting region becomes spherical (R > (J). Denote the potential field already defined for the 
unbounded case as <Po. A complete solution for Laplace's equation is given by [Stratton, 1941]: 

where Ynm ((), ¢) are the spherical harmonic functions, here defined as 

Yrtm(O, ¢) = { P::"(cos 0) c~sm¢, m .2 0 
P::"(cos 0) 8m imi¢, m < O. 

(C.8) 

Such a solution is sufficient to completely specify <P in the region (J < r ~ R. The terms in 
(e.8) in r- n- 1 with coefficients Gnm represent a multipolar source at the origin. Introducing the 
insulating boundary has no effect on the current dipolar source and therefore no effect either on 
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its equivalent representation as a multipolar source. Therefore the Gnm are just those appearing as 

coefficients in (C.?), namely 

GnO = 
41fO' 

pn-l 
Gn1 

qt 
41fO' 

Goo 0, 

Gl,-l 0, 

Gnm 0, Vlml > 1. 

The effect of the insulating boundary ( or indeed, any boundary condition imposed outside the 
source region) is therefore embodied in the Fnm coefficients, thus 

00 n 

<1> = <1>0 + L.: L.: FnmrnYnm(e, ¢). 
n=Om=-n 

The boundary condition at r = R is 

0<1> I - ° or r=R - , 
(C.9) 

since no current may flow across theboundary and J -0'\7<1>. Applying (e.9) to (e.S) gives 

~ ~ (F: Rn - 1 _ (n + l)Gnm ) Y, (e "') ° L..... L..... n nm Rn+2 nm, 'f' , 
n=Om=-n 

(e.lO) 

at every point on the surface. The orthogonality of the Ynm(e, ¢) ensure that (CJO) can be re
expressed as a set of simultaneous equations, as now explained. Multiply both sides of (C.l 0) by 

Ypq (e, ¢) and integrate over the whole sphere, thus 

1271" r ( ) ~ ~ ( n-l (n + l)Gnm ) ("') 2 . eded'" 
o io Ypq e, ¢ t:om~n nFnmR - Rn+2 Ynm e, 'f' R sm 'f' = O. 

(e.ll) 

Now 

(e.12) 

where 6 is the Kronecker delta function and apq is a nonnalizing factor. Applying (CJ2) to (C.ll) 
for all valid values of p, q shows 

n-l (n + l)Gnm 
nFnmR - Rn+2 = 0, Vn, m. (e.13) 

Since R is positive, (C.13) shows that Fnm has a non-zero value only when Gnm has a non-zero 

value. For those cases, 

In particular, 

F: _ (n+l) Gnm 
nm - n R2n+l' 

Fno 

Fnl 

FOD 

F1,-1 

Gnm 

(n+1) Bn-l q{ 
471"0" R2n+ , 

= (n+l) rr- 1 qt 
n 471"0" R2ri+T' 

0, 

= 0, 

0, \ilml > 1. 
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which for a dipolar source (summation of n begins from 1) leads immediately to 

1 00 2n + 1 pn-l 
iJ?(R,O) = 41f0" I: n Rn+1 {nqrPn(cos 0) + qtP~(cos 0) cos ¢}, 

n=l 

which is consistent with that of Ary et al. [1981]. 
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A simple form of inhomogeneity is now introduced. The effect of the brain, skull, and scalp 
layers are modelled by homogeneous shells of different conductivity. An inner spherical region of 
radius Rl and conductivity o"}, is surrounded by two concentric shells of outer radii R2 and Rand 
conductivity 0"2 and 0"3 respectively, as illustrated in Figure C.2. Using the same notation given in 

z 

y 

x 

Figure C.2 Piecewise homogeneous head model displaying radii and conductivities for each respec
tive compartment of the head (Le., brain, skull, and scalp), Origin at the centre (0,0,0). 

§ C.2.3, a formal expression for the potential in the inner sphere is (C.8): 

iJ?l(r,O) = f t (Fnrnrn + ~~~) Ynrn(O, ¢) 
n=Orn=-n 

the potential in the intermediate shell is given by: 

iJ?2(r,0) = f t (F~rnrn + ~:~) Ynrn(O, ¢) 
n=Orn=-n 

and the potential in the outermost shell is: 

R2 < r < R. 

(C.14) 

(C.lS) 

(C.16) 
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In order to detennine the potential on the surface of the piecewise homogeneous model it is 
required to detennine each of the coefficients in equations (C.14), (C.15), and (C.16) by incorpo
rating the same principles given in § 0.2.3 into the following boundary conditions: 

<1>llr=Rl <1>2 

<1>2Ir=R2 - (CI7) 

0"1
0

<1>11 
or r=Rl 

0<1>21 0"2--or r=R2 

(CIS) 

0<1>31 
or r=R 

= 0, (CI9) 

where (CI7) guarantees continuity of the potential across each boundary, (C. IS) continuity of the 
nonnal component of the current and (C.19) the zero nonnal component of the current at the head 
surface where (O"air = 0). 

Applying the boundary conditions (C.17), (C.lS), and (C.19) at each interface yields: 

1. At the boundary of 1 and 2: 

R n Gnm 
Fnm 1 + Rr+1 

[nFnmRr-1 - (n + 1) ~i:Z 1 0"1 

2. At the boundary of 2 and 3: 

P ' Rn + G~m nm 2 n+1 
R2 

[nF~mR~-l - (n + 1) ~i; 1 0"2 

3. At the surface of 3: 

G" 
nP" Rn - 1 - (n + 1) ---.!!:!!!:... 0 nm Rn+2 

P" nm 

Hence, equations (C22) and (C.23) become: 

pI Rn + G~m 
nm 2 R n+1 

2 

[ P ' Rn--l ( 1) G~m 1 = n nm 2 - n + R~+2 0"2 

(n + 1) G~~m 
n R2n+1' 

(C20) 

(C22) 

(C24) 

(C25) 

(C.26) 
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respectively. 

To eliminate Fnm from equations (C.20) and (C.21) requires mUltiplying equation (C.20) by ;'1 
and subtracting equation (C.21) from the new equation to yield a new expression in terms of F~m 

and G~!m' namely, 

D' Rn-1 + G~m nL'nm 1 n n+2' 
Rl 

G' 
= nP' Rn-l+n~x nm 1 Rn+2 

D Rn-1 Gnm [T.l R n- 1 ( 1) Gnm 
nL'nm 1 + n R~+2 - nL'nm 1 - n + 0'1 

(2n + 1) Gnm 

[nP' Rn-l_ 
nm 1 

1 

(n+1):i~] 0'2, 

( n + :~ (n + 1)) . 
(C.27) 

Similarly, to eliminate G~m from equations (C.25) and (C.26), multiply equation (C.25) by 
and add equation (C.26) to the new equation: 

G' 
(n + l)P' R n

-
1 + (n + 1)~ nm 2 Rn+2 

2 

(n + l)P' R n- 1 + nP' R n- 1 
nm 2 nm 2 

(2n + l)P' R n - 1 
nm 2 

G~m(n + 1) [(n ~ 1) -..,=.-. + R;+2] , 

G'n'm(n + 1) [(n n+ 1) + 1 ] + 
R'2+2 

1 

(C.28) 

Finally, mUltiply equation (C.25) by ;'2 and subtract equation (C.26) from this new equation 
to eliminate F~m from equations (C.25) and (C.26). Hence 

P' Rn-l G~m n nm 2 + n n+2 
R2 

GT 

n~+(n+ 1) 
Rn+2 

2 

1/ [( n + 1) R'2-1 1] 
= nGnm n R2n+l + R'2+2 , 

Gil [(n + 1) R'2-
1 _1_]- Gil ( 1)0'3 

n nm n R2n+1 + R'2+2 nm n + 0'2 X 

[:ln~11 - R;+2] , 
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G~m (n + 1) (1 0"3) + G~m (n + (n + 1) 0"3) ) 
0"2 R2+2 0"2 

G~m [R~+2 (n + :: (n + 1)) + (n + 1) (1- ::) ]. 

(C.Z9) 

Substitution of (CZ8) and (C.Z9) into equation (CZ7) yields a new expression in tenus of 

G~m' namely, 

By assigning 

G~m (n+1) [ 1 (1 
(2n + 1) R2- 1 R2+2 

R
n

-
1 

( )] R22n+1 (n + 1) 1 - :: . 

and 

(C.30) 

and assuming that the conductivity of the neural tissue, 0"1 is approximately the same as that of the 
scalp, 0"3, then we can assign O"nt,s = 0"1 = 0"3 and hence, 

e=~. 
O"nt,s 

Therefore, (C.30) reduces to 

( )
2 Gnm 

2n + 1 Gil 
nm 

n(n + 1)(1- e) [ (~~) 2n+1 (1-~) + Jln+1 en: 1) +~)] + 

(n + e(n + 1) (n + ~(n + 1)) + 

fin+1(n+1) (1-~) (n+e(n+1)). 

, Simplifying each component yields: 

f;n+l: (nt) (1 - e)((n + 1)e + n)Jln+1, 

fin+1 : - (nt1) (1 - e)(n + e(n + 1))fin+1, 

(
ff21) 2n+l : 2 +1 - (nt) n(1 - e)2 U~) n ) 

constant: (nt) ((n11) +1) (n+e(n+1)). 

(C.31) 

(C.3Z) 

(C33) 

(C34) 

(C.35) 
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Replacing the RHS of equation (C.31) with (C.32), (C.33), (C.34) and (C.35) produces: 

(2n + 1 )2 Gnm~ 
(n+1) G~m 

161 

n(l (C.36) 

Designating the RHS of (C.36) as 'if;, that is 

and rearranging for G~m' 

(2n + 1 )2 Gnm~ 
(n + 1) G~m 

'if; , 

Gil = (2n + 1)2 
nm (n + 1) 'if; , (C.37) 

where the Gnm are those given in § C.2.3. After applying the boundary condition (C.19) to equa
tion (C.16), and substituting (C.37) and (C.24) into (C.16), the potential on the surface of an 
inhomogeneous sphere due to a current dipole with both radial and tangential components is given 
by 

1 ~ 2n + 1 n-l [(2n + 1)2 ~ 1 1 
if!(R,f))=47raR2~ n (3 (n+1) 'if; {nqrPn(cosf)) + qtPn(cosf))cos¢;}, 

(C.38) 

which agrees with that given by Arthur and Geselowitz [1970] and Ary et al. [1981]. 
Equation (C.38) gives the scalp potentials generated by a current dipole located on the z-axis 

only, with zero dipole moment in the y-direction. Therefore, to determine the scalp potentials gen
erated by an arbitrary dipole (that is, a dipole at any location with any orientation), the coordinate 
system must be rotated using rotation transformations [Sidman et ai., 1978; Kavanagh et ai., 1978]. 

Hence, (C.38) may be generalized for any arbitrary dipole with dipole moment q [qx qy qzY, 
and can be expressed as 

illx - gx(d, s)qx 

illy - gy(d, s)qy 

illz = gz (d, s)qz 

where the potential ill at electrode position s = [sx Sy szY due to a dipole at location d 
[dx dy dz]T is 

if! = if!x + if!y + if!z. 

Hence, gx( d, s), gy(d, s), and gz( d, s) are called the forward transfer elements, where gx(d, s) is 
given by 

which gives the potential that a unit dipole, located at d and pointing in the x-direction, will 
generate at scalp electrode s. Here, r x is the x-component of the unit vector in the radial direction 
of d, defined as 

d x 
rx = TdT' 
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where I d I = J d~ + d~ + d~. Similarly, tx is the x--component of the unit vector in the tangential 
direction p, given by 

with 

Px = sx(d . d) - dx(d . s), 

with similar expressions for Py and pz, and Ipi = Jp~ + P~ + p~. Similar expressions are given 

for the elements gy (d, s) and gz (d, s). The general expression for the forward transfer vector can 
then be written [Salu et aT., 1990] 

1 ~ [(2n+1)3 e] n-l 1 
gi(d,s) = 4'!faR2 ~ n(n+1) ~ (3 {nriPn(COSO)+tiPn(COSO)coscp} 

where 

and i = x, y, z. 

4 1 R2 f: ,(3n-l {nriPn (cos 0) + tiP~(COS 0) cos cp}, 
'!fa n=l 

(2n + 1)3 e ,= n(n + 1) ~' 

(C.39) 



AppendixD 

EEG RECORDS USED IN THE SIMULATION STUDIES 

NOlTIlal ipsilateral-ears referentially recorded background EEG's (BG1, BG2, BG3, BG4, and 
BG5) from five patients were selected and extracted for use in the simulation studies. Each record 
was a 4 s epoch of 16 channels. For the purposes of display, each record has been normalized 
to the maximum signal amplitude calculated from all channels within that record. Thus, some 
records may in fact be nOlTIlalized to some artifact (e.g. ECG, eye blink (EOG), muscle spasm 
(EMG), or electrode pop) inherent in the background. Figures D.I, D.2, D.3, D.4, and D.5 display 
the referentially recorded background EEG's used in Chapter 4: BGI, BG2, BG3, BG4, and BG5 
respectively. 

The referential background records were refolTIlatted into bipolar background EEG's (BIPl, 
BIP2, BIP3, BIP4, and BIP5 respectively) via the method described in §3.2.4. These records were 
used in a comparative study of the dependence of the beamfolTIler on the recording montage used, 
also in Chapter 4, and are displayed in Figures D.6, D.7, D.8, D.9, and D.1O respectively. 
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Figure D.1 Referentially recorded EEG background BGl. 
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Figure D.2 Referentially recorded EEG background BG2. 
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Figure D.3 Referentially recorded EEG background BG3. 
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Figure D.4 Referentially recorded EEG background BG4. 
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Figure D.S Referentially recorded EEG background BG5. 
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Figure D.6 Reformatted bipolar EEG background BIPI. 
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Figure D.7 Reformatted bipolar EEG background BlP2. 



Fp2-F4 

F4-C4 

C4-P4 

P4-02 

Fp1-F3 

F3-C3 

C3-P3 

P3-01 

Fp2-F8 

F8-T4 

T4-T6 

T6-02 

Fp1-F7 

F7-T3 

T3-T5 

T5-01 

171 

Figure D.S Refonnatted bipolar EEG background BIP3. 
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Figure D.9 Reformatted bipolar EEG background BIP4. 
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Figure D.IO Reformatted bipolar EEG background BIP5. 
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