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ABSTRACT

Electroencephalography (EEG) is a convenient technique for studying the function of the
brain non-invasively from the surface of the scalp. The greatest advantages of EEG are its
temporal resolution on a millisecond scale and its affordability compared to other non-
invasive techniques employed to register brain activity. The development in amplifier
technology, computerized signal processing methods and modern EEG caps make the
application of multichannel EEG systems a feasible objective. Nowadays measurement
systems of up to 256 electrodes and over are available. It is thus important to evaluate
the benefits obtained with the multichannel systems when different functions of the
brain are being studied.

In this thesis two opposite applications of multichannel EEG are investigated. The first of
these deals with superficial sources and concerns improving the spatial resolution of
inverse cortical potential distribution. The other application concerns the modification of
the measurement sensitivity distributions of EEG leads to improve the signal-to-noise
ratio (SNR) of signals generated deep within the brain.

When studying the spatial resolution of cortical potential distribution, special attention
was given to an examination of the effect of measurement noise and relative skull
resistivity on the estimation of accuracy of the inverse solution. A three-layer spherical
head model was applied with new realistic estimates for skull resistivity. The
measurement noise levels were estimated in realistic measurement environments,
bearing in mind that when the cortical potential distribution is studied as a solution of the
inverse problem, the entire brain activity is considered as the desired signal. The results
of the theoretical evaluation show that with the new realistic estimates for relative skull
resistivity, the application of up to 128 - 256 electrodes improves the spatial resolution of
cortical potential distribution.

To improve the SNR of signals generated by deep EEG sources, multielectrode EEG leads
were developed. Theoretically a multielectrode EEG lead consists of two terminals, which
are both connected through a resistor network to several electrodes on the surface of the
scalp. Reciprocity and lead field theorems were applied to modify the sensitivity
distribution of a multielectrode lead to be optimal for deep brain sources. The results of
preliminary experimental evaluation conducted by studying brainstem auditory evoked
potentials show that with a multielectrode EEG lead consisting of 114 electrodes, it is
sufficient to average 45 % of the number of epochs needed with bipolar leads to obtain a
similar SNR. The results of the theoretical study demonstrate that further improvements
can be obtained by such steps as optimizing the electrode positions.
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1 INTRODUCTION

Electroencephalography (EEG) is a standard method in neurophysiology to study the
function of the brain. Both spontaneous activity and evoked potentials (EP) can be
measured with electrodes attached to the surface of the scalp. EEG has a wide range of
clinical applications ranging from diagnosis of epilepsy and brain tumours to the analysis
of sleep and the depth of anaesthesia. Measured evoked potentials, on the other hand,
can be used in diagnosis of central nervous system diseases and in studies concerning the
cognitive processes. (Nunez and Srinivasan 2006)

In addition to EEG, there are also other non-invasive techniques that can be used to
monitor brain function. These include magnetoencephalography (MEG), functional
magnetic resonance imaging (fMRI), positron emission tomography (PET) and single
photon emission computed tomography (SPECT) (Gevins et al. 1990; Wikswo et al. 1993;
Michel et al. 2004). EEG and MEG measure the electric and magnetic field, respectively,
generated by the electrical activity of the brain, while fMRI, PET and SPECT measure the
hemodynamic response (Shibasaki 2008). These methods differ in their temporal and
spatial properties. The temporal resolution below the millisecond scale of EEG and MEG is
superior to the other imaging modalities, whereas the spatial resolution of fMRI and PET
is superior to that of conventional EEG and MEG.

It has been widely acknowledged that the spatial resolution of the traditional 10-20 —
electrode system is not sufficient for modern brain research (Gevins et al. 1995; Gevins et
al. 1999; Babiloni et al. 2001b; Michel et al. 2004). If the spatial resolution is poor,
localization of the complex distribution of the electrical activation is difficult. Accurate
localization is important for studying the fine topography related, for example, to higher
order cognitive brain functions and seizure onsets as well as in planning tumour and
epilepsy surgery. (Pohlmeier et al. 1997; Wang and He 1998; Gevins et al. 1999)

The spatial resolution of EEG is affected by blurring caused by volume conductor effects,
the largest being the effect of the low conducting skull. A volume conductor model of the
head can be constructed to study the effects of different tissues on the volume
conduction. The most important characteristics of a head model are its geometrical shape
and the resistivities assigned to different tissues. For a long time it was assumed that the
resistivity of the skull is 80 times that of scalp and brain (Rush and Driscoll 1968, 1969),
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but during the last decade it has been shown that this value is greatly overestimated
(Oostendorp et al. 2000; Akhtari et al. 2002; Hoekema et al. 2003).

The spatial resolution of EEG can be improved by first increasing the number of
measurement electrodes, and secondly, by applying a spatial enhancement method to
reduce the effect of blurring. The multichannel EEG is nowadays convenient to apply
because of the improvements in EEG amplifier technology and computerized signal
processing methods. The Laplacian derivation (Hjorth 1975) was the first of the spatial
enhancement methods to be introduced. It is a fairly simple method, which does not
necessarily require the construction of a volume conductor model. Another possibility is
to improve the spatial resolution by solving the inverse cortical source distribution. These
methods are called source imaging methods and they require the construction of a
volume conductor model. The spatial resolution is improved because the effect of the low
conducting skull is taken into account. Examples of such methods are the cortical imaging
technique (Kearfott et al. 1991; Sidman et al. 1992; Babiloni et al. 1997b; Wang and He
1998; Zhang et al. 2006a) and the deblurring method (Gevins et al. 1991; Le and Gevins
1993; Gevins et al. 1994; Gevins et al. 1999).

Most of the EEG signal measured from the scalp surface with two-electrode EEG leads is
generated by cortical activity. When evoked potentials generated at deeper structures
are measured, a typical means to improve the signal-to-noise ratio (SNR) is to average a
large number, even thousands, of epochs. Beamformer methods have also been
introduced to enhance the signals generated at different depths within the brain.
Beamformers act as spatial filters. Beamformers are usually applied to source localization,
but their basis is in passing the signals generated in the target region within the brain
(Van Veen et al. 1997; Ward et al. 1999). Application of a large number of electrodes
provides a means for optimizing the properties of the spatial filters.

An illustrative and simple way to study the sensitivity of different measurement leads is
provided by the reciprocity and lead field theorems (Malmivuo and Plonsey 1995). The
lead field analysis reveals that the sensitivity of two-electrode EEG leads is concentrated
on the cortex (Malmivuo et al. 1997). The number of electrodes in both terminals of the
lead can be increased to modify the sensitivity distributions. This method was introduced
by McFee and Johnston (1954a), who modified electrocardiography (ECG) leads. With
such multielectrode leads, it is possible to optimize the sensitivity distribution to be
specific to sources at the target region, even those located deep within the brain.



2 OBIJECTIVES OF THE STUDY

This thesis concentrates on two main topics, both of which show potential to benefit from
the application of multichannel EEG. These two applications represent contrasting
approaches to the application of a large number of electrodes on the surface of the scalp;
in the first of these the focus is on cortical sources, whereas in the second, it is on the
deep EEG sources.

The first main topic is devoted to studying the spatial resolution of cortical potential
distribution. The purpose is to theoretically define, independent of the underlying source
pattern, how many electrodes are needed to obtain the highest possible spatial
resolution of the inverse cortical potential distribution. The effect of measurement noise
plays the most important role in defining a sufficient number of electrodes. The effect of
the widely debated resistivity of the skull was also studied. In detail, the objectives of this
first topic are as follows:

= to study the effect of EEG electrode density on the spatial resolution of cortical
potential distribution in the presence of measurement noise [l - 1]

= to study the effect of skull resistivity on the spatial resolution of cortical potential
distribution [I11]

The second main topic concerns the development of new measurement leads to improve
the SNR of EEG signals generated deep in the brain. For this purpose weighted
multielectrode leads consisting of a large number of measurement electrodes were
developed. The method is based on modifying the sensitivity distribution with the aid of
the lead field theory. New parameters to describe the specificity of measurement
sensitivity were also derived. In detail, the objectives of the second topic are as follows:

= to study the specificity of different EEG leads to detect signals generated at
different depths within the brain [IV - V]

= to develop weighted multielectrode EEG leads to improve the SNR of EEG
generated by sources located deep in the brain [VI - VII]






3 REVIEW OF THE LITERATURE AND THEORETICAL
BACKGROUND

3.1 Electroencephalography (EEG)

3.1.1 Properties of EEG

The first report on the measurement of the electrical activity of the brain was written in
1875 by British physician Richard Caton (1875), who measured the exposed brains of
experimental animals. The first human EEG measurement was made by German
neuropsychiatrist Hans Berger in 1924. One of the subjects reported in his first paper on
human EEG (Berger 1929) was the existence of alpha rhythm. During the 1930s he
published several other findings on human EEG related to different conditions. The first
evoked potential studies were reported by George D. Dawson (1951), who stimulated
electrically the ulnar nerve and measured the resulting evoked potentials. (Niedermeyer
2005b)

The typical clinically relevant frequency band of EEG is from 0.1 to 100 Hz. Sometimes a
stricter band from 0.3 to 70 Hz is considered relevant. Amplitudes measured from the
surface of the cortex can vary between 500 and 1500 pVp,. The amplitudes are
attenuated considerably when they are volume-conducted to the surface of the scalp.
The amplitude of EEG measured from the scalp surface varies typically between 10 and
100 pVyp. In adults the maximum amplitudes are typically below 50 uVp,. The measured
amplitudes are also affected by the location of the electrodes and by the interelectrode
distance. (Niedermeyer 2005a)

EEG oscillations are not restricted to the above mentioned frequency band. So-called
ultraslow EEG activity has a frequency band from DC to 0.3 Hz. EEG oscillations with
higher frequencies than 100 Hz can also be measured. Curio (2005) refers to the high-
frequency EEG oscillations between 400 and 1000 Hz by the term “ultrafast EEG”.
Ultrafast EEG includes, for example, so-called o-bursts which overlap the early
somatosensory evoked potential (SEP) components. These bursts have generators both
deep in the brain and on the cortex and they have a frequency around 600 Hz. The
brainstem auditory evoked potentials (BAEP) are also an example of high-frequency
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oscillations (Nuwer et al. 1994). The high-frequency oscillations have typically extremely
low amplitudes.

EEG is characterised by good temporal resolution on a sub-millisecond scale, but the
spatial resolution of conventional EEG is poor. The spatial resolution is affected by
blurring, which occurs as the EEG signals are volume-conducted through the different
tissues of the head. The spatial resolution of EEG can be improved by increasing the
number of measurement electrodes and by applying a spatial enhancement method to
reduce the effect of blurring.

3.1.2 Genesis of EEG signals

EEG recorded from the surface of the scalp is mainly generated by the synchronous
activity of populations of neurons on the cerebral cortex. The main generators of EEG are
the postsynaptic potentials in the dendrites of large pyramidal neurons. These neurons
are highly interconnected and approximately 85 % percent of all cortical neurons are
these pyramidal cells oriented parallel to each other and perpendicular to the local
cortical surface (Nunez and Srinivasan 2006). As several neurons activate synchronously
through superposition, they generate such a dipole moment that results in a measurable
potential difference on the surface of the scalp. According to Nunez and Srinivasan (2006)
approximately 6 cm” of the cortical gyri tissue needs to activate synchronously to produce
such measurable potentials at the scalp surface that can be detected without averaging.
(Lopes da Silva and Van Rotterdam 2005; Nunez and Srinivasan 2006)

Evoked potentials are generated as a response to given stimuli. The stimuli can be
sensory, motor, or cognitive. The evoked responses measured from the surface of the
scalp have such a low signal level that averaging, for example, is needed to reduce the
effect of noise. Evoked potentials generated in the brainstem can also generate
measurable potentials on the surface of the scalp. These have extremely low SNR, and
thus, averaging of even thousands of epochs is needed to reduce the effect of noise. An
example of such EPs is the BAEPs, which are generated in the eighth cranial nerve, pons
and midbrain. Three different kinds of sources have been suggested for generating these
potentials measured on the scalp surface: (1) compound action potentials, (2)
postsynaptic potentials and (3) changes caused in the current flow due to changes in
volume conductor. The action potentials of myelinated fibres have a longer duration than
those of unmyelinated fibres and thus they are able to produce very low measurable
potentials on the surface of the scalp. (Scherg and von Cramon 1985; Nuwer et al. 1994;
Chiappa and Hill 1997; Celesia and Brigell 2005; Nunez and Srinivasan 2006)

3.1.3 EEG electrode systems

EEG has been traditionally measured using the standard international 10-20 electrode
system developed in the 1950s (Jasper 1958). This system is still widely applied in clinical
practice. The system includes 21 electrode locations positioned according to four
reference points: the inion, nasion, and left and right preauricular points. The electrodes
are placed at 10 % and 20 % intervals according to the reference points. In recent decades
the development in amplifier technology has enabled the application of even hundreds of
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electrodes to measure EEG. The 10-20 system was first extended to the 10-10 system,
which is also called the 10 % system (American Electroencephalographic Society
guidelines 1991). It is rather common in EEG studies to apply 64 electrodes, whose
locations can be found from the 10-10 system. For nearly two decades, electrode systems
consisting of over 100 electrodes have been studied (Gevins et al. 1990). These
multichannel electrode arrays have been used especially for research purposes.
Oostenveld and Praamstra (2001) suggested a 10-5 electrode system that includes up to
345 electrode locations and their nomenclature.

Formerly, EEG measurements were conducted by placing the electrodes individually on
the surface of the scalp. Nowadays EEG measurements are usually made with electrode
caps. Electrode cap manufacturers provide caps with up to 256 electrodes (Electrical
Geodesics, Inc.; Electrocap International Inc; Neuroscan Quik-Caps). Electrode cap
manufacturers have implemented the 10-20 and 64 electrodes of 10-10 system into the
caps (Electrocap International Inc; Neuroscan Quik-Caps). Depending on the
manufacturer, in the 128 and 256 channel caps the electrodes are placed as equidistantly
as possible or part of the electrodes are placed according to 10-10 system locations. The
need for precise electrode locations such as in the 10-20 system is nowadays unnecessary
since the electrode locations can be registered either with digitizers (Polhemus) or with
photogrammetric systems (Russell et al. 2005).

An interesting characteristic of different electrode systems, especially in studies
concerning the spatial resolution, is the average interelectrode distance. Gevins et al.
(1994) have approximated that these values for the typical adult head are 6 cm in a
standard 10-20 system, 3.3 cm with 64 electrodes and 2.25 cm with 128 electrodes. The
interelectrode distance of the 256 electrode system is approximated to be 1.6 cm (Gevins
et al. 1991). Multichannel EEG caps are illustrated in Figure 3.1, where (a) is a 124-
channel and (b) a 256-channel Neuroscan EEG cap.

The average interelectrode distance also depends on the layout of the cap. The Geodesic
caps (Electrical Geodesics, Inc.) cover the scalp surface more comprehensively than, for
example, the 10-20 or 10-10 systems or the Neuroscan caps (Srinivasan et al. 1998). It is
typical of the Geodesics’ caps that the electrodes are also placed over the neck and facial
area. Thus the average interelectrode distances in Geodesic caps are longer, being 38
mm, 28 — 30 mm and 20 mm for 64, 128 and 256 electrodes, respectively (Tucker 1993).
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(a) (b)

Figure 3.1. Multichannel EEG caps. a) a 124-channel Neuroscan EEG-cap and b) a 256-channel
Neuroscan EEG-cap.

3.1.4 Noise in EEG measurements

Because of the very low signal amplitude, noise has a notable effect on the quality of the
measured EEG signals. Depending on the type of EEG measurement, the noise in EEG can
be separated into different components; noise generated within the brain, other
bioelectric noise components, electrode noise, noise coupled from the environment and
noise generated in the measurement device. Scheer et al. (2006) studied separately the
effect of biological noise, amplifier noise and electrode interface noise on signal quality.
They concluded that the highest of the biological noise components is the background
activity generated at the cortex. Also, for low frequencies below 100 Hz, the noise is
mainly composed of activity generated at the cortex. At high frequencies, on the other
hand, the interface noise and amplifier noise mainly affect the SNR.

NOISE GENERATED IN THE BRAIN

In evoked potential measurements, the true signal is only that part of EEG that is
generated as a response to a given stimulus. All the other activity generated within the
brain is considered as noise. The dynamics of the background EEG, which mostly consists
of the cortical activity, can range between extremes of coherent and incoherent
behaviour (Nunez et al. 1999). The estimation of the properties of the background noise
is considered, for example, in so-called minimum likelihood dipole localization methods
(Litkenhoner 1998a, 1998b) where an estimate of the covariance matrix of the noise is
applied to improve the source localization accuracy. In some studies, randomly
distributed dipoles within the brain have been applied to simulate the background EEG
activity (de Munck et al. 1992; Liutkenhoner 1998a, 1998b). Studies have also been
conducted on the effects of different factors affecting the EEG coherence (Nunez et al.
1997; Nunez et al. 1999; Srinivasan et al. 2007).

The correlation of background EEG signals depends on many factors including the type of
activity and the frequency band. The correlation of the signals measured on the surface of
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the scalp results partly from the volume conductor effects. Nunez et al. (1997, 1999) and
Srinivasan et al. (2007) have extensively studied the effect of volume conduction on the
correlation. When they simulated the background EEG with uncorrelated radial cortical
dipoles, it was observed that with electrode distances shorter than 10 cm, the scalp EEG is
correlated. The shorter the distance, the higher is the correlation. Nunez et al. (1999) and
Srinivasan et al. (2007) also studied the coherence of experimental EEG measurements
conducted during different functional brain states. For example, during alpha activity high
coherence is observed in the alpha frequency band over long electrode distances. The
high coherence results both from volume conductor effects and genuine cortical source
coherence. Srinivasan et al. (2007) showed that for a higher frequency band (40-50Hz),
the coherence is similar to that obtained in the simulation conducted with uncorrelated
sources. Thus they concluded that cortical sources generating spontaneous EEG in a
frequency band 40-50Hz are apparently uncorrelated.

OTHER BIOELECTRIC NOISE COMPONENTS

The non-cerebral bioelectric activity may also produce noise components in the measured
signal. Electro-oculogram (EOG) is generated by eye movement and blinking. Depending
on the locations of the electrodes and the direction of the eye movement, the EOG
artefact may have substantially higher amplitude than the EEG activity. The frequency of
EOG is usually below 50 Hz (Olson 1998). Electrical activity of the heart can also generate
an artefact in EEG signals. In some cases it is beneficial to separately measure the EOG
and ECG signals, so that they can be adopted for artefact rejection or noise cancellation
(S6rnmo and Laguna 2005). Electromyography (EMG) signals generated by muscle activity
produce the most severe bioelectric noise component because of its frequency spectrum.
It is also impossible to measure EMG activity independently of the EEG for noise
cancellation. Most of the EMG spectral power measured with surface electrodes is below
400-500Hz (S6rnmo and Laguna 2005).

ELECTRODE INTERFACE NOISE

A great portion of noise in surface biopotential measurement is generated by electrodes
(Fernandez and Pallas-Areny 2000; Huigen et al. 2002). The noise generated at the
electrodes comprises two components: the component generated at the metal-
electrolyte interface and the component generated at the electrolyte-skin interface. The
former has such low magnitude (< 1uViyns) that it cannot be separated from
instrumentation noise (Huigen et al. 2002). The latter component, on the other hand, can
be of the order of 1 — 20 uV,ms (Fernandez and Pallas-Areny 2000; Huigen et al. 2002) and
thus generates a notable noise component in the recordings. The electrode noise
decreases monotonically as a function of frequency and is notably high at low frequencies
below 30 Hz. At around 50 Hz the electrode noise decreases to the level of amplifier noise
(Huigen et al. 2002). The magnitude of electrode noise depends, for example, on the area
of the electrode, the paste material, preparation of the skin and the time spent after
preparation of the electrode sites. Huigen et al. (2002) have shown that of the typically
applied electrode materials, Ag-AgCl electrodes stabilize almost immediately after the
application, whereas with steel electrodes, stabilization might take up to three hours.
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NOISE COUPLED FROM THE ENVIRONMENT

The AC devices in the recording environment and the power lines generate a 50 Hz noise
component in the EEG data. This noise introduced by other devices can be either
magnetically or capacitively coupled to the EEG measurement. The coupling occurs
especially through the measurement leads (Ferree et al. 2001b). The higher the electrode
impedances are, and especially the higher their imbalance is, the larger is the amplitude
of capacitively coupled noise (Metting van Rijn et al. 1990; Neuman 1998; Ferree et al.
2001b; Kamp et al. 2005). Thus it is of great importance to minimise the electrode
impedances and their imbalance in the measurements. The magnitude of magnetic
coupling depends on the areas of the loops formed, for example, by the measurement
leads. The effect of magnetic coupling can be reduced by twisting the measurement leads
(Ferree et al. 2001b).

NOISE GENERATED IN THE MEASUREMENT DEVICE

In electronic amplifiers there always exists white and pink noise. White noise has a
constant power spectral density over the frequency band, whereas the power spectral
density of pink noise is inversely proportional to frequency. This noise depends on factors
such as the design of the amplifier and the measurement bandwidth. Typical electronic
noise levels are 1 — 2 uVp, and 4 pVp, for 100 Hz and 3 kHz bandwidths, respectively.
(Kamp et al. 2005)

3.1.5 SNR Improvement of EEG measurements

In every EEG measurement some noise will always persist despite all efforts to reduce its
components. Thus different artefact rejection and noise cancellation methods have been
developed to reduce the noise and to improve the SNR. When the frequency spectrum of
the noise signals is different from that of the EEG signal, linear filtering can be applied to
cancel the noise. The problem with EEG is that most of the noise signals have a similar
frequency spectrum to EEG. (S6rnmo and Laguna 2005)

In EP measurements the most typical approach is to average several responses to
improve the SNR. Depending on the amplitude of the signal, the number of epochs that
needs to be averaged can vary from a few tens up to several thousands. In the time
averaging of evoked potentials it is assumed that the measured stochastic signal x(t) is the
sum of actual signal s(t) and additive stochastic noise n(t). If the noise samples are
uncorrelated, the amplitude SNR increases proportionally to square root of the number of
averaged epochs. This additive model might only be valid under anaesthesia and for short
latency evoked potentials. For longer latencies, the assumption of additive noise has been
shown to be insufficient and more complex models are needed. (Lopes da Silva 2005)

Depending on the statistical properties of the desired signal and the noise signal,
multichannel EEG can be applied to improve the SNR of measured EEG compared to
sparser electrode systems. A simple example is the case where the desired signal is
correlated over several electrodes in a multichannel measurement whereas the noise is
uncorrelated. In such as case, by spatially averaging signals measured with adjacent
electrodes, the multichannel EEG measurement can be downsampled, for example, to a
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10-20 system measurement. In the downsampled multichannel measurement the SNR is
higher than if the measurements had originally been conducted with the 10-20 system.

3.2 EEG Inverse problems

3.2.1 Definition of an EEG inverse problem

To understand the relationship between EEG sources and measured signals, the forward
or inverse problems of EEG can be studied. For this purpose a model of a source and of a
volume conductor is needed as illustrated in Figure 3.2. The inverse problem is the one
that is of clinical interest; the purpose is to solve the sources based on the EEG data and
the volume conductor model. The inverse problem does not have a unique solution, but
an infinite number of intracranial source configurations can generate similar scalp
potential distribution. Thus constraints must be placed on the source model. These
constraints can include the number, type and location of the sources (Malmivuo and
Plonsey 1995; Lagerlund and Worrell 2005). The selection of the constraints is a crucial
step because an incorrect selection may lead to a solution that does not give any
neurophysiologically relevant information about the generators (Michel et al. 2004).

FORWARD PROBLEM

w
INVERSE PROBLEM

Figure 3.2. Definition of the forward and inverse problem.

There are various ways to categorise EEG inverse problems. In this thesis the EEG inverse
problems are divided into two groups in terms of the properties of the applied source
model. In the first group of methods, the source is modelled as single or multiple dipoles.
Here these methods are called discrete source localization methods. The second group of
methods apply a distributed source model and here these methods are called source
imaging methods. (Babiloni et al. 2003; Michel et al. 2004; Lagerlund and Worrell 2005)

3.2.2 Discrete source localization methods

The nature of the postsynaptic potentials generating the EEG gives a physical explanation
for the use of the dipolar source model. At the level of the synapse, there exists either a
local source or sink, which is balanced either by a distributed sink or source along the cell,
respectively. The distance between the cortical surface and the scalp is large enough for
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the potentials measured at the surface of the scalp to behave as if they were generated
by a dipolar source. (Lopes da Silva and Van Rotterdam 2005; Nunez and Srinivasan 2006)
When several parallel neurons activate synchronously, the local dipoles form a dipole
layer. The dipole source model is mainly suited to problems when the source is relatively
small. These kinds of sources are, for example, those located in deep structures such as
brainstem or thalamus. If the dipole localization is applied to more widespread sources, it
is important to recognise that the estimated dipole source is an equivalent source: its
strength is a sum of all individual dipolar source components and its location is at the
centre of the mass of the active region. (Lagerlund and Worrell 2005)

The major limitation of dipole localization is that the number of dipolar sources has to be
decided before solving the inverse problem. Different dipole localization algorithms aim
to solve the location, orientation and strength of a single or multiple dipoles on the basis
of spatial or spatio-temporal data (Michel et al. 2004; Lagerlund and Worrell 2005). The
first spatio-temporal dipole model was introduced by Scherg and von Cramon (1985,
1986). Another widely applied method is the multiple signal classification (MUSIC)
developed by Mosher et al. (1992) and its improved versions (Mosher and Leahy 1998,
1999). The MUSIC methods produce an image-like solution, but here it is considered as a
discrete source localization method, since an estimate of the number of dipolar sources is
needed in this signal subspace method.

3.2.3 Source imaging methods

The major advantage of EEG source imaging methods over source localization methods is
that no assumption about the number of sources is needed beforehand. In the first group
of source imaging methods, the source space consists of the whole brain volume. These
methods include, for example, minimum norm solution (Hamaldinen and limoniemi
1994), weighted minimum norm solution, low-resolution brain electromagnetic
tomography (LORETA) (Pascual-Marqui et al. 1994), beamformer approaches (van
Drongelen et al. 1996; Van Veen et al. 1997) and Bayesian approaches. (Michel et al.
2004)

BEAMFORMERS

Beamformers are spatial filters originally used in radar and sonar applications (Van Veen
and Buckley 1988). The purpose in the spatial filtering methods is to enhance the signal
generated at the target region while suppressing the noise signals originated at other
locations (van Drongelen et al. 1996; Van Veen et al. 1997). Due to the nature of spatial
filters, in addition to source imaging applications, they can be applied to improve the SNR
of signals generated at the target region within the brain. Ward et al. (1999) applied
beamformers to enhance deep epileptiform activity. The most common of the spatial
filtering methods is a so-called linearly constrained minimum variance (LCMV) method,
but also other methods to optimize the beamformer output have been presented (Van
Veen and Buckley 1988). When the beamformers are applied to solve the inverse
problem, the whole brain volume is scanned and the neural activity index is calculated,
which describes the activity at a certain location (Van Veen et al. 1997). The sources are
assumed to be located at the locations of highest activity index.

12
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CORTICAL IMAGING METHODS

The second group of source imaging methods are the so-called cortical imaging methods.
In cortical imaging methods the purpose is to solve either the current density or potential
distribution on the cortical surface or, to be more precise, on an imaginary layer, which is
located immediately above the cortex. If this layer is defined as a closed layer, the solved
source distribution presents all the activity which is generated within the closed surface
(Yamashita 1982). An important characteristic of cortical imaging methods is their ability
to reduce the effect of blurring, which happens when the signals are volume-conducted
from the cortical surface through different tissues to the surface of the scalp. The cortical
imaging methods are also called spatial enhancement, spatial deconvolution or spatial
deblurring methods because they provide a much higher spatial resolution than the scalp
potential distribution. The cortical imaging methods include the Laplacian methods
(Hjorth 1975), the cortical imaging technique (CIT) (Kearfott et al. 1991) and the
deblurring method (Gevins et al. 1990).

In source imaging methods the source is always an equivalent source. However, in
contrast to dipole localization methods, the result of source imaging has a physiological
relevance because it resembles the potential distribution that would be invasively
measured from the cortical surface. Thus the non-invasively solved cortical potential
distribution might provide equal information about the sources as the highly invasive
electrocorticography (ECoG), which has been traditionally employed for identifying the
location and extent of the epileptogenic brain tissue prior to surgical removal. (Zhang et
al. 2003; Quesney and Niedermeyer 2005) At least the non-invasively solved cortical
potential distribution can be applied for optimizing the locations for subdural grids
(Gevins et al. 1999).

In some applications it may be useful to apply a source imaging method prior to source
localization to approximate the complexity of the source distribution. The solved
distribution may also help in deciding the appropriate number of dipolar sources to be
solved. If the complexity of the distribution is too great, the dipole localization can be
abandoned for not providing a realistic estimate of the EEG sources. (Nunez and
Srinivasan 2006)

Many of the methods that have been applied to solving the cortical potential distribution
as a solution of an inverse problem have been modified from methods that were
developed to solve the epicardial potential distribution in the case of ECG. These two
methods have the same theoretical basis. In the case of EEG, the volume conductor
consists of the volume between the closed cortical surface and the closed scalp surface.
In the case of ECG, the volume conductor consists of the volume between the closed
epicardial surface and torso surface. The volume V can be either homogeneous or
inhomogeneous. An example of the volume conductor is illustrated in Figure 3.3, where
the volume V is bounded by two closed surfaces Sg and Sc. The volume V is so selected

that it does not include any sources. In the case of EEG, the inner surface S¢ is defined
above the cortical surface and, thus, it encloses all the sources within the brain.

13
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Figure 3.3 Volume conductor model in cortical potential imaging. Volume V is surrounded by two
closed surfaces Sc and Ss. The volume V can be inhomogeneous and anisotropic.

Barr et al. (1977) were the first to describe a method where torso surface potentials were
calculated on the basis of the epicardial potentials. In their method, the volume
conductor was homogeneous between the two closed surfaces. They applied Green’s
second identity to the volume and derived the equations for relating the two surface
potentials. The relationship between source potential distribution and the field
distribution can be given as (Yamashita 1982; Yamashita and Takahashi 1984):

ds(xs) = JK(XC,XS)¢C (xc)dxc, xs €Ss and x. €S, (3.1)

Sc

where ¢s(xs) are the scalp surface potentials, @¢(xc) are the cortical surface potentials, S¢

is the closed cortical surface, Ss is the closed scalp surface. K(xc,xs) is the kernel, also
called Green’s function, which is provided by the solution of the forward problem
(Yamashita 1982). If the potential on the cortical surface is zero everywhere else, except
at location xc where it has a magnitude of one, then K(xc,xs) is the potential value at point

Xs (Greensite 2004). A great benefit in solving the cortical potential distribution from the
scalp potential data is that the problem has theoretically a unique solution (Yamashita
1982). In practice, however, the accuracy is limited by the discrete sampling of the
potentials on the surface and by the measurement noise.

3.24 Formulation of the EEG inverse problem

The forward problem of EEG can be mathematically formulated as a set of linear
equations:

Ax=b (3.2)

where A is a forward transfer matrix containing the information on the source-field
relationship, x is a vector containing information on the magnitude of the sources and b is
a vector containing the potentials measured on the scalp surface. The forward transfer
matrix A reflects the properties of the volume conductor. It is an m x n matrix, where m is
the number of electrodes and n is the number of source components to be solved. The
source imaging methods are underdetermined and thus n >> m.
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In the case of inverse problems, the purpose is to solve x from Equation (3.2). Depending,
for example, on the properties of the sources and the forward transfer matrix, there are
different methods for solving the problem. One possibility is to solve the pseudoinverse
A" of matrix A with singular value decomposition (SVD). In singular value decomposition
the matrix A is decomposed into a product of three matrices:

m
A=UsV' =) uov] (3.3)

i=1

where U is an m x m orthogonal matrix, V is an n x n orthogonal matrix and X isan m x n
diagonal matrix whose elements o; are real and non-negative. The column vectors v; are
the orthonormal basis vectors of the source space and the columns u; are the
orthonormal basis vectors of the surface potential space. The singular values o; are
organized in non-descending order: 61> 6, > ... > G, >0 (Golub and Van Loan 1989).

SVD is also a practical means to study how ill-posed the problem in Equation (3.2) is. In
discrete ill-posed problems there are two typical characteristics of the SVD (Hansen

1998). Firstly all the singular values o; decay gradually towards zero. Secondly, the

elements of the basis vectors v; and u; tend to have more sign changes as the index i
increases. The matrix A in the discrete ill-posed problems is always highly ill-conditioned.
The condition number of matrix A can be calculated to measure the sensitivity of the
solution x to the perturbations in b or A. The condition number is defined as a ratio of the
largest to smallest singular value. The higher the condition number, the more ill-
conditioned the problem is.

With SVD the solution to the inverse problem can be calculated as:

m T
x =Ab=3%P, (3.4)
i=1 Oj

1

Equation (3.4) indicates that for small singular values ¢;, the high-frequency components
in b are amplified. Because of the ill-posed nature of the inverse problems, the solution
needs to be regularized. One possibility to stabilize the solution is to replace the smallest
singular values with zero. This method is called truncated singular value decomposition
(TSVD). Another widely applied regularization method in EEG source imaging studies is
the Tikhonov regularization method (He et al. 2002b; Zhang et al. 2003). Methods
including the L-curve and discrepancy principle have been applied to select the
regularization parameter in Tikhonov regularization or the truncation point in TSVD.
(Hansen 1998)

3.2.5 Effect of noise in EEG inverse solutions

The amount of noise in the EEG data affects the amount regularization that is needed to
obtain stable inverse solutions. When TSVD is applied as a regularization method, the goal
is to find the correct index i, from which point onward to truncate the singular values. If
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the index is too small, some spatial information of the solution is lost because the high-
frequency components are truncated. On the other hand, if the index is too large, the
solution will be unstable and noisy as described above.

Dossel and colleagues applied a TSVD-based method to study the “nullspace of
electrocardiography” (Dossel and Schneider 1997; Déssel et al. 1998; Schneider et al.
1998; Schneider 1999). They have applied the method, for example, to optimize the
number and locations of the electrodes in ECG inverse problems. Their method
investigates the extent to which the noise level of the measured data influences the
optimization procedure (Ddssel et al. 1998). Estimation of the measurement error plays
an important role in the procedure.

The basis vectors v; belonging to the nullspace of A cannot be reconstructed. The normal
nullspace is spanned by the basis vectors v; of the source space, with index i > m. If the
measurement data b is contaminated by measurement errors including noise, there exists
a set of basis vectors v; which lead to a signal smaller than the measurement noise. These
basis vectors belong to the extended nullspace of matrix A. The essential question, in
terms of obtaining a stabilized inverse solution and also sufficient spatial resolution, is to
choose a correct index i < i,,, from which point onward to truncated the singular values.

Dossel et al. (1998), Schneider et al. (1998) and Schneider (1999) have derived the
definition for the extended nullspace. It consists of the basis vectors which lead to a signal
smaller than the measurement noise. The rough estimate for the nullspace is that it starts

with the index i of the first normalized singular value o;/c; that is smaller than the
relative measurement error.

Hansen (1998) has also identified which SVD components can be recovered in the

presence of errors. The errors in b and A are treated separately. If there are no errors in

the system, the singular values o

exact)Tbexact

of A®* decay gradually towards zero. Also the

Fourier coefficients |(u; | of b decay, on average, to zero. In the presence of
errors, the behaviour of singular values and Fourier coefficients differ from the previous

as follows: the singular values c; decay until they tend to settle at an error level 7,
determined by errors in A. The Fourier coefficients |u,-Tb| also decay, on average, until

they settle at an error level 7z determined by the errors in b. These two error levels
determine how much information about the exact underlying system can be extracted
from the given system.

Measurement errors in b are typically larger than other types of error in A and b. In this
situation the Fourier coefficients settle at 7z for i > ig earlier than singular values settle at
75 for i > iy. Thus it is possible to recover only the first ig components of the solution. The

remaining m — ig components are dominated by the errors. The Fourier coefficient of x
consists of two components (Hansen 1998):

16



Review of the literature and theoretical background

ue

T . exact

v X =V x4 (3.5)

Oj

At i =ig the two components on the right hand side are of approximately the same size
(Hansen 1998).

Related to the previous examination, in (Skipa 2002) the equation for the “nullspace of
electrocardiography” was derived in a slightly different way than it was in (Ddssel et al.
1998; Schneider et al. 1998; Schneider 1999). Combining Equations (3.2) and (3.3) gives
the relationship

ov/x=ub (3.6)

The measurement data b can be considered to consist of the exact measurement data
b®*" and the measurement error e. Substituting these in Equation (3.6) gives Equation
(3.5). Now at the index i, where the truncation needs to be performed, the two
components on the right hand side are approximately of equal value. In the derivation of
(Skipa 2002) it is assumed that the error is negligible when the contribution of the first
source basis vector is reconstructed:

ovIx =ulb (3.7)

To derive the truncation point i = ig Equations (3.5) and (3.7) are compared

-
T, exact
H"i X o;
T exact ~ T (38)
Hle u,b
0,

The relation in (3.8) depends on the Fourier coefficient v; x**" of the source vector x.

Because the analysis is made solely on the basis of the known forward transfer matrix A,
these Fourier coefficients can only be approximated. In (Skipa 2002) it is assumed that all
the source basis vectors are presented equally in the source distribution. This is probably
the best approximation since the intensities cannot be known without knowledge of the
source vector, which is the intended solution of the inverse problem. With this
approximation, from (3.8) it can be derived that

o, |we |ef (3.9)

—_—— A~ ——

This result is similar to the equation derived in (Ddssel et al. 1998; Schneider et al. 1998;
Schneider 1999) and gives a rough estimation for the maximal index i of the source basis
vectors that can still be reconstructed. The relation ||e]||/]||b]|]| in (3.9) is known as the
relative noise level (NL). The same formula for the selection of the truncation parameter
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has also been applied by Gencer and Williamson (1998), who studied the reconstruction
of neural source with EEG, MEG and multimodal EEG/MEG. From Equation (3.9) it is
apparent that when the relative noise level is high, only a small portion of the basis
vectors can be reconstructed, all other SVD components being dominated by the
measurement noise (Hansen 1998).

3.3 Volume conductor models

3.3.1 Properties of volume conductor models

The most important characteristics of a head volume conductor model are its shape and
the resistivities of different tissues (Malmivuo and Plonsey 1995; Laarne 2000; Nunez and
Srinivasan 2006). Volume conductor models of a human body may be considered as
quasi-static. This means that the currents behave at any instant as if they were stationary.
The quasi-stationarity follows from the fact that, within the volume conductor, the
propagation effects can be neglected. In addition, the capacitive and inductive effects can
be neglected and the volume conductor can be considered purely resistive (Geselowitz
1963; Plonsey and Heppner 1967). The quasi-static assumption holds up to several
kilohertz (Geselowitz 1963), within which range the frequency of EEG falls. The volume
conductor can also be considered linear. With the above assumptions, the Laplace and
Poisson equations are valid and they can be applied to solve the bioelectric field
problems.

3.3.2 Geometry of the model

One of the most commonly employed of the head volume conductor models is an
inhomogeneous, three-dimensional model consisting of three concentric spheres
describing the brain, skull and scalp (Rush and Driscoll 1969). In the Rush and Driscoll
three-layer spherical head model, the radii of the spheres representing the scalp, skull
and brain are 9.2 cm, 8.5 cm and 8.0 cm, respectively. The fit of a three-layer spherical
head model to the real anatomy is illustrated in Figure 3.4. Spherical models, which also
include a fourth layer representing the cerebrospinal fluid (CSF), have been widely
studied (Cuffin 1990).

One step towards more accurate models is the eccentric shell models (Meijs and Peters
1987; Fender 1991) and ellipsoidal models (Cuffin 1990). However, none of these models
can describe the head geometry accurately. This is why nowadays the trend is towards
realistically shaped head models. Such models can be constructed individually for every
head geometry and thus provide geometrically more accurate models. Realistically
shaped models can be constructed, for example, from magnetic resonance (MR) images
or computed tomography (CT) images. (Fender 1991; Huiskamp et al. 1999; Laarne 2000).
With realistically shaped models it is possible to include many additional tissues and
anatomical details into the models. These include, for example, tissue compartments like
grey matter, white matter, cavities, eyes, blood, spinal cord, cerebellum, hard and soft
bone of the skull, fat and internal air (Haueisen et al. 1997; Ramon et al. 2004; Ramon et
al. 2006).
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When a realistically shaped head model is applied, a numerical method is needed to solve
the Laplace’s or Poisson’s equation. These numerical methods include boundary element
method (BEM), finite element method (FEM) and finite different method (FDM). If the
model is spherically symmetric, analytical methods can be applied instead of numerical
methods.

Figure 3.4. Sagittal view of a three-layer spherical head model and how it fits to the real anatomy.

The need for applying a realistically shaped head model has been widely discussed. Some
researchers prefer the application of simple spherical models, while others prefer the
application of realistically shaped head models. The major criticism of the latter head
models concerns the selection of the correct resistivity values for different tissues. The
effective resistance depends on both the tissue resistivity and thickness. Thus it has been
claimed that the uncertainties in the conductivity are generally as critical as similar
uncertainties in geometry (Nunez and Srinivasan 2006). Vanrumste et al. (2002)
evaluated the effect of the head geometry on the dipole localization accuracy in the
presence of noise. They concluded that as the effect of noise increases, the advantage of
realistically shaped head models over the three-layer spherical head model is decreased.
They concluded that when the noise level is below 0.1, the application of a realistically
shaped head model significantly improves the dipole localization accuracy over the three-
layer spherical head model.

The accuracy of the realistic geometry also depends on the type of images from which the
models are constructed (Huiskamp et al. 1999; Wendel et al. 2008). The MR images are
accurate in imaging the soft tissues, including the scalp and the boundary between the
grey and white matter. On the other hand, the skull cannot be accurately imaged with MR
scanners. The CT images, however, are specifically suited for imaging the skull. The
radiation load of CT imaging severely restricts its application for model construction
purposes. Different methods have also been developed to improve the segmentation of
the skull layer from MR images. Dogdas et al. (2005) developed a segmentation method
to define the skull from T1-weighted MR images. Their results showed that, for the upper
portion of the head, the segmented skull from the MR images corresponded adequately
to those segmented from CT images.
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3.3.3 Electrical properties of the model

In addition to the selection of the head geometry and tissue types included in the head
model, the resistivity values assigned to different tissues affect the electric fields within
the head. Defining the resistivity values for the tissues included in the model is not a
straightforward task because the resistivity values are individual and vary with
temperature and field frequency (Geddes and Baker 1967; Gabriel et al. 1996a; Gabriel et
al. 1996b; Laarne 2000). There is considerable controversy in the literature over the
values for different tissues. If the relative strengths of sources are the sole topic of
interest, it is only necessary to model correctly the relative resistivities. (Oostendorp et al.
2000)

When assigning the resistivities to different tissues, the direction dependence, i.e., the
anisotropy of the resistivity can be taken into account. However, most often the
resistivities are considered isotropic, which means that the resistivity is similar in all the
directions of the field and current flow. Some researchers consider the skull as having
anisotropic conductivity. Usually an anisotropy ratio of 10 has been applied between the
resistivities radial and tangential to the skull (de Munck 1988; Hallez et al. 2005; Wolters
et al. 2006). In addition, the resistivity of the white matter is anisotropic because the
myelin sheet decreases the conductivity perpendicular to the fibre orientation. Usually a
ratio of 9 has been applied between the resistivities parallel and perpendicular to the
fibre orientation in white matter (Nicholson 1965; Hallez et al. 2005; Wolters et al. 2006).
Anisotropy of cerebral cortex with a ratio of two for the resistivity parallel and
perpendicular to the fibre orientation has been reported (de Munck 1988).

3.34 Skull resistivity

The relatively high value of the skull resistivity has the largest effect on the electric fields,
and thus its properties are discussed separately in this section. For example, Nunez and
Srinivasan (2006) have proposed that the application of correct skull resistivity is even
more important than the application of realistic head geometry.

The structure of the skull varies over different lobes and the sutures also affect the
resistivity. The skull is mainly composed of three different layers: the two outer layers are
compact cortical bone and between these two layers is a spongy middle layer, the
cancellous bone (Nunez and Srinivasan 2006). The resistivity of the cortical bone is much
higher than the resistivity of the cancellous bone (Akhtari et al. 2000; Akhtari et al. 2002).
Thus when the skull is considered as a homogeneous tissue, the resistivity in the
tangential direction is lower than in the radial direction, which is the reason for
considering the skull anisotropic (Law 1993; Nunez and Srinivasan 2006; Sadleir and
Argibay 2007). However, the whole skull is not composed of this layered structure; at
some points, the skull is mostly composed of compact cortical bone and at the suture
lines, the skull resistivity is lower than at the solid areas (Law 1993). If the skull were
composed only of this three layered bone, there would be a better case for applying
constant thickness for the skull layer. At those areas where the skull is composed of three
layers, it has been shown that there is an inverse relationship between skull thickness and
resistivity because the thicker skull regions occur mainly as a result of increased thickness
of the middle layer of cancellous bone (Law 1993). Thus the attempt to correct the
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volume conductor model using only the real skull thickness information while ignoring the
different resistivities of the layers, may reduce the model accuracy (Nunez and Srinivasan
2006). Another possibility is to model the three different layers of the skull as separate
homogeneous isotropic layers (Haueisen et al. 1997; Pohimeier et al. 1997; Ramon et al.
2004; Sadleir and Argibay 2007).

For decades a resistivity ratio 1:80:1 between the brain, skull and scalp has been
considered as a standard value in EEG forward and inverse studies. This resistivity ratio
was the outcome of research by Rush and Driscoll (1968, 1969). They assumed that the
dry skull is an insulator and takes on a resistivity value which is directly proportional to
that of the fluid with which it is permeated. In the measurements they found ratio values
between 50 and 300 for the transverse skull resistivity and from 5 to 40 for parallel skull
resistivity. The value 80 for the resistivity ratio between the skull and the fluid in the
analytical three-layer spherical model gave the best correspondence to the measurement
results made with the tank model including a human post mortem half-skull.

Already in the 1990s the large variation in skull resistivity was noted (Law 1993) and
studies were conducted with different resistivity ratios than the 1:80:1 which was
considered standard at that time. The purpose of these studies was not to discover a
correct value for the skull resistivity but rather to emphasize the effect of misspecification
of skull resistivity, e.g., in dipole localization studies (Pohimeier et al. 1997).

Since 2000 there has been much research into defining the skull resistivity to be applied
in the models and many papers have been published on the topic. A wide range of
different methods have been applied to measure or estimate the skull resistivity. Some of
these methods are based on measuring actual skull samples, some of which are post
mortem (Akhtari et al. 2000; Oostendorp et al. 2000) and others live samples removed
during surgery (Akhtari et al. 2002; Hoekema et al. 2003). A wide range of methods based
on modelling the head as a volume conductor have also been applied to estimate the
skull resistivity. Most of the modelling-based methods apply electrical impedance
tomography (EIT) (Oostendorp et al. 2000; Goncalves et al. 2003a; Goncalves et al. 2003b;
Hoekema et al. 2003). In addition, modelling-based methods exploiting subdural potential
measurements have been studied (Lai et al. 2005; Zhang et al. 2006b). Combined
resistivity estimation and source localization based on both electric and magnetic
measurements have also been introduced (Goncalves et al. 2003a; Gutierrez et al. 2004).

From the different modelling-based studies it is evident that the proper effective
resistivity values applied for different tissues depend firstly, on the types of tissues
included in the model and, secondly, on the geometry of the model. The thicknesses of
different tissue layers also influence the effective resistivity ratio (Lai et al. 2005; Nunez
and Srinivasan 2006). Brain tissue has a higher resistivity than scalp tissue, and these
realistic values are typically applied in the four-layer models, where the fourth layer
presents the CSF (Ferree et al. 2000; Gutierrez et al. 2004). It is common that in three-
layer models including the scalp, skull and brain, equal conductivity is assigned to the
brain and scalp (Rush and Driscoll 1968; Oostendorp et al. 2000). This is justified by the
fact that in the three-layer models, where the well conducting CSF is included in the brain
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tissue, the effective resistivity of the combined brain and CSF is lower than the resistivity
of brain tissue alone.

Tangential shunting of the current through the highly conductive CSF may cause
additional spread of the scalp potentials, and thus in three-layer models a higher than
realistic skull resistivity should be applied to compensate for the lack of CSF. Nunez and
Srinivasan (2006) have shown in a forward EEG study that the three-layer spherical
model and four-layer spherical head model with skull to brain resistivity ratios of 30:1 and
40 — 60:1, respectively, result in similar volume conductor effects. As stated, it is
important that the effective resistivity ratios estimated in certain studies should be used
for only models with similar geometries (Lai et al. 2005).

The realistic versus spherical geometry of the model may also affect the effective
resistivity ratio. For example, Goncalves et al. (2003a, 2003b) estimated the resistivities
with an EIT-based method both by applying a spherical and a realistically shaped three-
layer head models. When the realistic BEM model was applied (Goncalves et al. 2003b),
the average resistivity ratio between skull and brain was 42 with a relative standard
deviation of 27 %. When the head was modelled with a layered spherical model
(Goncalves et al. 2003a), the corresponding resistivity ratio was on average 72 with a
relative standard deviation of 48 %. Goncalves et al. (2003b) report that if the systematic
errors in the head models are large, the estimated resistivity values will tend to
compensate for them. Thus more reliable estimates can be obtained by applying a
patient-specific realistically shaped head model. In their studies the value for the skull to
brain resistivity ratio was lower in a more realistically shaped head model than in a
spherical model, though the reliability of the result was also lower in spherical geometry.

In many studies the dependence of the skull resistivity has been found to depend on the
patient’s age (Law 1993; Hoekema et al. 2003). Generally, the younger the patient, the
lower the resistivity of the skull. Additionally, because of its structure, the resistivity
varies between different locations of the skull (Law 1993). There is also clear evidence
that the resistivity of a live skull is lower than that of a cadaver skull sample. Akhtari et al.
(2002) observed that the resistivity ratio between post-mortem and live skull samples is
2.86. Studies conducted on femoral bone support the increase of resistivity in post
mortem versus live skull samples. Kosterich et al. (1983) showed a resistivity ratio of 2 — 3
between post-mortem and fresh samples.

The reported resistivities of post mortem skull samples have varied between 13.6 Qm
and 435 OQm (Law 1993; Akhtari et al. 2000; Oostendorp et al. 2000). The reported
resistivities of live skull samples removed during surgery have varied between 12.5 Om
and 117.6 Qm, with a clear trend that the younger the subject, the smaller the resistivity
value (Akhtari et al. 2002; Hoekema et al. 2003). In the modelling-based approaches the
reported skull resistivity values have varied between 67 and 308 Om (Oostendorp et al.
2000; Goncalves et al. 2003a; Goncalves et al. 2003b). A summary of reported skull
resistivity values is given in Table 3.1.

Instead of reporting only skull resistivity values, a wide range of studies have suggested
new resistivity ratios for use in head volume conductor models. The summary of these is
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given in Table 3.2. In addition to the ratios listed in Table 3.2, other revised values have
also been applied during the last decade. For example, when modelling the four tissues of
scalp, skull, CSF and brain, one commonly applied resistivity ratio is 14:1 for skull and
brain and 24:1 for skull and scalp (Ferree et al. 2000; Grieve et al. 2004). In three layer
models ratios of 1:16:1 (Im et al. 2007), 1:15:1 (Zhang et al. 2003; Yao and Dewald 2005),
1:20:1 (Zhang et al. 2006a) have been applied.

Table 3.1. Reported skull resistivity values.

Method Reference Range of Average
resistivity values resistivity
[Qm] [Qm]
post mortem skull (Rush and Driscoll 1969) 178
post mortem skull (Oostendorp et al. 2000) 67
post mortem skull (Akhtari et al. 2000) 171 -435 300
post mortem skull (Law 1993) 13.6-214 75.6
post mortem skull (Hoekema et al. 2003) 46.7
live skull (Akhtari et al. 2002) 87.7-118 105
live skull (Hoekema et al. 2003) 13-31 18
model, 3-layer BEM (Oostendorp et al. 2000) 76
model, 3-layer BEM (Goncalves et al. 2003b) 81.2-142 122
model,3-layer spherical (Goncalves et al. 2003a) 133-308 204

Table 3.2. Estimated resistivity ratios.

Model Reference RESISTIVITY RATIO
scalp skull brain
(Akhtari et al. 2002) 1 : 18 1
(Hoekema et al. 2003) 1 : 8 1
3-layer spherical (Rush and Driscoll 1969) 1 80 1
3-layer spherical (Goncalves et al. 2003a) 1 72 1
3-layer spherical (Lai et al. 2005) 1 25 1
3-layer BEM (Oostendorp et al. 2000) 1 15 1
3-layer BEM (Goncalves et al. 2003b) 1 20-50 1
3-layer FEM (Zhang et al. 2006b) 1 19 1

3.4 Improvement of the spatial resolution of EEG

3.4.1 Spatial resolution of EEG

Various studies have been conducted on methods to improve the spatial resolution of
EEG recorded from the surface of the scalp. Some studies consider only the application of
spatial enhancement methods, while a second group of studies deal exclusively with the
effect of increasing the number of measurement electrodes. A third group of studies have
been devoted to studying the combined effect of these two factors. There are only a few
studies in which numerical values for spatial resolution have been defined.

The term spatial resolution has been applied in the literature somewhat inconsistently. In
some studies the term refers to localization accuracy and in other studies to
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distinguishing between two sources. Bradshaw et al. (2001) described these two
approaches as localization resolution and imaging resolution and concluded that these
are two different measures of spatial resolution. Wang and He (1998) studied the spatial
resolution of a cortical imaging method and defined the spatial resolution as the minimal
distance between two radial dipoles when the reconstructed cortical potentials can
separate the two areas of activity. The criterion for the separation was determined by
detecting whether there is a valley between the two areas of activity. Bradshaw et al.
(2001) suggested that the Rayleigh criterion could be used to define the spatial
resolution. According to this criterion, two sources can be resolved if the minimum of the
valley between the two peaks is less than 0.81 times the maximum of the two peaks.
Malmivuo and Suihko (2004) and Ferree et al. (2001a) used half-sensitivity volume (HSV)
to determine the spatial resolution. The concept of HSV was introduced by Malmivuo et
al. (1997). The HSV is defined as the volume within the brain in which the magnitude of
the sensitivity is greater than half of its maximum value within the brain.

3.4.2 Distributed source models and cortical imaging

The first spatial enhancement methods were based on the application of the surface
Laplacian operator. This is also the simplest and most widely applied spatial enhancement
method (Gevins et al. 1995). Most of the Laplacian methods assume, for example, that
skull thickness and resistivity are constant everywhere in the head. On this assumption,
the surface Laplacian can be estimated as proportional to the cortical potential
distribution. As Nunez et al. (1994) demonstrate, this holds for three-layer spherical head
models. However, in a four-layer model, the surface Laplacian becomes a less accurate
measure of cortical potentials as the CSF thickness increases. This is caused by additional
spreading of source current by the CSF.

In the surface Laplacian methods, the second spatial derivative of the scalp potential
distribution is calculated on a two-dimensional scalp surface. The operator estimates the
orthogonal current flow through the skull at each scalp location. The surface Laplacian
methods act as a bandpass filter (Nunez et al. 1994; Nunez and Srinivasan 2006) and thus
they are generally believed to solve the generators of the cortical origin and to be
insensitive to subcortical generators (Perrin et al. 1987; Law et al. 1993a; Law et al.
1993b; Nunez and Srinivasan 2006).

The surface Laplacian was first applied to scalp EEG by Hjort (1975). His method is a so-
called local Laplacian method, because the surface Laplacian at each electrode location is
calculated on the basis of the potential value at that electrode location and its
neighbouring electrode locations. Thus the local Laplacian cannot be solved in the
peripheral electrodes. In the local methods, the scalp surface is approximated as a planar
surface. So-called global or spline Laplacian methods have subsequently been developed
(Babiloni et al. 2001b). The global methods are based on the application of spline
interpolation functions to the scalp potentials and then evaluating the surface Laplacian
of the spline function. Thus the solution is not limited to electrode locations. In global
methods the Laplacian at each location is estimated on the basis of the potentials at all
electrode locations. Spline methods were originally developed for spherical and
ellipsoidal surfaces (Perrin et al. 1987; Law et al. 1993a).
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In the 1990s so-called realistic surface Laplacian methods taking into account the realistic
scalp shape were developed. The scalp surface has been estimated either from the
measured electrode locations (Le et al. 1994) or from the patients’” MR images (Babiloni et
al. 1996; Babiloni et al. 1997a; Babiloni et al. 1998) or CT images (He et al. 2001). A
method has also been developed in which the effect of variation in the scalp thickness has
been considered (Babiloni et al. 1997a). Babiloni et al. (1996) showed that Laplacians
calculated on realistic scalp surfaces are more precise that those calculated on spherical
or ellipsoidal surfaces. Laplacian methods have been mainly validated by evoked
potential measurement, the most common of them being somatosensory evoked
potentials (Perrin et al. 1987; Law et al. 1993b; Le et al. 1994; Babiloni et al. 1996;
Babiloni et al. 1997a; Babiloni et al. 1998; He et al. 2001).

During the last two decades spatial enhancement methods, which are based on the
application of the volume conductor model of the head, have been developed. These
methods include, for example, the so-called cortical imaging technique and the spatial
deblurring method.

The cortical imaging technique is a mathematical imaging method for simulating cortical
surface potentials. It was introduced by Kearfott et al. (1991) and further studied by
Sidman et al. (1992). In the original CIT the head was modelled with a homogeneous
spherical volume conductor model. The sources were presented as a hemispherical layer
of radially oriented current dipoles, which was located inside the cortical surface. The
strengths of the dipole sources were solved inversely from scalp EEG and from the
estimated strengths the cortical potential distribution was solved as a forward solution.
Wang and He (1998) made improvements to CIT and studied the method with extensive
simulations. First they replaced the homogeneous volume conductor model with a three-
layer inhomogeneous model. They replaced the hemispherical dipole layer with a
spherical dipole layer. They also defined numerical values for spatial resolution. They
concluded that in a three-layer spherical head model, where the relative skull resistivity is
80, the spatial resolution obtained with 128 electrodes is 1.2 cm and 1.4 cm in the
presence of 5 % and 10 % noise, respectively. The CIT has been further extended by
Babiloni et al. (1997b) who applied a realistic inhomogeneous boundary element head
model and also by Zhang et al. (2006a) who applied a finite element head model.

The drawback of most CIT-based methods is that they are indirect. First, the strength of
the equivalent dipole layer is inversely estimated from the scalp data. Only after that,
however, is the cortical potential distribution solved as a forward solution on the basis of
the estimated equivalent dipole layer strength. To overcome this, He et al. (2002a)
presented a cortical equivalent dipole layer imaging method. They demonstrated that
both cortical and subcortical brain activity can be equivalently represented by a closed
cortical dipole layer. They showed that the cortical imaging can be performed by inversely
calculating the strength of the equivalent dipole layer.

There also exist cortical imaging methods which directly relate the cortical and scalp
potentials. Edlinger et al. (1998) have derived an analytical solution to cortical potentials
in a multishell volume conductor model. Some of these methods are based on the Barr’s
boundary element method developed for epicardial imaging (Barr et al. 1977). Srebro et

25



Review of the literature and theoretical background

al. (1993) applied the Barr’s method to a homogeneous spherical head model. He et al.
(1999) modified the Barr’s method by first deriving the equations for an inhomogeneous
head model. They also developed a numerical adaptive algorithm which improves the
accuracy of the method. The adaptive algorithm takes particular account of the effect of
thin low-conductive skull layer. Their method has been applied both to spherical head
models (He et al. 1999; Zhang et al. 2003) and realistic head models (He et al. 2002b).

Another widely studied method that directly relates the cortical and scalp potentials is
called deblurring, and this was developed by the research group of Gevins (Gevins et al.
1999). The cortical potential distribution is calculated on the basis of the scalp potential
distribution using a realistically shaped finite element model of the patient’s head. The
model includes scalp, skull and cortical surfaces. The cortical potentials are estimated
with a multidimensional optimization method. Ollikainen et al. (2001) have also applied a
finite element method to cortical imaging, though their solution is based on a Bayesian
method. The deblurring method has been applied both for evoked response studies and
for higher cognitive brain function studies (Gevins et al. 1991; Le and Gevins 1993; Gevins
et al. 1994; Gevins et al. 1996; Gevins et al. 1999).

The different spatial enhancement methods have been verified either with simulated or
experimental data. Many different evoked potential studies have been conducted to
evaluate and validate the improvement in spatial resolution obtained with spatial
enhancement methods. In the case of evoked potential studies, some knowledge of the
underlying neural generators exists, and the locations of these have been compared to
the solved cortical source distribution (Gevins et al. 1991). Of great importance in the
development and evaluation of cortical imaging methods are the actual cortical potential
measurements. In earlier studies evoked potential measurements were conducted, but
the cortical potentials and scalp potentials were not recorded simultaneously. SEPs
generated by median nerve stimulation were applied by Sidman et al. (1992) when
evaluating the CIT and also by He et al. (2002b), when evaluating their cortical potential
imaging method. SEPs elicited by steady-state finger stimulation have been applied in the
evaluation of the deblurring method (Le and Gevins 1993; Gevins et al. 1994).

Epileptic patients have been widely studied when validating different spatial
enhancement methods. In earlier studies, the locations of epileptic foci were verified, for
example, by surgery and these locations were compared to the solved cortical potential
distribution (Sidman et al. 1992; Zhang et al. 2003). Zhang et al. (2006a) were the first to
apply simultaneously measured data from the cortex and scalp. They measured interictal
epileptiform spikes from a pediatric patient, when evaluating the performance of CIT. The
subdural low conducting electrode grid was also included in their volume conductor
model. Gevins et al. (1999) have discussed the application of deblurring and cortical
imaging in general in studying epileptiform phenomena. They propose that deblurring can
better characterize the distribution of epileptiform phenomena. They also report that the
method can help in optimizing the locations for subdural grids and also that it might be
almost as good as grid localization methods, at least for surgical planning purposes.

The advantages of the cortical imaging methods have been widely studied in conjunction
with the advantages of increasing the number of measurement electrodes. Many studies
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have also included the effect of measurement noise in evaluation of the improvements.
These results are discussed further in the next section.

3.4.3 Number of EEG electrodes in improving spatial resolution

Since the beginning of the 1990s several studies have investigated the benefits of
increasing the number of EEG electrodes. The first possible approach is to study the
forward solution of EEG and to evaluate the number of electrodes needed to accurately
sample the potentials on the surface of the scalp (Gevins et al. 1990; Srinivasan et al.
1996; Srinivasan et al. 1998; Grieve et al. 2004). The second apparent approach is to
study how the number of electrodes affects the accuracy of inverse solutions. In the case
of inverse solutions, the effect of the number of electrodes on both improving the source
imaging accuracy (Wang and He 1998; He et al. 1999) and source localization accuracy
(Liu et al. 2002; Lantz et al. 2003; Michel et al. 2004) has been studied. In these studies
both spherical head models and realistically shaped head models have been applied. It
should be noted that in most of the studies the applied value for skull resistivity has been
80 times that of scalp and brain. In several articles, an increase in the number of
electrodes to at least 128 has been shown to improve the accuracy of the results (Gevins
et al. 1990; Srinivasan et al. 1996; Babiloni et al. 1997b; Srinivasan et al. 1998; Wang and
He 1998).

RESULTS BASED ON FORWARD EEG SOLUTION

One approach to study the need for dense sampling of potentials on the scalp surface is
to estimate the effect of blurring caused by volume conduction. Gevins et al. (1990)
achieved this by calculating the point spread function of radial cortical activity on the
surface of the scalp by applying a four-layer spherical head model. They calculated that
the 3dB point of the point spread function was 2.5 cm, which gives the interelectrode
distance needed to accurately sample the scalp potentials. Presumably, because the study
was conducted already in 1990, the resistivity of the skull was 80 times that of brain and
scalp. Depending on the electrode system, the interelectrode distance of 2.5 cm
corresponds to approximately 128 electrodes.

Srinivasan et al. (1996) estimated the required spatial sampling of scalp EEG data by
studying the spatial power spectrums. They applied a four-layer spherical head model in
their study. They concluded, on the basis of both simulations and experimental data, that
in potential field mapping of the scalp the required electrode density is an interelectrode
distance of 2.7 cm. For the surface Laplacian they concluded that improved accuracy can
be achieved when the interelectrode distance is reduced to 2.0 cm. In this study they
investigated the spatial power spectra as a function of spherical harmonic degree.

In (Srinivasan et al. 1998) similar methods were applied as in (Srinivasan et al. 1996) and
also the sampled scalp surface potential distributions were visualized. They examined the
Geodesic electrode system of 128 electrodes and also down-sampled montages of 64, 32
and 19 electrodes. Using a simulation study they concluded that at least 128 electrodes
are needed to correctly sample the scalp potentials generated by cortical current sources.
Their study conducted with the experimental data gave similar results.
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Grieve et al. (2004) studied the spatial sampling error of scalp potentials with Geodesic
electrode nets including 64, 128 and 256 electrodes. In their study they applied a four-
layer spherical head model for both adult and infant heads. They applied a more realistic
value for skull resistivity, which was 24 times the resistivity of the scalp and 14 times that
of the brain. The general trend of their results showed that an increase in the number of
electrodes reduces the error. They conducted their study both in the absence of
measurement noise and with power SNR of 10. The 256 electrode system achieved
highest accuracy in the absence of measurement noise. In the presence of noise, the 128
and 256 electrode systems resulted in similar error which was only slightly smaller than
the error obtained with 64 electrodes. They concluded that the error obtained with 64
electrodes in the noiseless case was below 10 %, though they cautioned that this error
level might be unacceptable, for example, in source localization studies.

RESULTS BASED ON INVERSE EEG SOLUTION

Lantz et al. (2003) studied the number of electrodes that are needed to localize interictal
epileptic sources. They measured the clinical EEG with 123 electrodes and also examined
the subsets of 31 and 63 electrodes. They also studied the number of electrodes from
simulations in which the number was varied between 25 and 181. From their clinical data
they conclude that localization accuracy is substantially better with 63 than with 31
electrodes and that there is still improvement when the number of electrodes is
increased from 63 to 123. The results of the simulation study supported this result.

Michel et al. (2004) published an extensive review on source imaging methods and
discussed, for example, the various factors influencing the accuracy of source imaging.
One of the factors discussed the number of electrodes. In their paper they conclude that
if single focal sources are assumed, the increase in the number of electrodes up to
approximately 60, as in Lantz et al. (2003), will suffice for accurate source localization. On
the basis of the results of a simulation study, the authors also conclude that fully
distributed inverse solutions benefit from a larger number of electrodes. They
approximated the number of electrodes needed as at least 100.

Liu et al. (2002) conducted a simulation study of the localization accuracy of a source
imaging method with EEG, MEG and combined EEG/MEG. In the case of EEG, they
compared the accuracy of 30 and 61 electrode systems in the presence of noise. They
applied a realistically shaped head model with a resistivity ratio of 1:80:1 for brain, skull
and scalp. The root mean square SNR was 10 and it was observed that the increase in the
number of electrodes improved the localization accuracy of EEG.

Babiloni et al. (2001a, 2004) also investigated the multimodal integration of EEG and MEG
data in improving the accuracy of inverse cortical current source estimates. They
evaluated the accuracy of the methods within predefined regions of interest (ROI). Both
papers also compared certain EEG electrode systems. However, neither paper makes any
reference to the resistivity ratio between the tissues. In both studies a boundary element
model of the head was applied. In a simulation study they evaluated how well the
cortical activities could be reconstructed on predefined regions of interest on the cortical
surface. Babiloni et al. (2001a) employ three different indexes of the resolution matrix as
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a criterion. Their study evaluates the difference between 121-channel and 61-channel
EEG. In terms of all three applied indexes, the 121 channel EEG performed better than the
61 channel EEG in solving the weighted minimum norm source estimates of measured
evoked potentials. In another paper (Babiloni et al. 2004) the main interest was on the
effect of signal-to-noise ratio and also the effect of sensor number on the accuracy of the
inverse solution. In this study the relative error and correlation coefficient were applied
to assess the accuracy of different solutions. EEG systems including 128, 61 and 29
electrodes were studied. From the results of a simulation study it could be observed that
with power SNRs varying between 1 and o, the accuracy of the 128 electrode system was
only slightly better than the accuracy of the 61 electrode system. The accuracy of the 128
electrode system was more affected by noise than that of the 61 electrode system.

The effect of increasing the number of electrodes to improve the accuracy of surface
Laplacian has been investigated by several authors. In most cases, the effect of increasing
the number up to 128 has been reported (Law et al. 1993a; Nunez et al. 1994; He et al.
2001). The general trend in the results is that an increase in the number of electrodes
increases the accuracy of the results, even in the presence of measurement noise (He et
al. 2001). Furthermore, the effect of increasing the number of electrodes up to 256 has
been found to increase the accuracy of surface Laplacians in the presence of noise in
simulation experiments (Babiloni et al. 1995, 1996). Babiloni et al. (1996) examined how
an increase in spatial sampling improved the accuracy of the realistic surface Laplacian
estimate. They discovered that increasing the number of electrodes up to 128 resulted in
an increase in the spatial information content of the surface Laplacians of movement
related evoked potentials. In a simulation study they compared the realistic Laplacian to
analytical Laplacian in a spherical model and found that an increase in the number of
electrodes up to 256 resulted in improved accuracy of the realistic Laplacian estimate in
the presence of measurement noise. However, it has been reported that in certain cases
the increase in the number of electrodes distorts the solution of spline Laplacians. Le et
al. (1994) have reported that the application of a dense electrode montage and a spline
Laplacian method may lead to inaccurate results. Babiloni et al. (1995) have observed
that the higher the number of electrodes, the more the Laplacian calculated using
spherical scalp model deviates from the Laplacian calculated using a realistically shaped
scalp model.

Nunez et al. (1994) studied the accuracy of two different methods, the surface Laplacian
and cortical imaging, in improving the spatial resolution of EEG. In their simulation study
conducted with three- and four-layer spherical head models, the accuracy of the methods
was improved as the number of electrodes is increased from 48 to 64 and from 64 to 118.

Wang and He (1998) studied, for example, the effect of increasing the number of
electrodes on the accuracy of CIT. They applied a three-layer spherical head model with a
resistivity ratio of 1:80:1 and investigated electrode systems consisting of 16, 40, 128 and
301 electrodes. From their results they conclude that in CIT the application of 128
electrodes seems reasonable for improving the accuracy of cortical potential distribution
from a practical point of view. However, a slight improvement on the accuracy for
superficial sources was observed when the number of electrodes increased to 301. In
their study the noise level was either 5 % or 10 %.
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He et al. (1999) studied a cortical potential imaging method based on a boundary element
method. They applied a resistivity ratio of 1:80:1. In their simulation they considered 65,
128, 310 and 640 electrodes placed on the upper hemisphere of the model and in every
simulation 310 electrodes performed better than 128 electrodes. The noise level in their
study was 10 %. It should also be mentioned that source eccentricity was 0.65. The radii
of the model were 1.0, 0.92 and 0.87. Such deep sources produced quite widely spread
potential distributions on the cortical surface and thus may not require the highest
possible sampling of the potentials.

Gevins et al. (1994) studied the effect of the number of electrodes on the accuracy of the
deblurring method. They conducted measurements with 124 electrodes on the scalp
surface. They performed a simulation study by applying an individual realistic finite
element head model and concluded that a denser electrode array on the scalp surface
could further increase the spatial resolution of the cortical potentials estimated with their
method. Babiloni et al. (1997b) also studied the effect of increasing the electrodes with a
model-dependent spatial deblurring method. Their results showed that increasing the
number of electrodes from 28 to 64 and to 128 increased the accuracy of calculated dura
potentials.

3.5 Sensitivity distribution of EEG measurement leads

3.5.1 Lead field and reciprocity theorem

An important aspect in EEG as well as in other measurements of bioelectric activity is to
understand where within the volume conductor the signal measured with a certain lead is
most likely generated. This can, for example, be achieved by studying the measurement
sensitivity distribution of an EEG lead. Lead field theory together with the reciprocity
theorem provides a convenient method to study the sensitivity distributions. The lead
field in the volume conductor can be calculated by feeding a unit current to the lead,
according to the reciprocity theorem of Helmholtz. The reciprocal current gives rise to a
current density field which is equivalent to the distribution of the sensitivity of the lead
(Malmivuo and Plonsey 1995).

Equation (3.10) describes the relationship between the measured signal V, in the lead and
the current sources J' in the volume conductor, when a unit reciprocal current /, is applied
to the lead (Malmivuo and Plonsey 1995).

1¢1
VL:—I—JL-J’dv, (3.10)
7o

where J; is lead field current density, J' is the current source density and o is the
conductivity of the volume conductor at the source location. The reciprocity and lead
field theorems are illustrated in Figure 3.5.
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(a) (b)

Figure 3.5. Reciprocity and lead field theorems. a) The reciprocal current /, gives rise to a current
density field J;, which is the lead field. b) The voltage V;, measured with the lead is obtained by
integrating the dot product of the lead field, divided by the conductivity and impressed current
density y (illustrated by white arrows) over the volume source according to Equation (3.10).

In Figure 3.5 the lead field is illustrated as a field of lead vectors. The lead field theory
introduced by McFee and Johnston (1953, 1954a, 1954b) is an extension of the lead
vector theory introduced by Burger and Van Milaan (1946, 1947, 1948).

The lead vector is defined as a three-dimensional transfer coefficient which gives the
relationship between the source dipole and the measured voltage in the lead. The value
of the lead vector depends on the location of the measurement lead, the shape of the
volume conductor, the distribution of the resistivity within the volume conductor and on
the location of the source. Through superposition the measured lead voltage generated
by a single source at a fixed location can be calculated as a dot product between the lead

vector ¢; and the source dipole p
V.=c,-p (3.112)

If the lead vectors are calculated for each point within the volume conductor, they form a
continuous vector field, which is the lead field. In this case the measured lead voltage is
calculated with Equation (3.10).

Rush and Driscoll (1968, 1969) derived a set of equations for calculating the reciprocally
energized potential distribution ¢ within a three-layer spherical head. The lead field can
be calculated from the potential distribution with

P (3.12)
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3.5.2 Sensitivity distribution of two-electrode EEG

The sensitivity distributions of EEG leads were first studied by Rush and Driscoll (1968,
1969) and later by Malmivuo et al. (1997), Malmivuo and Suihko (2004) and also by
Ferree et al. (2001a). In all these studies two-electrode EEG leads were investigated by
varying the distance between the electrodes. The sensitivity distribution of each lead
within the head model was studied with the reciprocal approach. The magnitude and
orientation of the sensitivity distribution depends on the electrode distance and on the
properties of the volume conductor. The results of these studies show that the sensitivity
of a two-electrode lead is concentrated just below the measurement electrodes. The two-
electrode lead is the most widely applied EEG lead.

The sensitivity distribution can also be applied to study the spatial resolution of scalp EEG.
For this purpose Malmivuo et al. (1997) introduced the concept of HSV as described in
section 3.4.1. The HSV describes how concentrated the sensitivity distribution of the lead
is. The more concentrated the measurement sensitivity is, the better is the spatial
resolution. Malmivuo and Suihko (2004) and Ferree et al. (2001a) studied the spatial
resolution of EEG in a noiseless situation by applying a three-layer spherical head model
and a four-layer spherical head model, respectively. They both studied the effect of
electrode distance and skull resistivity on the spatial resolution. Malmivuo and Suihko
(2004) found that with the new realistic skull resistivity values, the spatial resolution of
EEG was much superior to that obtained if the relative skull resistivity is 80. Their results
also indicate that if the relative skull resistivity is low there is still an improvement in
spatial resolution when the interelectrode distance is as small as 10 mm.

Ferree et al. (2001a) introduced also the concept of the depth of the sensitivity
distribution, which they defined as the maximum depth of all the points within the HSV.
When the skull to scalp resistivity ratio was 24:1 and 80:1, the maximum depth was 2.6
cm and 3.7 cm, respectively. This concept further clarifies that the scalp-EEG recorded
with a two-electrode leads detects mainly cortical activity.

3.5.3 Modifications of sensitivity distributions

When the EEG sources are not located on the cortex the sensitivity distribution of a two-
electrode lead is not optimal for measurement purposes. The synthesisation of improved
sensitivity distributions has already been described by McFee and Johnston (1954b), who
modified the lead fields for detecting the equivalent heart vector in the case of ECG. They
showed how the lead fields can be modified with such a lead where both of its terminals
are connected with any number of resistors to electrodes on the surface of the body. The
synthesized leads consisted, as an example, of four electrodes. Brody (1957) later
introduced a method to synthesize a uniform sensitivity distribution within a
homogeneous finite volume conductor. When the sensitivity distribution is uniform, it has
unvarying magnitude and direction through the volume conductor. A uniform sensitivity
distribution is ideal for the detection of each orthogonal component of the electric dipole
moment of a volume source.
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N

(a) (b) (c) (d)
Figure 3.6. A method to synthesize a uniform lead field in a finite homogeneous volume
conductor in the direction of the z-axis. Modified from Malmivuo and Plonsey (1995).

The method for synthesizing a uniform lead field in a finite homogeneous volume
conductor has been described in detail by Malmivuo and Plonsey (1995). The generation
of such a lead field is illustrated in Figure 3.6, where the uniform lead field is generated in
the direction of a z-axis. In (a) an arbitrarily shaped infinite homogeneous volume
conductor is presented. The volume conductor is extended in the direction of the z-axis,
so that it forms a cylinder. The cross section of the cylinder in the xy-plane is the same as
in the original volume conductor. If the two endings of the cylinder in the xy-plane are
covered with electrodes, and a reciprocal current is applied to the lead, the lead field in
the volume conductor is uniform, as illustrated in Figure 3.6 (b). In Figure 3.6 (c), the
extensions of the volume conductor are sliced to form isolated filaments. The slicing does
not alter the form of the lead field because it is done along the current flow lines so that
they are not intersected. In Figure 3.6 (d), the volume conduction filaments outside the
volume conductor are replaced with resistors. These resistors have the same resistive
value as the corresponding isolated filaments. If a reciprocal current is applied through
this resistor network, the lead field in the original volume conductor will be close to
uniform. The greater the number of electrodes that are placed at the surface of the
volume conductor, the more uniform is the sensitivity distribution.

In a homogeneous cylindrical volume conductor which has a circular cross section, e.g., in
a thin disk, the uniform lead field is obtained when the reciprocal current injected at
every electrode is incrementally proportional to cosH, as illustrated in Figure 3.7
(Malmivuo and Plonsey 1995).
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Figure 3.7. Synthesization of a uniform lead field within a thin disk. The electrodes are uniformly
distributed on the surface of the disk. When the reciprocal current at every electrode is
proportion to cosd, the uniform lead field will be oriented along the positive z-axis (Malmivuo and
Plonsey 1995).
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4 MATERIALS AND METHODS

The present thesis adopts two different approaches to the application of multichannel
EEG. Except for the applied volume conductor model, the methods applied in the two
approaches are different and thus they are considered individually in their own separate
sections. Chapter 4.3 presents the methods in the analysis of the spatial resolution of the
cortical potential distribution and Chapter 4.4 presents the methods to improve the signal
quality of deep EEG sources.

4.1 Volume conductor model

A three-layer spherical head model was applied in all of the publications. The geometry
was adopted from Rush and Driscoll (1969). The model included the layers of scalp, skull
and brain. The radii of the spheres were 92 mm, 85 mm and 80 mm, respectively. All of
the tissues were assumed to be purely resistive and isotropic. One of the research topics
was to study the effect of skull resistivity on the spatial resolution of EEG. Thus different
values for the skull resistivity were applied, while the resistivities of scalp and brain were
kept constant. The resistivity of the scalp was either 230 Qcm (Geddes and Baker 1967;
Laarne 2000) [I-1ll] or 222 Qcm (Rush and Driscoll 1969) [IV-VII]. The resistivity of the
brain was 222 Qcm (Rush and Driscoll 1969) [IV-VII]. The resistivity of the skull varied
between 222 Qcm and 18400 Qcm so that the resistivity ratio between scalp, skull and
brain varied from 1:1:1 to 1:80:1. The applied resistivity ratios are listed in Table 4.1.

Table 4.1 Resistivity ratios between scalp, skull and brain applied in the publications.

Resistivity ratio Reference Publication
1:1:1 \Y,
1:8:1 (Hoekema et al. 2003) 1, v

1:15:1 (Oostendorp et al. 2000) [-VII
1:30:1 (Lai et al. 2005) i, v
1:80:1 (Rush and Driscoll 1968) ", v

4.2 EEG electrode systems

The objective in [I-lll] was to study how the electrode density affects the spatial
resolution obtained at the cortical surface. The electrode systems that were studied
included the 10-20 system consisting of 21 electrodes and the systems of 64, 128, 256
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and 512 electrodes. Based on Gevins et al. (1991, 1994) and approximation in the case of
512 electrodes, the interelectrode distances in these systems were 60 mm, 33 mm, 23
mm and 16 mm and 11 mm, respectively. According to the electrode distance, the
electrodes were uniformly placed over the entire scalp surface. These extended electrode
systems were applied because they made it possible to study how densely the electrodes
should be placed on the scalp in order to solve the underlying cortical potentials as
accurately as possible. The resulting numbers of electrodes in the extended electrode
systems were 34, 104, 232, 462 and 938, corresponding to the above-mentioned existing
systems.

In [VI] and [VII] multielectrode EEG leads were studied. The leads were divided into two
groups. The first group were so-called theoretical multielectrode leads, because the
electrodes were placed uniformly over the entire spherical scalp surface. The numbers of
electrodes in this group of leads were 58, 102 and 202. The second group were so-called
experimental multielectrode leads because the electrode locations were those in a 124-
channel EEG-cap (Neuroscan Quik-Caps).

4.3 Spatial resolution of cortical potential distribution [I-lll]

4.3.1 Setting up the system of equations

To obtain the forward transfer matrix A between the cortical potentials x and measured
EEG potentials b in Equation (3.2), an FDM model of the spherical head model was
constructed in [l - lll]. The resolution of the model was 1.0 mm x 1.0 mm x 1.0 mm and it
consisted of 3341 112 nodes in the FDM resistor network. To reduce the computational
load of the forward solutions, the cortical surface was so defined as to form a closed
surface. The volume inside this surface could thus be omitted and the volume conductor
consisted of the volume between closed cortical and scalp surface, as illustrated in Figure
3.3. The reduced volume conductor model consisted of 1 204 456 nodes, of which 67 640
were located on the cortical surface. To further reduce the computational load of the
forward transfer matrix, groups of adjacent nodes were combined to form approximately
equally-sized source areas on the cortical surface. The number of source areas varied
between 52 and 8450 in [l - ll] and was 8450 in [lll]. The potential at each node within one
source area was kept constant.

The forward transfer matrices were solved with the FDM solver (Takano 2002). The
sparser electrode systems were defined as a subset of the 512 electrode system and the
larger source areas were formed by combining adjacent source areas. Thus it was
necessary only to calculate the forward transfer matrix corresponding to the largest
number of electrodes and source areas. The different skull resistivities modified the FDM
model, and thus new forward solutions, were calculated for models with different skull
resistivities; altogether four different full forward transfer matrices were solved
corresponding to the relative skull resistivities of 8, 15, 30 and 80.
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4.3.2 Finite difference method

The software used for the FDM calculations [I-Ill] was originally developed by Walker
(Walker 1985; Walker and Kilpatrick 1987) at the University of Tasmania. At the Ragnar
Granit Institute the software has been further developed by Hyttinen (1994) and
Kauppinen et al. (1999). The present version has been developed by Takano (2002). The
validity of FDM applied in the calculation of the electric fields in the brain has been
studied by Laarne et al. (1995). It was shown that the accuracy depends on the grid size
and the 2 mm x 2 mm x 2 mm grid provides high enough accuracy. FDM was applied
instead of using analytical methods because in future studies the realistic model can be
easily constructed from segmented MR images (Kauppinen et al. 1999; Laarne et al.
1999).

In the applied FDM, each pixel of a head image data represents a voxel. Two dimensions
of the voxel are defined from the image data and the third dimension is obtained from
the spacing between the image slices. Resistivity of a voxel is defined as the resistivity of
the tissue in question. The finite difference mesh is formed by placing the nodes at the
vertices of each voxel. The conducting volume between adjacent nodes is replaced by an
equivalent resistor. The value of each resistor depends on the resistivities of four
surrounding voxels and their dimensions. The difference equations between adjacent
nodes are set up by applying Ohm’s and Kirchoff’s laws. The source nodes are defined by
assigning them potential values. (Walker 1985; Kauppinen et al. 1999)

4.3.3 Analysis of the accuracy of cortical potential distribution

The estimation of the spatial resolution of cortical potential distribution was based solely
on studying the forward transfer matrices. Thus no inverse problems constrained to
certain EEG data were solved. All calculated forward transfer matrices corresponding to
different skull resistivity values, different number of electrodes and different number of
source areas, were decomposed with SVD. The normalized singular values o;/o; were
plotted for each matrix to define the truncation point according to Equation (3.9). The
steepness of these curves describes how ill-conditioned the forward transfer matrices
are. The more ill-conditioned the system is, the more regularization is needed when the
inverse problem is solved. Those normalized singular values o;/0y, whose magnitude is
smaller than the relative noise level must be truncated to zero. The basis vectors of the
source space corresponding to the truncated singular values cannot be reconstructed.
The procedure in the estimation of the spatial resolution of cortical potential distribution
is illustrated in Figure 4.1.

In the study series the purpose was also to estimate the realistic noise levels which are
present in EEG measurements. The estimation of the noise level was conducted on the
basis of the idea that when the purpose is to inversely solve the cortical potential
distribution, the actual signal consists of all activity generated within the brain, and the
noise is composed of other bioelectric signals, electrode contact noise, instrumentation
noise and noise coupled from the environment.
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The estimation of the combined effect of the latter three of these components was
conducted in [Il]. For this purpose two different types of measurement were studied. The
first set of measurements is called knee measurements because they were conducted by
placing electrodes on the knee of a subject. It is erroneously written in [II] that Ag-AgCl
electrodes were applied, though in reality they were tin electrodes. Because of the
anatomy of the knee, the contribution of EMG to the measured signal can be assumed to
be relatively small. The second set of measurements was provided by the Tampere
University Hospital, and the data consisted of burst-suppression data measured under
anaesthesia. The EEG measurements were conducted with a 10-20 —system using Ag-AgCl
electrodes. During suppression, the signal is mainly composed of the noise components
because the contribution of brain activity in the signal is low.
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Figure 4.1. Summary of the analysis of the spatial resolution of cortical potential distribution with
TSVD. The factors affecting the spatial resolution are given in the left column and they are linked
to the corresponding steps in the methods given in the right column.

4.4 Improved signal quality of deep EEG sources [IV-VII]

4.4.1 Synthesisation of multielectrode EEG leads

Multielectrode EEG leads were studied to improve the SNR of signals generated by deep
EEG sources. The development of weighted multielectrode EEG leads has its basis in the
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synthesisation of an optimal measurement sensitivity distribution for deep sources.
Sensitivity distributions within the brain volume were calculated with the analytical
equations derived by Rush and Driscoll (1969).

In [VI] and [VII] the interest focused on synthesising an optimal sensitivity distribution for
deep EEG sources. According to the reciprocity theorem, the sensitivity is proportional to
the distribution of the reciprocal current, and thus it can be concluded that with scalp
electrodes it is impossible to obtain such a sensitivity distribution which is concentrated
at the centre of the volume conductor. It was assumed that the best sensitivity
distribution realized for deep sources is the uniform sensitivity distribution. Thus the lead
fields of multielectrode leads were modified in a way that the sensitivity distributions
were as uniform as possible within the brain volume. In [VI] the equation for calculating
the weights was derived for the three-layer spherical head model. The calculation of the
weights is based on the locations of the electrodes and they are incrementally
proportional to:

W oc cos @ cos ¢ (4.2)

In Figure 4.2. an electrode is illustrated with a black dot. It is considered to lie on the
circumference of a disk parallel to the xz-plane, as illustrated by the grey line in (a). In (b)
the disk is plotted on the xz-plane and @ is the angular displacement of the electrode
location from the negative z-axis. In (c) the disk is illustrated on the xy-plane and ¢ is the
angular displacement of the disk from the x-axis. Now when the weights for uniformly
distributed electrodes are calculated with Equation (4.2), the uniform lead field will be
oriented along the positive z-axis.

€

(a) (b) (c)

Figure 4.2. Coordinate system for the spherical head model. Black dot represents an electrode. (a)
a 3D-presentation of a sphere, grey line represents the circumference of a disk parallel to xz-
plane, where the electrode is located. (b) projection on the xz-plane, @ is the angular
displacement of the electrode location from the negative z-axis 0. (c) projection on the xy-plane, ¢
is the angular displacement of the disk from the x-axis.
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4.4.2 Sensitivity distribution analysis

For the analysis of the properties of sensitivity distributions a new parameter called
region of interest sensitivity ratio (ROISR) was developed and introduced in [IV]. ROISR is
defined as the average magnitude of the sensitivity within the region of interest divided
by the average magnitude of the sensitivity within the rest of the source volume
(nonROI):

1
i
ROI Vi
ROISR=— (4.2)
| e

nonROI VnonROI

ROISR parameter defines how well the measurement sensitivity is concentrated within
the ROI. In [VI] a second parameter called nonROIsd was introduced to further analyze
the properties of sensitivity distributions. The nonROIsd describes the uniformity of the
magnitude of the sensitivity within the nonROI volume. It is calculated as the standard
deviation of the magnitude of the sensitivity within nonROI divided by the average
magnitude of the sensitivity within nonROI.

The ROISR parameter was also applied in the analysis on the specificity of bipolar EEG
leads to sources located at different depths within the brain in [IV] and [V]. In [IV] the
correlation between the ROISR and SNR of visual evoked potentials (VEP) was evaluated.

4.4.3 Simulation study

In [VI] a simulation study was conducted to compare the properties of multielectrode
leads and bipolar leads. The effect of the number of electrodes in a multielectrode lead
and also the effect of electrode distribution was evaluated. In the simulation study all the
noise components were simulated with uncorrelated Gaussian white noise (GWN). The
noise-contaminated signal x(t) of the multielectrode lead can be calculated with

()= m [t (6], 43)

where w; is the weight of unipolar lead j, s; is the signal measured with unipolar lead i, n;
is the noise in unipolar lead i and L the number of unipolar leads from which the
multielectrode lead is synthesized. The signals s; were calculated with Equation (3.10),
and GWN was added to these calculated signals.

4.4.4 Experimental measurements

In [IV], the correlation between the ROISR and SNR of two-electrode leads was evaluated
with an experimental measurement. For this purpose VEPs evoked by checkerboard
stimulation (Celesia et al. 1993) were measured with a 256-channel EEG cap.
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In [VII] the multielectrode lead method was validated with preliminary experimental
measurements. BAEPs, generated in the auditory pathway passing through the cochlear
nerve, pons and midbrain, were chosen as the EEG data. In the analysis, the BAEP
components generated in the pons and midbrain were considered. The test subjects were
four volunteers (3 male, 1 female, mean age 28) with normal BAEP. The EEG data was
recorded as unipolar channels with a 124-channel EEG cap. For the calculation of the lead
fields the digitized electrode coordinates were fitted on the surface of a three-layer
spherical head model. The fitting was done by first re-centring the electrode coordinates
in a way that they best fitted the spherical surface. The re-centring was done with
functions found in EEGLAB (Delorme and Makeig 2004). The signals of the synthesized
multielectrode leads were calculated with Equation (4.3), where the recorded signal of
each unipolar lead is sj(t) + nj(t). SNRs of synthesized multielectrode leads and also of
traditionally applied bipolar BAEP leads were calculated to investigate the benefits
obtained with the weighted multielectrode EEG leads. For the calculation of the
amplitude SNRs in [IV] and [VII] the equations adopted from Raz et al. (1988) were
applied.
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5 RESULTS

5.1 Spatial resolution of cortical potential distribution

5.1.1 Effect of measurement noise
The effect of measurement noise on the spatial resolution of cortical potential
distribution was evaluated by plotting the o;/o1 -curves for different forward transfer

matrices [I-ll]. In Figure 5.1 the o;/o1 —curves are plotted for different resistivity ratios
between scalp, skull and brain and for different electrode systems. The maximal index i of
the source basis vectors that can be reconstructed was estimated according to Equation
(3.9).

In Figure 5.1 the number of cortical source areas is 8450. In [l - II] the effect of the
number of cortical source areas was also investigated as the number of source areas
varied between 52 and 8450. When the number of reconstructable basis vectors (RBVs)
was evaluated as a function of the number of source areas (e.g., Figure 3, in [l]), it was
observed that as the number of source areas was increased from 2000 to 8450, the
number of RBVs for each system was almost constant. The same phenomenon was
observed for other relative skull resistivity values. Thus the division of the cortical surface
into 8450 source areas does not limit the result obtained regarding the number of
reconstructable basis vectors.

43



Results

10
v,
T 10
b
10° 8 3
- 21 electrodes
“04 T 1 L L
o] 5 10 15 20 25 30 35
(a)
10° . 10°
B
Ay g
107 10 S T e T T e
S s o T T
~ 10%} ~ 10?
b §)
& 3
107 |f ==eeeeen 1:8:1 1 10° | =-eeeeee 1:8:1 1
— 1:151 — 1:15:1
--------- 1:30:1 wmememen 1:30:1
” 1:801 4 1:80:1 128 electrodes
10 T I ) L . . L 10 : . L
o] 10 20 30 40 50 60 70 80 90 100 110 0 50 100 150 200 250
(b) ()
10 : 10
L_; > s
o
\
10" N . 107
b T T T T —_ i S
g b T T 5, e T
= 10 b e T 10 b P T
aE - == .~ = oL T~ e
102 [ e 1:8:1 1 STo R 1:8:1 4
— 1:15:1 — 1:151
————————— 1:3011 wemeneee 1301 l—‘
" 1:80:1 296 electrodes u 1:80:1 512 electrodes
10 : . L . . L I L T 10 : . L ) L .
0 50 100 150 200 250 300 350 400 450 500 0O 100 200 300 400 500 600 700 800 900 1000
(d) (O]

Figure 5.1. Normalized singular values oj/ o7 sketched for different resistivity ratios for scalp, skull
and brain. In (a)—(e) the numbers of electrodes on the whole spherical surface are 34, 104, 232,
462, and 938, respectively. These correspond to existing electrode systems of 21, 64, 128, 256,
and 512 electrodes, respectively. [lIl]

5.1.2 Estimation of the relative noise level

In [I] relative noise levels 0.001, 0.005, 0.05 and 0.1 were studied. These values were
adopted from the literature on ECG (Dossel et al. 1998; Schneider et al. 1998) and EEG
studies (Wang and He 1998). In [ll] the objective was to estimate realistic noise levels
present when solving the inverse cortical potential distribution.

In the knee measurements the rms noise varied between 1.6 and 3.5 pV. When the data
was low-pass filtered below 30 Hz, the minimum noise voltage was 1.5 pV. In the
anaesthesia data, the rms noise during suppression varied between 1.4 and 4.0 uV. When
the data was low-pass filtered below 30 Hz, the minimum noise voltage was 1.1 pV. [ll]
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The EEG amplitude values are given in peak-to-peak values in the literature (Niedermeyer
2005a). In Table 2 of [Il] the peak-to-peak amplitudes were erroneously considered as
amplitude values and the rms values were calculated from these values. Taking this error
into account, the relative noise levels are recalculated in Table 5.1. EEG rms amplitude of
40 uV mentioned in [I] was obtained during spontaneous brain activity. This value is also
given in the Table 5.1.

Table 5.1 Relative noise levels for typical EEG amplitudes and measured noise amplitudes [Il].

Noise level

EEG n=11uv n=14uv n=2.0uv n=4.0puv

(uV,rms)

7.07 0.156 0.198 0.283 0.566

17.68 0.062 0.079 0.113 0.226

24.75 0.044 0.057 0.081 0.162

35.35 0.031 0.040 0.057 0.113

40 0.028 0.035 0.050 0.100

70.71 0.016 0.020 0.028 0.057

106.07 0.010 0.013 0.019 0.038
5.1.3 Effect of skull resistivity on the spatial resolution of cortical potential
distribution

The effect of skull resistivity on the spatial resolution is illustrated in Figure 5.1. When the
plots for all electrode systems are evaluated it can be observed, as expected, that the
higher the relative skull resistivity is, the more sensitive the spatial resolution is to
measurement noise.

The spatial resolution of the 10-20 system is mainly limited by the small number of
electrodes and less so by the amount of measurement noise. Regardless of the skull
resistivity, the relative noise level can be over 10 % before the measurement noise starts
to limit the spatial resolution. However, with dense electrode systems the measurement
noise is a critical limiting factor in the inverse solution. As the noise increases, the spatial
resolution decreases considerably.

Regardless of the skull resistivity the spatial resolution of a 512-electrode system is
already limited by noise when the relative noise level is 0.05 %. This noise level is lower
than any realistic noise level in EEG measurements, and thus the spatial resolution of a
512 electrode system is in all cases limited by the measurement noise. Moreover, when
considering the 256 electrode system, regardless of the skull resistivity, with relative
noise levels over 2 %, the spatial resolution is limited by the measurement noise.

In [lll] it was assumed that, if with a certain electrode system at least 10 % more basis
vectors can be reconstructed than with other electrode systems, then better spatial
resolution can be obtained with this particular electrode system. With this criterion, those
relative noise levels were evaluated at which a certain denser electrode system provides
better spatial resolution than sparser electrode systems. The resulting relative noise
levels are listed in Table 5.2.

45



Results

Table 5.2 Relative noise levels for optimal electrode systems [ll1].

RELATIVE NOISE LEVELS FOR OPTIMAL ELECTRODE SYSTEMS
scalp : skull : brain-resistivity ratio

1.8:1 1:15:1 1:30:1 1:80:1

64 electrodes <37% <24 % <15% <59%

128 electrodes <15% <9.2% <5.0% <2.0%

256 electrodes <5.7% <3.4% <1.8% <0.69 %

optimal
electrode system

512 electrodes <3.1% <1.6% <0.92 % <0.35%

5.2 Improved signal quality of deep EEG sources

5.2.1 ROISR parameter in defining the specificity of an EEG lead

In the analysis of different leads with the introduced ROISR parameter, it was found that
the specificity of different leads was affected by the depth of the ROI, the relative skull
resistivity and the number of electrodes in the lead [IV - VI].

In [IV] the correlation between ROISR and SNR of several EEG leads was studied. The EEG
data was obtained by measuring visual evoked responses with a 256-channel EEG cap.
The results show that if the ROI volume is properly selected, the ROISR has a high
correlation to the SNR of the lead. In two cases studied, the correlations were 75 % and
92 % (not 82 % and 94 % as erroneously stated in [IV]).

5.2.2 Effect of source depth on the specificity of two-electrode EEG leads

ROISR analysis was conducted to evaluate the optimal electrode distance for two-
electrode leads when the region of interest is located at different depths [V]. For the
sources located at the centre of a three-layer model, i.e., close to the pons and midbrain,
the optimal electrode distance is 180°. In addition, the closer the ROI is located to the
surface of the brain, the smaller is the optimal electrode distance; this was as expected.
The relative skull resistivity affects the optimal electrode distance for intermediate ROI
depths 4 — 6 cm below the cortical surface. For cortical ROIs the placement of electrodes
needs to be considered carefully because a small change in the electrode distance can
considerably reduce the specificity [V].

5.2.3 Specificity of a multielectrode EEG leads for deep EEG sources

The specificity of multielectrode leads was studied with the ROISR and nonROlsd
parameters. If the electrodes are uniformly distributed on the surface of the three-layer
spherical head model as in the studied theoretical multielectrode leads, the uniform
sensitivity distribution can be obtained when the weights for unipolar leads are calculated
according to Equation (4.1) [VI]. In Figure 5.2 the sensitivity distribution of a theoretical
multielectrode lead consisting of 102 electrodes is illustrated. The placement of the
electrodes uniformly over the scalp surface is unrealistic in experimental EEG
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measurements, and thus the specificity of more realistic electrode systems was also
studied. The electrode coordinates of a 124-channel EEG cap were fitted on the surface of
a three-layer spherical head model. A disadvantage of Neuroscan caps, at least, is that
they cover only the upper part of the scalp surface and thus with the present
experimental multielectrode leads it is not possible to obtain uniform sensitivity
distributions [VI-VII]. Figure 5.3 gives an example of a sensitivity distribution of an
experimental multielectrode lead consisting of 115 electrodes.

140
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Figure 5.2. Sensitivity distribution of a theoretical multielectrode lead consisting of uniformly
distributed 102 electrodes. Sensitivity distribution is illustrated with lead vectors within the brain
volume on the xz-plane (y=0). The colour scale gives the magnitude of sensitivity distribution in
A/m?. [VI]
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Figure 5.3 Sensitivity distribution of an experimental multielectrode lead consisting of 115
electrodes. Sensitivity distributions are illustrated with lead vectors within the brain volume on
the a) xz-plane (y=0) and b)yz-plane (x=0). The colour scale gives the magnitude of sensitivity
distribution in A/m?. [VI,VII]
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When the sensitivity distributions were analysed with the developed parameters, the
specificity of the experimental multielectrode leads was improved in comparison with the
two-electrode leads. However, it was not as good as with the theoretical multielectrode
leads [VI]. The average number of electrodes in the eight experimental multielectrode
leads that were studied was 114. When 102 electrodes were uniformly distributed on the
scalp surface the ROISR was 1.00 and nonROIsd 0.93 %, whereas in the experimental
multielectrode leads, the ROISR was on average 0.953 and the nonROIsd 30.1 %.

5.24 Improvement in SNR in a simulation study

The simulation results obtained on the improvement of SNR corresponded to the results
obtained by studying the specificity of different leads [VI]. Simulation studies were
conducted both with two-electrode leads and with multielectrode leads. As expected,
with two-electrode leads the highest SNR was obtained when the electrode distance was
180°.

In theoretical multielectrode leads the SNR was dependant on the number of electrodes.
This was anticipated because the noise was modelled with GWN. When the SNR
improvement obtained with temporal averaging is compared to SNR improvement
obtained through spatial averaging, it is seen that the latter is smaller than proportional
to the square root of the number of unipolar leads.

The ROISR analysis showed that the theoretical multielectrode leads are more specific to
deep sources than the experimental multielectrode leads. It could be assumed on the
basis of the ROISR analysis that better SNR improvement would be obtained with
theoretical rather than with experimental multielectrode leads with approximately the
same number of electrodes. The results of the simulation study show that the SNR
obtained with the theoretical multielectrode lead consisting of 102 electrodes was 1.6
times better that obtained with the experimental lead consisting on average of 114
electrodes [VI].

5.2.5 Experimental evaluation of multielectrode EEG leads

Experimental BAEP measurements conducted with a 124-channel EEG cap confirmed the
improvement in SNR obtained with multielectrode EEG leads [VII]. SNRs were evaluated
separately for two time intervals. The first interval included the BAEP peaks I-V. During
this time interval the activation proceeds from the eighth cranial nerve through the
medulla and pons up to inferior colliculus in the midbrain (Scherg and von Cramon 1985;
Nuwer et al. 1994; Chiappa and Hill 1997; Celesia and Brigell 2005). The orientation of the
signal source also changes during this time interval from horizontal to vertical (Scherg and
von Cramon 1985). The second studied time interval included the peaks IV-V, during
which the source orientation is almost vertical (Scherg and von Cramon 1985). The SNRs
were calculated for traditional BAEP channels Cz-Ai and Cz-Ac. In some cases the Cz
referred to a neck electrode gave higher SNR than either of the traditional leads (Nuwer
et al. 1994).
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During peaks I-V, the SNR obtained with a multielectrode lead was 1.4 — 1.9 times greater
than that of either of the traditional BAEP leads. The average SNR improvement was 1.6.
During peaks IV-V, the SNR obtained with a multielectrode lead was 1.2 — 1.6 times
greater than that of any of the bipolar BAEP leads studied. The average SNR improvement
was 1.5 [VII].

For the comparison of the experimental data and the simulation data, the SNR of the
traditional BAEP lead Cz - Ai was compared to the SNR of the multielectrode lead during
the peaks IV-V. In the case of the experimental data, the SNR obtained with a
multielectrode lead was on average 1.7 (£0.24) times greater than that of a bipolar lead.
In the simulation study conducted with the same leads, the SNR of multielectrode leads
was on average 2.3 (+ 0.16) times greater than that of bipolar lead. [VI]
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6 DISCUSSION

6.1 Multichannel EEG

The purpose of this thesis is to investigate how multichannel EEG can be applied to
improve the accuracy of EEG measurements. This question was addressed using two
different approaches. The first approach investigated how the increase in the number of
measurement electrodes improves the spatial resolution of the cortical potential
distribution. The second approach sought to improve the signal quality of the other
extreme of EEG sources; the deep sources located in the brainstem.

The results on the improvement of the spatial resolution of inverse cortical potential
distribution show that with current knowledge of relative skull resistivity, the increase of
measurement electrodes up to 256 increases the spatial information content of the
inverse cortical potential distribution that can be solved from the scalp potential data.

When considering the registration accuracy of the signals generated by the deep EEG
sources, the first step is to synthesize a more specific sensitivity distribution than that of
traditional two-electrode leads. Application of a high number of electrodes in a
multielectrode lead enables the synthesis of more specific sensitivity distributions for
deep sources. A major advantage of applying multichannel EEG is the possibility to easily
orientate the sensitivity distribution parallel to the source orientation. When recording
EEG with a multielectrode lead, the spatial averaging that results from the application of a
high number of measurement electrodes further improves the SNR of the signals
generated by deep EEG sources.

6.2 Spatial resolution of cortical potential distribution

6.2.1 Measurement noise

Measurement noise was one of the factors whose effect on the spatial resolution of the
cortical potential distribution was studied. The amount of the measurement noise has a
substantial effect on the accuracy of the inverse solution. Because the inverse problem is
highly ill-conditioned, especially when a large number of electrodes are used, the effect of
noise needs to be carefully considered (Michel et al. 2004). All of the systems studied in [l
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- ] were highly ill-conditioned; the larger the number of electrodes and the higher the
relative skull resistivity is, the more ill-conditioned the inverse problem is.

Typical relative noise levels were approximated by investigating the amplitudes of EEG
signals and noise signals [, ll]. It is impossible to completely suppress the noise because
there always exists at least the noise components resulting from electrode noise and
instrumentation noise. With electrically shielded rooms, the effect of environmental noise
can be reduced to a minimum and by instructing the patient, the effect of other biological
noise components can also be greatly reduced.

The results showed that the measurement noise can be reduced to a level of 1 — 4 uVp.
These values agree with the reported values for electrode interface noise (Fernandez and
Pallas-Areny 2000; Huigen et al. 2002) and instrumentation noise (Kamp et al. 2005). The
measurements were conducted in an unshielded laboratory, and thus these levels should
be achievable in most measurement environments. The relative noise level is also clearly
dependent on the amplitude of the EEG signal. With the above noise estimates and
average EEG amplitude of spontaneous activity, the relative noise levels vary between
0.03 and 0.1.

The effect of measurement noise has only been reported in a few studies concerning
inversely solved cortical potential distributions (Wang and He 1998; He et al. 1999). In
both of these studies the benefits obtained with a higher number of measurement
electrodes were greater than in the present thesis. In both of these studies the head was
modelled as a three-layer spherical model with a relative skull resistivity of 80. Wang and
He (1998) studied relative noise levels of 5 % and 10 %. The higher number of electrodes
provided better accuracy regardless of the amount of noise. The application of 301
electrodes resulted in slightly higher accuracy than the 128 electrode system, though the
difference was insignificant. He et al. (1999) studied relative noise level of 5 % and the
accuracy they obtained with 310 electrodes was clearly better than that obtained with
128 electrodes.

Based on the results of this thesis, the relative noise level would need to be below 0.69 %
for the 256 electrode system to give better spatial resolution than the 128 electrode
system. This value is much lower than the actual noise levels in spontaneous EEG
recordings. The major difference between other studies and the present is that here no
sources were simulated, but the accuracy of the inverse solution was evaluated solely on
the basis of the properties of the forward transfer matrix. Wang and He (1998) and He et
al. (1999), for example, modelled the source distribution by placing two dipolar sources
within the brain.

6.2.2 Relative skull resistivity

A wide variety of the skull resistivity values have been reported in the literature, and
numerous resistivity ratios have been suggested between the different tissues in the head
models. The earliest resistivity ratio 1:80:1, suggested by Rush and Driscoll (1968) can be
fairly discarded because it resulted from estimations made with a post mortem skull
sample. However, it does provide an indication for a value to be applied in three-layer
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spherical head models because Rush and Driscoll optimized this value between the
realistically shaped tank model and an analytical three-layer spherical head model. If
more recent information regarding the ratio between live and post mortem skull samples
is considered, the Rush and Driscoll estimate of the relative skull resistivity could be
updated to be between 27 and 40.

The newer estimates for the relative skull resistivity in three-layer spherical head models
have varied between 25 and 72 (Goncalves et al. 2003a; Lai et al. 2005), and in
realistically shaped three-layer models between 15 and 50 (Oostendorp et al. 2000;
Goncalves et al. 2003b; Zhang et al. 2006b). The relative skull resistivity values suggested
on the basis of the measurements of skull samples indicate values between 8 and 18
(Oostendorp et al. 2000; Akhtari et al. 2002; Hoekema et al. 2003). Nunez and Srinivasan
(2006) reported that in three-layer models a higher value for skull resistivity should be
applied than in four-layer models. If this result is kept in mind while examining the
reported skull resistivity values, it could be approximated that the relative skull resistivity
in three-layer spherical head models is at minimum between 15 and 30. It should also be
noted that relative skull resistivity increases with age and that there are also
interindividual variations.

6.2.3 Electrode density

An essential question is how many electrodes should be applied on the surface of the
scalp to improve the spatial resolution of EEG. Many different factors affect to the
appropriate number of electrodes, the most important being the amount of
measurement noise. Thus, for different EEG measurements conducted in different
environments, the appropriate number of electrodes may vary considerably. Clearly in
any measurement such noise levels are obtainable, that justify using at least 64
measurement electrodes to improve the spatial resolution. In this thesis it was estimated
that while measuring spontaneous activity, noise levels of 3 % are achievable. This would
suggest than if the relative skull resistivity is 15, then 256 electrodes still improve the
spatial resolution. If, on the other hand, the relative skull resistivity is closer to 30, then
128 electrodes would be sufficient.

The estimates on the relative noise levels in this thesis were calculated on the basis of
spontaneous EEG data. When the purpose is to solve the cortical potential distribution of
evoked potentials, averaging of several epochs can be applied to improve the SNR and
thus to lower the noise level. Even though the amplitudes of evoked potentials are
typically lower than those of spontaneous activity, lower noise levels might be achievable
in evoked potential measurements than in spontaneous measurements. Babiloni et al.
(1997b) have reported noise levels below 5 % in EP measurements when special attention
was paid to lowering the noise components in the measurement. The introduction of
active electrodes to EEG measurements might further reduce the noise levels. If 1% noise
levels are possible to obtain by averaging, then the application of even 512 or 256
electrodes would result in improved accuracy of the cortical potential distribution in the
case of 15 and 30 relative skull resistivity, respectively.
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6.2.4 TSVD in defining spatial resolution

The TSVD-based method applied in this thesis is a convenient method to study the effect
of measurement noise on the accuracy of the inverse solution. An important property of
the method is that only a forward transfer matrix of the source-field relationship is
needed. The method gives a rough estimate of the number of basis vectors that can be
reconstructed, but the benefit is that the results are not confined to certain source
distribution patterns.

Naturally the complexity of the cortical potential distribution affects the amount of
regularization needed. For example, the cortical potential distributions generated by deep
sources have low spatial frequency, and thus more regularization can be applied without
reducing the spatial resolution (Wang and He 1998). The reason for this is that the source

basis vectors v; tend to have more sign changes with growing index i, and thus the
truncation of small singular values does not affect low spatial frequencies (Hansen 1998).
When the purpose is to estimate the maximal spatial resolution, the most complex
potential distribution patterns requiring the highest amount of regularization should be
considered.

The TSVD has also been applied by Wang and He (1998) and Babiloni et al. (1997b) as a
regularization method in CIT studies. In both of these studies simulations were
conducted, and thus the “true” solution of the cortical potential distribution was available
for comparison. Babiloni et al. (1997b) concluded that an amount of 5 % or 10 % noise did
not affect the regularization parameter, but it still reduced the correspondence between
predicted and simulated potentials. Wang and He (1998) evaluated the optimal value of
“noise ratio” for simulated data to which a different amount of measurement noise was
added. Their definition of noise ratio is the same as the definition of noise level in
Equation (3.9). They evaluated the optimal value of the noise ratio for dipolar sources
with different eccentricity. Of interest are the results for the most superficial sources.
Their results showed that for superficial sources, the optimal noise ratio is lower than the
noise level of the data. Thus their results suggest that more basis vectors could be
reconstructed than calculated on the basis of Equation (3.9) of this thesis. Thus in the
future studies it would be interesting to investigate cortical potential distribution with
different spatial frequency spectra in order to evaluate the accuracy of Equation (3.9).

6.2.5 Accuracy of the applied models

In the present thesis a three-layer spherical head model was applied as a volume
conductor model. The largest modelling errors in spherical head models concern the skull.
As can be seen from Figure 3.4, the centre of a three-layer spherical head model can be
so adjusted that it represents an actual anatomical region. A spherical head model was
selected because the purpose was to evaluate the effect of measurement noise and
relative skull resistivity on the accuracy of the cortical potential distribution. Thus a model
was selected that is not bound to any particular head geometry. In future studies, for
example, realistically shaped generic head models could be applied to adjust the
estimates of the spatial resolution of high-resolution EEG (Darvas et al. 2006).
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6.3 Improved signal quality of deep EEG sources

6.3.1 Specificity of EEG leads

The ROISR parameter introduced here provides a convenient way to estimate the relative
sensitivity of different leads to sources in predefined areas through modelling. The
correlation between the ROISR and SNR of two-electrode leads was studied in a
preliminary experimental test and it was shown that for superficial sources a high
correlation exists. In the simulation study and in experimental evaluation of the
multielectrode leads, both the SNRs and ROISRs were calculated for bipolar and
multielectrode leads. The improvement in SNR was markedly higher than could have been
anticipated on the basis of the ROISR values alone. Thus it was concluded that spatial
averaging of the noise also occurs when several electrodes are applied in the
synthesisation of a multielectrode lead. Spatial averaging is not only a property of
multielectrode leads, but can also be applied in other multichannel measurements to
improve the SNR as described in section 3.1.5.

With the ROISR parameter introduced here, the optimal electrode distance in a two-
electrode lead for sources located at different depths was also evaluated [VI]. It could be
questioned whether all of these different depths have practical relevance. A large
population of neurons needs to be active synchronously for a potential difference to be
measurable on the surface of the scalp. Moreover, the organization of the neurons needs
to be such, that the magnitude of the dipole moment is increased through superposition.
Although the structure of the cerebral cortex varies from region to region (Crossman and
Neary 2000), it generally has an organization that can generate measurable potentials.
Because of the folded structure of the cerebral cortex, some cortical generators lie
relatively far from the scalp surface. Especially the large fissures, such as the great
longitudinal fissure and the Sylvian fissure, extend fairly deep. For example, the primary
auditory cortex is located in the Sylvian fissure and the somatosensory and motor areas
represented by the lower limbs are located on the medial surfaces of the hemispheres,
deep in the great longitudinal fissure above the corpus callosum (Crossman and Neary
2000). Brainstem-evoked potentials can be measured from the surface of the scalp, and
as illustrated in Figure 3.4, the brainstem and midbrain are located close to the centre of
a three-layer spherical head model. In future studies the effect of the realistic shape of
the head model should be evaluated when studying these deeper source locations.

6.3.2 Spatial averaging in multielectrode EEG leads

In the multielectrode lead analysis, GWN was added to the signals measured from the
surface of the scalp. This noise signal was used to model all the noise components of
biological and technical origin. As was shown, for example, by Srinivasan et al. (2007),
even the uncorrelated background EEG measured from moderately separated surface
electrodes is correlated because of the volume conductor effects. In the frequency band
which is used to measure brainstem evoked potentials, the background EEG might be
uncorrelated. However, because of the shown volume conductor effects, the spatial
averaging in real measurements is not as efficient as in the conducted simulation.
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How the increase in the electrode number affects the SNR of multielectrode leads has not
so far been evaluated here. Thus in future studies, the effect of spatial averaging should
be studied as a function of the electrode distance in order to determine the appropriate
number of electrodes to be included in the multielectrode lead. Even though the
correlation of background EEG reduces the effect of spatial averaging as the number of
electrodes is increased, there are still benefits in applying a large number of electrodes,
preferably distributed as broadly over the scalp surface as possible. The advantage is due
to the fact that the measurement sensitivity is easier to orientate in order to be parallel
to the source dipole. This is a natural goal in any EEG measurement because it maximizes
the signal amplitude.

6.3.3 Feasibility of multielectrode EEG leads

A present drawback of multielectrode leads is the long application time needed to
prepare the electrode contacts. This time is considerably more than that saved with
shorter recording time. New technologies, such as active electrodes, will be applied in the
future to overcome this drawback. Active electrodes have been studied for forty years,
and recently new active electrodes have been developed with a reasonable price and
good construction (Metting van Rijn et al. 1996; Ko 1998; Degen and Jackel 2006). The
main advantage of active electrodes is that they can be applied without conductive paste
and abrasive skin preparation, which will shorten the electrode preparation time
considerably (Ko 1998). An active electrode has high input impedance in gigaohms and
low output impedance. Thus mismatches between electrode impedances are tolerated
better with active rather than passive electrodes and the amount of interference coupled
through electrode leads is also reduced (Ko 1998). In addition, new active electrode EEG
caps, where the electrodes cover the scalp surface as comprehensively as possible, should
be constructed to further develop the multielectrode lead method.

Even if the measurements are conducted with passive electrodes, a major advantage of
multielectrode leads is the shorter measurement time. Fewer epochs are needed for the
average to obtain a satisfactory SNR. This reduced the effects of changes in the response
signal when the number of stimuli is decreased. Such changes might arise because of
fatigue, learning habituation or changes in the level of alertness of the subject.

6.3.4 Comparison to other SNR improvement methods

A large variety of other methods have been developed to improve the SNR of evoked
potential measurement (S6rnmo and Laguna 2005). Some of these methods are applied
to signals measured with a single bipolar channel. The multielectrode lead method
produces as an output a single channel measurement. Thus the other methods for
improving the SNR of single channel measurements can be applied in addition to the
multielectrode lead method to further improve the SNR. These methods include, for
example, median averaging (Ozdamar and Kalayci 1999), weighted averaging (Davila and
Mobin 1992), Bayesian weighted averaging (Don and Elberling 1994) trimmed estimators
(Leonowicz et al. 2005) and sorted averaging (Mihler and von Specht 1999). The basic
idea in all these methods is that in actual EEG measurements the noise across sweeps is
not stationary. In the case of non-stationary noise, all these methods have been shown to
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increase the SNR compared to traditional averaging. The amount of noise can be
increased, for example, by muscular activity or by changes in the subject’s state of
relaxation (Mihler and von Specht 1999). In addition wavelet-based denoising methods
have been introduced that are applied to signals measured from a single channel
(Causevic et al. 2005).

For example, in Neuroscan software there exists a so-called Fsp Average, introduced by
Elberling and Don (Elberling and Don 1984; Don and Elberling 1994). This average is
especially designed for BAEP measurements. In the Fsp Average a single-point F-statistic
is applied in order to evaluate the quality of the measured signal and the Bayesian
weighted averaging is applied to calculate the average. The application of a
multielectrode lead does not prevent the application of the Fsp average, but it can be
applied in addition to the multielectrode lead to further improve the quality of the
measurement.

6.3.5 Comparison to beamformers

The other set of SNR improvement methods are based on the application of the data
measured from a number of channels. The best known of these methods are spatial
filtering methods called beamformers (Van Veen et al. 1997; Ward et al. 1999). The
criterion of an optimal spatial filter is similar to the goal of the present multielectrode
lead method. To completely suppress the noise generated within the brain, the
magnitude of the sensitivity distribution should be zero outside the source location. As
shown by the reciprocity theorem, this criterion cannot be achieved for deep EEG
sources. The multielectrode lead Equation (4.3) is the same as the output equation of the
beamformers (Van Veen et al. 1997), but the method of choosing the weights is different.
In beamformer methods lead vectors are also calculated, but the selection of the spatial
filter weights is made only on the basis of the lead vector at the target region and the
covariance matrix of the measured signals. Optimally the beamformer output is an
estimate of equivalent dipole moment of the dipole at the target location.

Ward et al. (1999), using both simulated and realistic data, investigated how the LCMV
beamformer can be applied to enhance deep epileptiform data. They applied a three-
layer spherical head model with a relative skull resistivity of 80. In their simulations they
studied, for example, the effect of the number of measurement electrodes and
eccentricity of the source on the SNR improvement obtained with the beamformer. Their
basic assumption for the deep source was such, that its normalized eccentricity was 0.5.
The increase in the electrode number from 4 to 16 was shown to improve the
performance of the beamformer. Additionally, the different source eccentricities within
the brain were studied, and it was observed that greater improvements were obtained
for sources located closer to the surface of the brain.

Application of a beamformer to enhance EEG activity requires prior information on the
source location. Ward et al. (1999) also evaluated the sensitivity of the beamformer to
the inaccuracies in the assumed depth of the source. Their results show, that for deep
sources with normalised eccentricity less than 0.3, the beamfomer is sensitive to the
estimate of the depth of the source. The misspecification of the source location in the
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beamformer optimization might even reduce the SNR of the output signal. This is an
obvious drawback of the beamformer methods compared to the multielectrode lead
method presented here. When the sensitivity distribution is uniform, as in the
multielectrode lead method presented here, the lead is equally sensitive to sources
located at different depths. Thus a misspecification of the deep source location does not
affect the results obtained with the multielectrode lead method. In the clinical evaluation
Ward et al. (1999) evaluated the increase in the SNR, when the beamformer output was
projected on the surface of the scalp. The locations of the epileptic foci were not given in
the paper, but presumably they were located more superficially than the deep brainstem
sources. In addition, SNR of the original signal was relatively high. Their results showed an
SNR improvement of 100 %.

It can be concluded that the beamformer methods offer an alternative to the lead field-
based multielectrode lead method. The multielectrode lead method can also be
considered as a spatial filtering method. A great benefit of the multielectrode lead
method is its simplicity. The multielectrode lead method is also more illustrative, since
the best reachable sensitivity distribution in magnitude and direction for deep sources
can be visualized. In addition, the weights can be defined prior to carrying out the EEG
measurement. Because of the uniform sensitivity distribution of multielectrode leads,
they result in the optimal improvement for deep EEG sources, when the noise sources are
uniformly distributed within the brain.

In the future studies a more extensive comparison should be performed between the
beamformer and multielectrode lead methods for the sources located in the brainstem.
The performance of the beamformer method for extremely noisy signals, such as BAEPs,
should also be evaluated. An integration of these two methods might provide the most
optimal improvement, at least in cases where the noise sources are nonuniformly
distributed.

6.3.6 Future development of multielectrode leads

The results of the experimental study showed that with a multielectrode lead consisting
on average of 114 electrodes, it is sufficient to average 45 % of the epochs that are
needed with the best possible bipolar lead. The results of the theoretical study show that
further improvements can be obtained by placing the electrodes more extensively over
the scalp surface.

The lead field theoretical basis of the multielectrode lead method will allow further
development of the method for those sources located at different depths. If the purpose
is to measure responses generated by a single dipolar source, which changes its location
and orientation during the studied time course, the orientation of a single multielectrode
lead can be changed as a function of time. This ensures that the sensitivity distribution at
each time instant is parallel to the source orientation. The prerequisite for this approach
is that there is prior information on the source location and orientation. With the
multielectrode lead approach it would also be possible to measure multiple simultaneous
sources. Such a situation arises, for example, when measuring later responses of evoked
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potentials that have subcortical generators in both hemispheres. In this case a separate
multielectrode lead could be optimized for each dipolar source.

The above two extensions of the multielectrode lead method will require further
development of the technique. Firstly, the present approach to synthesize the uniform
sensitivity distribution is optimal only for the deepest sources. Thus numerical
optimization methods need to be studied to broaden the lead field optimization for other
than deep sources. The central point to be recognised is that the optimal sensitivity
distribution is always concentrated at the source location and the orientation of the
sensitivity distribution is parallel to the source orientation. One obvious possibility would
be to form three orthogonal multielectrode leads from the same set of unipolar channels
simultaneously, as has also been suggested for beamformers (Ward et al. 1999).

A great concern, when considering the deep sources and the synthesisation of optimal
sensitivity distributions, is the effect of the head model applied. The deep structures of
the head, including, for example, the ventricles around the brain stem have a particularly
clear effect on the lead field patterns. These should be investigated further when
developing the multielectrode lead method.
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7 CONCLUSIONS

The purpose of this series of studies is to investigate how the application of
multichannel EEG leads can improve the registration accuracy of the electric fields in the
brain when measured from the surface of the scalp. Two different applications of
multichannel EEG were investigated. The main conclusions of this series of studies are as
follows:

®= |n multichannel EEG measurements the noise is a major factor limiting the
accuracy of the inverse cortical potential distribution. The effect of noise needs to
be carefully considered because the inverse problem is highly ill-conditioned.

= The spatial resolution of sparse electrode systems (21 — 64 electrodes) is mostly
limited by the small amount of electrodes. The noise has only a minor impact on
the spatial resolution.

=  The spatial resolution of dense EEG systems (128 — 512 electrodes) is extremely
sensitive to measurement noise. The advantage of dense electrode systems over
the sparse ones is diminished as the amount of noise increases.

= The relative skull resistivity used in the calculations has a prominent effect on the
accuracy of the cortical potential distribution. With the old standard value of 80,
the application of 64 electrodes is shown to be sufficient in obtaining the best
possible spatial resolution. The relative skull resistivity has been shown to be
much lower. With realistic estimates of 15 and 30 and with the relative noise level
of 3 %, the application of at least 256 or 128 electrodes, respectively, improves
the accuracy of inverse cortical potential distribution.

= The ROISR parameter, which defines the specificity of the sensitivity distribution,
is a practical tool to design both two-electrode and multielectrode measurement
set-ups. The ROISR has a high correlation with the SNR.

= Multielectrode EEG leads improve the SNR of signals generated by deep
brainstem sources. In an optimal multielectrode lead, the sensitivity distribution
is uniform within the brain volume and it is oriented parallel to the source
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orientation. When a large number of electrodes are applied in the synthesis of a
multielectrode lead, the sensitivity distribution is easy to orientate so that it is
parallel to the source orientation.

In a multielectrode lead both the more specific sensitivity distribution and the
spatial averaging of noise improve the SNR compared to bipolar leads.

With a multielectrode EEG lead it is possible to reduce the number of recorded
epochs at least to one half compared to the bipolar leads.
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