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ABSTRACT

The electroencephalography (EEG) measured from the scalp provides a non-
invasive method of investigating brain function with temporal resolution on a scale
of milliseconds. It is difficult, however, to draw conclusions as to the precise
location of the underlying sources based only on the set of two-dimensional
potential graphs, especially as the signals are smeared due to volume conduction
effects between source and electrode locations. There exists methods to enhance the
spatial resolution of EEG.

In this study the EEG inverse solution, i.e. specifying the equivalent cuffent
dipole parameters, was based on application of the reciprocity theorem and lead
field theory to determine the forward solution, i.e. calculating the electric field
attributable to known sources in a realistic conductivity model of the head.

Realistically shaped volume conductor data was applied in modeling the electric
fields in the head. The software implemented for the forward solution and
calculation of the lead fields was validated. Two inverse algorithms for single
equivalent dipole localization were tested using simulated potential data. The
effects oftissue resistivities on both the accuracy ofdipole localization and the lead
fields were studied. Especially, it was found that correct skull resistivity value is
needed for accurate dipole localization. The dipole localization accuracy was
similar for the 10-20 and 10-10 electrode systems in noiseless simulations, but at
the presence of noise the latter performed better.

The results obtained would appear to advocate application of the method to
clinically obtained EEG data. An individual realistic head model can be constructed
to calculate the electric volume conduction in the tissues of the head, and with
correct resistivity data it is possible to study normal brain function and to assist the
diagnosis of various dysfunctions.
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INTRODUCTION

The electric activity of the central nervous system recorded from the scalp
surface provides a non-invasive means of gathering information on brain function
or dysfunction. The electroencephalogram (EEG) can be either spontaneous brain
activity or evoked potentials (EP) induced by sensory stimuli. The temporal
resolution of EEG is on a scale of milliseconds. EEG and EP recordings are routine
clinical examinations in neurophysiology laboratories.

During the last few years EEG machines have evolved into digital devices with
increasing numbers of recording channels available [Blum, 1998]. The
interpretation of EEG data has become an ever more delicate art. Digitally obtained
data can be post-processed by a variety of methods including several signal
processing [Bronzino, 1995] and source modeling approaches [Nunez, 1990; Koles,
19981.

The EEG is recorded at a limited number of scalp locations (typically 20 to 60
electrodes are used) and the signals are blurred by the volume conduction effects
between source and electrode locations. It is thus difficult to draw conclusions as to
the accurate properties of the underlying sources which generate the potentials
measured.

Poor spatial resolution of scalp-recorded EEG graphs can be enhanced. One
approach to this problem is called source imaging, in which the smearing effect of
the relatively low-conductivity skull layer is taken into account and the potentials
are computed for example on the cortex. Several research groups have tackled the
EEG inverse problem using a second approach, namely source localization, i.e.
determining the electric source(s) behind the recorded EEG when the volume
conductor properties are assumed to be known.
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The forward solution, i.e. the solution to known sources in the defined volume
conductor model (Figure 1), is usually needed to obtain the inverse solution. There
are two approaches to the forward problem set-up: either the current sources are
located inside the volume conductor model or they are set at the surface electrode
locations (reciprocal approach). The former approach results in e.g. a potential
distribution due to known current source(s), whereas the latter yields e.g. a
reciprocally obtained lead field independent of any actual EEG source(s)
[Malmivuo and Plonsey, 1995].
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Figure 1. Definition of EEG forward and inverse problems. The forward solution can be
calculated if the source and volume conductor are known. The inverse solution is derived
from the known surface potentials using appropriate volume conductor model.

The EEG is dominantly generated by the cells in the gray matter layer
[Niedermeyer, L996], i.e. on the cortex, where the nerve cell bodies lie. Two equal,
opposite polarity charges separated by a small distance comprise the electric dipole.
A set of adjacent dipoles constitute a dipole layer. The dipole and dipole layer can
be considered appropriate theoretical source models describing a large variety of
EEG phenomena [Nunez and Katznelson, 1981]. The equivalent current dipole
(ECD) consists of a sum of currents in single cells and is located at the center of the
mass of the region in question [De Munck et al., 1988]. The current generated by
the dipole(s) spreads in the volume conductor, which comprises the tissue
compartments of the head, giving rise to the potentials measured e.g. on the scalp.
On the other hand, the dipole model is a crude simplification of the generators of
EEG activity and as such provides only a restricted view for EEG analysis
[Niedermeyer, 1996]. Results obtained by dipole localization methods should
therefore be interpreted with caution.

Selection of the properties of the volume conductor model is of importance in
EEG modeling. These properties include the geometry and the characteristics (e.g.
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resistivity values) of the tissues to be used in the volume conductor model. The
selected level of complexity affects the choice of numerical calculation method,
which in turn determines the time and computing power needed for the
computations [Johnson, 1995]. Unfortunately, this correlation is such that more
detailed and realistic models require greater computer capacity, and taking account
e.g. of individual geometry means that more time is needed in the modeling
procedure.

Geometrical details for volume conductor models can be obtained using modern
anatomic imaging techniques such as magnetic resonance imaging (MRI) or
computed tomography (CT). In MRI the contrast between the soft tissues is
excellent in Tl-weighted images, but for example the border between skull and
cerebrospinal fluid (CSF) is not visible. In CT the bone structures are well
visualized, but soft tissues cannot be separated. A combination of the two methods
might yield accurate anatomic information at the cost of extra effort expended on
co-registration of images using specific image fusion techniques. On the other hand,
the radiation dose entailed in whole-head CT scanning constitutes a limiting factor
for the extensive use of CT images.

The spontaneous EEG reflects various conditions of the brain. Epilepsy, brain
tumors, mental retardation and infectious diseases, among others, affect the shape,
magnitude and frequency of the measured potential fields [Nunez and Katznelson,
1981], but also the normal components of the EEG, e.g. waves at different
frequencies and spikes, are of interest to brain researchers. Evoked potentials are
used in clinical routine as a tool for studying sensory pathways. Visual evoked
potentials (VEP) [Celesia, 1993), median nerve somatosensory potentials (SEP),
and brain-stem auditory potentials (BAEP) are the evoked potentials most
frequently used in neurology in the investigation of sensory abnormalities and to
monitor changes in a patient's status [Nuwer, 1998]. Averaging of evoked signals is
usually needed to enhance the signal from the spontaneous background EEG
[Bronzino, 1995].

There are also other means of imaging brain activity. The electric activity of the
brain induces, in addition to an electric field, also a magnetic field, which can be
detected above the scalp using special instrumentation. The corresponding signal is
the magnetoencephalogram (MEG), measured for the first time by David Cohen
(1968) about 40 years later than the frst EEG (Hans Berger, 1924). Source
localization based on either EEG or MEG recording has given rise to controversy,
and the merits and drawbacks of the methods have been discussed, praised and
enhanced during the past years [Cohen et al., 1990; Ioannides, 1991; Mosher et al.,
1993; Wikswo et al., 1993; Malmivuo et al., 1997; Phillips et a1.,1997; Fuchs et al.,
1998b; Leahy et al., 1998; van den Broek et al., 19981. Funcrional magnetic
resonance imaging (fMRI), positron emission tomography (PET) and single photon
emission computed tomography (SPECT) provide information on the metabolism
and neuropharmacology of the brain [Shin, 2000]. The time resolution in these
functional imaging methods is typically given in seconds [Scherg, 1992; Shin,
20001. This results in temporal summation of millisecond phenomena and hence
spatial uncertainty in the images [Simpson et al., 1995]. However, complementary
data for EEG or MEG can be obtained to determine e.g. the number or approximate
location of active sources and can be integrated into source modeling methods.
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Commercial software packages are available for calculating bioelectric fields
and EEG inverse solutions. However, they involve restrictions in terms of either
geometrical details, computational methods applied for rapid operation or the
possibility to apply and develop new software components.

L.L Objectives of the present study

This present work consists of an implementation of various modeling
components for EEG source localization. The procedure adopted for the EEG single
equivalent dipole inverse solution applying realistic conductivity model for the head
is presented. The inverse solution is based on use of the reciprocity theorem and
lead field theory in determining the forward solution. The effects of various
parameters on the accuracy of the dipole localization were studied using simulated
potential data.

In detail the objectives of the study were
1. to apply individual anatomic data in the estimation of the electric fields

in the head
2. to validate the finite difference method for the electric head model
3. to develop the software for the calculation of lead fields in the head region
4. to validate two inverse algorithms for equivalent dipole localization
5. to study the effects of tissue resistivities and EEG electrode systems

on dipole localization accuracy.
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REVIEW OF THE LITERATURE

This chapter comprises survey of the literature in the field of EEG source
modeling. Various source localization methods are considered in detail. The volume
conductor model and its properties, together with the source model, form the basis
for the field calculations (i.e. the forward solution) required for the inverse solution.
The reciprocity theorem and the concept of the reciprocal lead field are introduced,
and some applications using the above methods are reviewed.

2.l Approaches to EEG source modeling

The number of scientific articles describing different approaches to EEG inverse
problem has increased enormously during the 1990s. The methods can be roughly
divided into two categories, source imaging and source localization [Scherg, 1994].
The boundary between the groups is, however, becoming more indistinct as the
methods evolve [Kobayashi et al., 2000], and for example, the results of the source
imaging could well be used as starting values for the source localization [Gevins,
19981. In principle, the source imaging methods aim at presenting the scalp-
recorded EEG as a topographic map on either scalp or cortex, taking into account
the volume conduction effects between source and electrodes. The source
localization methods are used to determine the location, orientation and strength

5
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and possibly the temporal evolution of the source(s) behind an EEG signal
measured.

Much of the work in developing the inverse solution methods has been done in
the area of MEG source modeling [Sarvas, 1987; Cohen et al., 1990; Tan et al.,
1990; Mosher et al., l992l.In principle, the same methods can be applied to EEG
and MEG, but there are also differences between the modeling approaches, e.g. in
volume conduction effects [Cohen et al., 1990; Haueisen et a1.,1997b; Fuchs et al.,
1998b1. On the other hand, source modeling methods can be applied equally to
other bioelectromagnetic phenomena as for example in electrocardiography (ECG),
magnetocardiography (MCG), and impedance cardiography (ICG). In this thesis the
emphasis is laid on EEG source modeling.

Source imaging

In general, the source imaging methods make no assumptions as to the number
or type of the sources. Rather, the spatial details of the EEG map are enhanced in
various ways.

The simplest and oldest of these methods is the surface Laplacian derivation
used to enhance the potentials on the scalp [Hjorth,1975; Hjorth, 1991; Nunez and
Pilgreen, 19911. It is sensitive to focal fields, as the gradient ofthe potential through
the skull is estimated using adjacent recording electrodes. The method is reference-
independent. The simplest methods take no account of skull and scalp thickness or
local conductivity changes. Splines have been used for calculating the Laplacians
on spherical and ellipsoidal surfaces [Perrin eta1.,1987; Law et al., L993).In this
way it is possible to take volume conduction effects into account. The Laplacian
method has been further developed for the realistic scalp surface [Ir et al., 1994;
Babiloni et al., 19981.

Spatial deconvolution methods (named e.g. software lens, deblurring, cortical
imaging) have been devised to calculate the cortical potential distribution from the
scalp potentials. The accuracy ofthese techniques is dependent on the properties of
the head model, the number of recording electrodes and the EEG signal properties

[Nunez, 1990]. A method named software lens was presented in order to eliminate
the volume conduction distortions from the EEG of the olfactory bulb [Freeman,
19801. A spatial deblurring method using a realistic model of the head and high-
resolution EEG was introduced by Le and Gevins [Le and Gevins, 1993; Gevins et
al., 19941. The cortical potential distribution was obtained by modeling the volume
conduction in the scalp and skull and presenting the results on a three-dimensional
(3D) surface reconstruction of MR images.

The cortical imaging technique (CIT) is a mathematical solution of a harmonic
inward continuation problem using noisy boundary values [Kearfott et a1., 1991]. It
has been applied to a homogeneous spherical head model for the analysis of evoked
potentials and epileptic foci [Sidman, 1991]. Wang and He (1998) extended the
approach to a three-layer spherical model. Baillet and Garnero (1997) presented a
method for estimating the distributed dipole magnitudes based on a Bayesian
approach and applying both spatial and temporal a priori information in source
reconstruction. Babiloni et al. (1997) combined the numerical forward method and
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CIT using nearly 400 cortical dipoles as source model to describe the cortical
potential distribution in a realistically shaped volume conductor model.

Distributed source reconstructions are based on either linear or nonlinear
algorithms [Greenblatt, 1993; Gorodnitsky et al., 19951. Phillips et al., 19971, Russell
et al., 1998; Fuchs et al.,1999; Michel et a1., 19991. h general, dipole patches are
distributed on the cortical lay, the dipole strengths and orientations are determined,
and physiologically meaningful constraints and regularization parameters are
applied.

The first attempt to describe the 3D potential distribution throughout the brain
was made by Pascual-Marqui et al. (1994), using a method called low resolution
electromagnetic tomography (LoRETA) at the cost of relatively low spatial
resolution in the reconstructed images. In this respect, source imaging methods
resemble electrical impedance tomography, where the cross-sectional anatomy is
reconstructed from the impedance measurements made on the volume surface
[Barber, 1989; Vauhkonen et a1.,19991.

Source localization

Source localization methods are designed to produce exact parameters (location,
orientation, strength) for the source generating the scalp potentials. The inverse
problem is in mathematical terms ill-posed, i.e. no unique solution exists. In EEG
source localization this drawback has been overcome by incorporating temporal
and/or spatial constraints, which force the problem to converge to a plausible
solution.

The source localization procedure consists of determining the volume conductor
model (its shape and properties) and the source model, and applying mathematical
methods to find the solution which best corresponds to the potentials measured. In
general, the dipole localization methods can be divided into static and spatio-
temporal. The former assumes only the source location defined from e.g. a peak
value of an EEG spike or a trajectory of independent source locations at different
instants of time. The latter methods determine the propagation of sources taking
into account the temporal evolution of the potentials. The above topics are reviewed
in the following sections with some examples of applications.

2.2 Volume conductor model

The volume conductor model describes the shape and tissue compartments of the
head in selected detail ranging from 2-D homogeneous circular to 3-D realistically
shaped inhomogeneous models. Usually, a compromise has to be made to obtain a
sufficiently accurate but computationally feasible solution.

Spherical volume conductor models

Numerical calculations can be handled by means of analytic expressions using
the spherical volume conductor model. The sphere describes the head fairly
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accurately in some regions (vertex, occiput), but takes no account of the individual
differences in head surface geometry otherwise than in possibly adjusting the radius
of the sphere. The simplest of the spherical head models is the concentric,
homogeneous sphere [Schneider, 1972; Gatmond et al., 1983; Cuffin, 1985;
Kearfott et al., 1991; Gerson et al., 1994; Geva et al., 19951, though the low-
conductivity skull has necessitated the use of a three-layer spherical model
describing the scalp, skull and brain compartments [Rush and Driscoll, 1969;
Schneider, 1974;De Munck et al., 1988a; Salu et a1.,1990; Cuffin, 1993; Schlitt et
al., 19951. Further, a fourth layer representing the CSF between skull and brain has
also been included in the spherical model [Stok, 1987; Cuffin et al., l99l;Zhou and
van Oosterom, 1992; Mosher et al., 1993; Abboud et al., 1994; Tseng et aL., 1995;
Eshel et a1.,1995; Radich and Buckley,1995; Malmiruo et a1.,1997; Diekmann et
al.,1998:' Suihko, 1998; Krings et al., 1999). Eccentric spheres have been applied to
improve adjustability of the model [Meijs and Peters, 1987; Cuffin, l99l].

A number of attempts have been made to compensate the effects of using
homogeneous volume conductor models instead of inhomogeneous [Ary et al.,
1981; Nunez and Katznelson, 19811, and spherical instead of realistically shaped
models [Homma et al., 1995]. Another factor of importance is definition of the
thickness of the layers in the spherical model. Thicknesses have been 3-8 mm
(scalp), 4-5 mm (skull) [Rush and Driscoll, 1969; Zhang and Jewett, 1993; Eshel et
al., L995; GenEer and Williamson, 19981 and 2 mm (CSF) [Cuffin et al., l99I;
Genger and Williamson, 19981, a typical outer radius of the model being 75-100
mm [Meijs et a7., 1987; Fletcher et a7., 1995; GenEer and Williamson, 1998]. Cuffin
studied the effects of local variations in scalp and skull thickness using several
tissue thicknesses and testing the effects on moving dipole localization [Cuffin,
19931. Both simple intuitive as well as more complex effects were found, but
localization elrors were less than 1 cm. Other studies have also been conducted on
localization erors due to misspecified head geometry [He and Musha, 1989; Roth
et al., 1993; Srebro et a7., 1993; Yvert et al., 1997; Fuchs et al., 1998a;Leahy et al.,
1998; Silva et a7., 19991. The geometry of the head seemed to play an even more
important role when multiple simultaneous sources are active lZharirg and Jewett,
19931.

Realistically shaped volume conductor models

The realistically shaped volume conductor models are usually based on
anatomical images obtained by MR or CT imaging techniques. The accuracy of
such models is also dependent on the number of compartments included together
with their properties, such as tissue resistivities and other electrical properties. A
detailed review of the methods applied to segment anatomical information from the
image sets has been given by Heinonen [Heinonen, 1999).

The simplest realistic models include only the scalp surface as obtained from
either anatomical images or surface digitization [Huppertz et al., 1998]. Both 2-D
realistic inhomogeneous [Abboud et a1., 1996],3-D inhomogeneous [Hiimiiliiinen
and Sarvas, 1989; Wieringa and Peters, 1993; Gevins et al., 1994; Homma et al.,
I994;Yvert et al., 1995;Zanow and Peters, L99l'Yamaznki et a1., 1998; Ollikainen
et a1., 1999; Kobayashi et al., 20001 and realistically shaped physical models
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[Srebro et al., 19931have been applied in studying forward and inverse problems.
Van den Broek et al. (1998) have studied the effects of holes, lesions and ventricles
on source modeling. The simpler volume conductor models neglect these features,
but their influence (especially the holes in the skull) may be of importance,
depending on e.g. the actual location of the source. Huiskamp et al. (1999) pointed
out that "realistic" geometry derived from magnetic resonance images may not
represent the correct geometry for all head regions. The skull geometry may be
difficult to exffact from MR images, which are usually optimized for soft-tissue
(e.g. white and gray matter) separation.

Electrical properties of the tissues

The common assumptions adopted for volume conductor modeling of the head
are that quasistatic formulation can be used and that the tissues are isotropic
[Plonsey, 1995]. The former implies that the potential distribution changes slowly
enough for the capacitive, inductive and propagation effects to be neglected, i.e.
that it is frequency- and time-independent. The latter denotes that the resistivities
are independent of the direction of the current flow in the tissue. Stinstra and Peters
(1998) showed that capacitive effects in EEG can be neglected, but that possible
frequency dependency of the conductivity may affect the EEG. However, several
tissues in the head (cortex, white matter, scalp, blood) are anisotropic [De Munck,
19881, i.e. the conductivity differs in directions parallel and perpendicular to the
tissue fibers. Methods have been presented to calculate the potentials analytically
for anisotropic conductivity in multilayer spheroidal and spherical volume
conductor models [De Munck et al., 1988a; Zhoa and van Oosterom, 1992). Wang
and Eisenberg (1994) applied a numerical method to homogeneous and Saleheen
and Ng (1997) and Marin et al. (1998) to inhomogeneous anisotropic volume
conductor models. In practice, the anisotropy of some tissues may be difficult to
model, among other things, due to the complex geometry of the cortex [van
Oosterom, l99ll.

Using the above assumptions, considering the head tissues as piecewise
homogeneous resistive compartments and assuming linearity, basic electric
formulas such as conservation of curent, Ohm's law and the reciprocity theorem are
valid.

Tissue resistivities

The articles on head tissue resistivities most frequently referred to date back to
the 1960s [Geddes and Baker, 1967; Rush and Driscoll, 1969]. The compendium
published by Geddes and Baker consists of an extensive material measured in
different circumstances (e.g. temperature and frequency) using several different
species.

The resistivities ofthe scalp, skull and brain are required for the threeJayer head
model commonly used, while the four-layer model also includes the CSF. The
development of numerical methods for potential field calculations has allowed an
increase in the number of tissue compartments in the models. Thus e.g. gray and
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white matter, fat, muscle, veins, eyes and different skull layers have been included
in volume conductor modeling lLaw,1993; Haueisen et al, l997bl.

The conductivity ratios have been of more interest than the absolute values in
many studies, e.g. fZhang and Jewett, 1993; Fletcher et al., 1995; Van Veen et al.,
19971. Homma et al. (1994) found that a 1:1/80:1 ratio for the scalp-skull-brain
gave best results in localizing artificial dipoles, which were generated using
subdural electrodes in epileptic patients. Stok (1987) studied the influence of
several modeling parameters on ECD localization using a four-shell spherical
model. He concluded that both conductivity and shell radii changes affect the dipole
moment rather than the dipole location.

Oostendorp and Delbeke (1999) arived at a substantially lower skull resistivity
value than that suggested by Geddes and Baker (1967). Some earlier studies also
support the lower skull resistivity [Law, 1993; Gabriel et al., 1996]. Nunez (1987)
proposed a method for estimating local skull resistance when the source in the brain
and the scalp potentials are known, applying the spherical head model.

Baumann et al. (1997) studied the CSF resistivity value at body temperature in
the frequency range 0.01-10 kHz. The measured value was 0.56 f)m, which is
considerably lower than the 0.64 Om suggested by Geddes and Baker (1967), and
the commonly used value of 1.0 flm [Stok, 1987;Zhol and van Oosterom, 1992;
Abboud et al., 19941. Despite the small volume of the CSF layer, its influence on
source modeling has been shown to be significant [Haueisen et al., 1997b1.

The effects of resistivity changes have been discussed in many recent papers

[Radich and Buckley, 1995; Pohlmeier et al., 1997; Haueisen et al., 1997b; Awada
et al., 1998; Ollikainen et al., 19991. A number of authors have reviewed the
literature in order to collect the conductivities applied in the field of source
modeling [Haueisen, 1996;van den Broek, 1997; Awada et al., 1998]. Table I gives
a short summary of the isotropic tissue resistivity values.

Table I. Head tissue resistivity values used in the literature

Tissue Resistivity, (lm
Scalp
Skull
Brain

white matter
gray matter

CSF
Eye
Fat
Muscle

2.3 Source model

The source model applied in head modeling defines the assumed natue of the
EEG generators, e.g. the number of active areas and the temporal evolution of the

1.3 - 10
t4.3 - 250
2.2-3
0.84-12.5
2.r-6.3
0.56-1
2
14.3-50
1.5-23.3
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signal. The number of sources depends on the phenomena under consideration and
both single-time-point and spatio-temporal methods are used [Scherg, 1992].

The single equivalent dipole is probably the most popular source model in both
simulation studies [Stok, 1987; De Munck et al., 1988b; Homma et a1.,1994 Tseng
et a1., 1995; Yvert et al., 1996; Awada et al., 1997; Ferguson and Stroink, 1997
Haueisen et al., I997b; Leahy et al., 1998; Huiskamp et al., 1999; Khosla et a1.,

1999; Krings et a1., 19991 and clinical studies [Meijs and Peters, 1987; Lemieux and
Leduc, 1992:'Brigell et al., 1993; Gerson et al., 1994;Lantz et a1.,1996; Diekmann
et al., 1998; Yamazaki et al., 1998; Mosher et al., I999b; Kobayashi et al., 20001. It
is a simplified approximation to a spatially distributed set of active cells generating
the EEG signal. The moving dipole approach [Gulrajani et al., 1984;' Cuffin, 1985;
Fuchs et a1., 1998b; Krings et al., 19991allows the dipole location, amplitude and
orientation to be adjusted during the fitting procedure. The multipole is an extension
of the dipole, which includes higher-order components.

The spatio-temporal dipole model [Scherg and Von Cramon, 1986] takes into
account the propagation of the potentials over time in defining the source location
by decomposing the signals into basic waveforms. The multiple dipole approach
[Achim et al., 1991; Scherg, L992; Mosher et a1., 1993; Scherg et al., 1999] is
designed to separate multiple sources with overlapping EEG activity. The model
assumes several dipole locations and the dipoles to be active at different times.
Wang et al. (1999) applied corlmon spatial subspace decomposition (CSSD) to
extract EEG components specific to multiple stimuli conditions, e.g. evoked
potentials from the background EEG, according to their spatial patterns.

There are also other source models for signals of bioelectric origin [Malmivuo
and Plonsey, 1995f, but so far with few applications in EEG forward and inverse
problems.

2.4 E,E,G electrode locations

In EEG, the activity of the brain is measured as the potential difference between
two surface electrodes. The term "potential" is used throughout this thesis to refer to
the potential difference. The electrodes are usually set according to the standard
systems, either the standard 10-20 electrode system (devices with less than 32 EEG
channels) [Jasper, 1958] or the 10-10 electrode system (typically 64EFG channels)
[Sharbrough et al., 1991] (Figure 2). In modern systems the electrodes are attached
to a cap or connected via rubber bands, which allows their rapid arrangement by
stretching the cap to fit individual geometry.

The standard electrode positions can be determined from the 3D MR image set
by marking the inion, nasion and preauricular points and dividing the lines
connecting these points according to the 10-20 or 10-10 electrode system [Hayashi
et al., 1995; Heinonen et al., 19991, Kobayashi et al., 20001. ff a spherical head
model is used, these scalp positions have to be projected to the sphere. De Munck et
al. (1991) presented a method for determining the best fitting sphere for the
measured electrode positions.
The method based on approximating the electrode coordinates can lead to
differences from the actual locations in realistic models due to incorrectly
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positioned electrodes or systematic errors in calculating the positions. There are

therefore systems for determining the electrode coordinates using e.g. digitization
[Gevins et al., 19941' Wang et al., 1994; Simpson et al., 1995; Khosla et al., 1999] or
marking techniques [Cohen et al., 1990; Buchner et a1.,1997; Fuchs et al., 1998b]
which correlate the anatomical images and the true electrode positions.

Figure 2. The electrode positions and naming of the intemational 10-20 electrode system
(double circles) and 10-10 electrode system (single and double circles). T7 is called T3 in
the standard 10-20 electrode system, T8 is T4, P7 is T5, and P8 is T6, respectively. The
outmost twelve electrodes of the 10-10 electrode system are not shown.

2.5 Calculation of the forward solution

The forward solution consists of determining e.g. the potential distribution
attributable to known sources in the defined volume conductor model. The sources
can be e.g. cuffent dipoles generating the surface potentials (Figure 1), or the
current can be fed into the volume conductor model through the surface electrodes
in order to determine the reciprocal lead field (Section 2.7). The mathematical
formulation for bioelectric forward problems can be derived from the Poisson
equation for electric conduction [Johnson, 1995]. The forward solution can be used
for theoretical studies [Yan et al.,l99l; Nathan et al., 1993; Malmivuo et al., 19971,
and is usually required for the source localization [Mosher et al., 1999b]. Many of
the source imaging methods also use forward solution to obtain e.g. the cortical
potential distribution [Gevins et a1.,1994; He et al., 1999].

The accuracy of the forward solution is therefore of importance in that source
localization could fail due to errors in the solution. For example, Awada et al.
(1997) studied two approaches (direct and subtraction) for the forward calculation
and found differences in accuracy between the two methods as well as in different
parts of the volume conductor model. Unfortunately, the errors are greatest near the
boundaries of different resistivities. Many EEG sources are considered to lie in the
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cortex, which is close to the skull (or CSF) boundary with a considerable resistivity
difference between the tissues.

Analytic method

For geometrically simple objects, e.g. spheres, the potential field can be
calculated using analltic equations, which are numerically precise to the desired
accuracy and can be rapidly calculated hence the popularity of the
inhomogeneous spherical volume conductor model. The analytic method has been
used in earlier studies where computing capacity restricted the use of complex
numerical calculations [Rush and Driscoll, 1969; Ary et a1., 1981; Gaumond et al.,
1983; Gulrajani et al., 1984; Cuffin, 19851. It is still used as an approximation of the
volume conduction in the head [Tseng et al., 1995; Khosla et al., 1997; Mosher and
Leahy, 1998; Krings et al., 19991, and numerous studies have used the analytic
solution as a reference for the validation of different numerical methods [Thevenet
et al., l99l1' Yan et al., l99I; Eshel et al., 1995;' Vanrumste et al., 19981

B oundary element method

In the boundary element method (BEM) tissue boundaries are modeled by
meshing the boundaries e.g. with triangles and assigning integral functions to these
elements. Several numerical approaches are available for solving integral equations
[Meijs et al., 1987; Oostendorp and van Oosterom, 1991; Nishiio et al., 1994;
Cuffin, 1995; Fletcher et al., 1995; Leahy et al., 1998; Mosher et al., l999bl. These
equations allow rapid calculation of solutions in comparison to iterative methods.

The boundary element method is not capable of handling the anisotropic
resistivity of tissues, nor discontinuous boundaries (e.g. ear holes in the skull).
Several authors have studied the performance of the boundary element and
proposed means of improving its performance by refining the model [Meijs et al.,
1989; Yvert et al., 1995; Schlitt et al., 1995; Haueisen et a7., I997a; Fuchs et al.,
1998a1. Ferguson and Stroink (1997) conducted a study of several factors affecting
the accuracy of the BEM as a method for the forward solution, using spherical,
spheroidal and cubic surfaces. In conclusion, they found no unique superior method
for all circumstances. Further, many recent studies apply realistic geometry in the
volume conductor model.

Finite dffirence method

The finite difference method (FDM) is based on dividing the volume into
tetrahedral elements, and the nodes are considered as a resistor network applying
Kirchoffs laws in calculation of potentials. The assets to this method are that
anatomic geometry can be easily implemented from image slices, anisotropic
conduction can be taken into account by applying special conductivity tensors,
potentials are calculated throughout the model and it is possible to apply parallel
processing.

The method needs large, though sparse, matrices to define the volume conductor
model and erroneous voltages can arise near the boundaries as a result ofthe shape

13
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of the elements [Johnson, 1995]. The FDM has been applied by various groups for
studying the bioelectric phenomena [Witwer et al., 1972; Walker and Kilpatrick,
1987; Lemieux et al., T996; Saleheen and Ng, 1997; Vanrumste et al., 1998,
Zhukov et al., 20001. Stok and Wognum (1988) applied a noniterative solution e.g.
for initial potentials based on the finite difference method using star-mesh
transformations to reduce the number of nodes in the volume conductor model.

Finite element method

In the finite element method (FEM) the volume is usually described by
quadrilateral or tetrahedral elements. A set of basis functions a.re defined and the
system of linear combinations of these functions is solved. The model can be
refined either by making the elements smaller e.g. at certain locations, or using
higher-order basis functions. Several methods exist for computing FEM equations
[Sepulveda et al., 1983; Thevenet et al., 1991; Yan et a1.,1991; Awada et a1.,19971-
Buchner et al., 1997; Haueisen et al., I997b; van den Broek et al., 1998; Ollikainen
et al., 1999).

Pullan (1996) presented a combination of BEM and FEM for forward
calculations in the human torso. The objective was to utilize the strengths of each
method for different pafis of the body, e.g. BEM from the epicardium to the inner
skeletal muscle layer and finite element meshing for the muscle layer.

The finite element method is also widely used in other fields of engineering such
as heat and fluid flow modeling, and several commercial softwares (e.g. ANSYS,
ABACUS, OPERA) have been designed for such applications. However, it is often
difficult to apply the complex geometry of the head as an input to these programs

[Laarne et al., 1995]

Finite volume method

The most recent numerical technique in head modeling is the finite volume
method (FVM). This method handles e.g. hexahedral volume elements using
integral equations. It results in a sparser coefficient matrix and requires less
memory and processing time in comparison to FEM according to Abboud et al.
(1994) and Rosenfeld et al. (1996). The method has also been applied to cardiac
modeling [Harrild and Henriqaez, 19971, considering anisotropic conduction in
two-dimensional volume conductor model.

2.6 Calculation of the inverse solution

The inverse problem in EEG is in general ill-posed and the solution is thus not
unique. This deficiency has been overcome by setting various constraints to the
problem set-up to find a physiologically meaningful solution. The possible solutions
can be divided into three $oups [Simpson et al., 1995]. First, source imaging
methods are typically underdetermined, i.e. the number of sources is greater than
the number of measured potentials. The overdetermined approach, on the other
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hand, assumes that the number of sources must be less than the number of recording
channels. The difficulty here is to determine the number of sources. The third
approach, called scanning strategy, is a combination of the two above. Few sources
are assumed, but multiple solutions are calculated to scan the source space in order
to establish the best fitting solution. A more detailed classification of inverse
solution methods is not straightforward, as numerous modes and variations exist.
Some of those found in the literature are briefly described below.

Least-squares fitting is probably the most widely used method in the equivalent
dipole localization. The residual between the measured and calculated potentials
values is minimized using the square root of the squared values [Stok, 1987; Srebro
et al., L993; Tseng et a1., 19951. As an extension, the minimum-norm least-squares
method, also known as the Moore-Penrose generalized inverse, has been used
[Wang et al., 19921. Fuchs et al., 19991.

Multiple signal classification (MUSIC) is based on scanning a potential location
by a simple one-dipole model in order to obtain multiple dipole locations of any
mix of fixed or rotating dipoles; this was first introduced for biomagnetic
measurements by Mosher et al. (1992). As an extension to the MUSIC algorithm a
recursive MUSIC (R-MUSIC) has been presented [Leahy et al., 1998; Mosher and
Leahy, 19981. This allows location of synchronous fixed rotating sources
automatically by recursive use of subspace projections.

Principal component analysis (PCA) for spatio-temporal source modeling
[Soong and Koles, 1995; Schwartz et al., 19991is a special case of the MUSIC
algorithm. The EEG signal is decomposed into principal cornponents, the number of
which is taken to be number of active sources [Mosher et al., 1992f. This is not in
fact the case with correlated EEG sources [Soong and Koles, 1995]. One further
method for estimating the properties of sources is singular value decomposition
(SVD) [Cardenas et al., 1995; GenEer and Williamson, 1998].

Another class of equivalent dipole localization methods are based on probability.
Means have been devised e.g. of establishing the maximum likelihood for dipole
localization in the frequency domain [Raz et al., 1993), the probability-based
inverse solution using locally optimal dipoles [Scholz and Schwierz, 1994] and the
maximum likelihood for magnetic measurements [Liitkenhoner, 1998], and
introducing both spatial and temporal a priori information [Baillet and Garnero,
19971. Simulated annealing is a stochastic simulation method of global optimization
used for equivalent dipole localization [Gerson et al., 1994] and multiple dipoles
[Haneishi et al., 1994; Khosla et al., 1997]. This approach avoids some problems
with Newton-type methods, for instance being trapped in local minima and ending
up with different dipole parameters depending on the initial values. Uutela et al.
(1998) presented and compared three global optimization methods, namely
clustering method, simulated annealing and genetic algorithm, using MEG data.

As a new candidate for multiple source localization Geva proposed
decomposition of evoked potentials by wavelets [Geva et al., 1995]. The study in
question was conducted using a spherical, homogeneous volume conductor model
and modeling the temporal activity pattern of two symmetrical dipoles by wavelets
which estimate the activity best. The residuals were also modeled by wavelets until
a termination criterion was reached. Thereafter, multiple source localization was
applied to correct the solution.

l5
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2.7 Reciprocity theorem and lead field concept

The calculation of the inverse solution is usually carried out as a recursive
process. First, a set of source parameters is assumed and the potential distribution
on the scalp surface (i.e. the forward solution) is calculated. Thereafter, the
computed potentials are compared to the measured EEG potentials and the source
parameters are modified in order to minimize the difference between the potentials

[Scherg and Picton, l99l;Le and Gevins, 19931. The numerical methods applied to
realistic volume conductor models require massive computing capacity and the
calculation of the forward solution is inevitably time consuming.

The reciprocity theorem provides a convenient means of cutting down the
number of laborious forward calculations to a minimum, i.e. to the number of EEG
electrode pairs. The general theory of reciprocity was introduced by Helmholtz in
1853 [Helmholtz, 1853], and applied as the basis of the lead field theory by McFee
and Johnston (1953, I954a,1954b) and Plonsey (1963) for ECG modeling and by
Rush and Driscoll (1969) for EEG modeling.

(a) (b)
Figure 3. (a) The elecffic lead field L6 consist ofthe lead vectors c, which are defined as the
electric field E normalized by the injected reciprocal current I, (b) The voltage V measured
on the scalp is obtained by the scalar product ofthe lead vector c and the current source p.

The reciprocity theorem asserts that the voltage V measured on the scalp (Figure
3b) is equal to the voltage V. (Figure 3a) ifthe injected and the source currents are
equal. A detailed description of the reciprocity theorem and lead field theory is
given by Malmivuo and Plonsey (1995). The electric lead field Lr is defined as the
field of the lead vectors c (Figure 3) and describes the sensitivrty of the EEG
electrode pair to source(s) at any location and orientation in the volume conductor
model. ff multiple sources are present, the principle of superposition applies.

The lead field can be determined in the following way [Nunez and Katznelson,
19811:

A voltage generator is connected to a pair of scalp electrodes and causes a
current to flow between the electrodes. In consequence of the resistivity of the
different tissue compartments, the resulting curent density will vary. The electric
field E is the current density multiplied by the local resistivity, i.e., in a
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homogeneous volume conductor model the electric field is directly proportional to
the current density. The lead field LB is the electric field E normalized by the
injected current I..

The term "lead field" is used both for the coefficient matrix obtained when the
potentials of the dipole source are calculated [Wang et a7., 1992; Buchner et al.,
19971 and for the reciprocally calculated sensitivity matrix of the EEG electrode
pair [Malmivuo et a1.,1997; Riera and Fuentes, 1998; Vanrumste et al., 1998]. Both
definitions take into account the resistivity and shape of the volume conductor
model, but in the latter no assumptions of the time nor the source location,
orientation, and strength are made at the stage of defining the lead field.

Fletcher et al. (1995) applied the reciprocity and lead field analysis algorithm
using BEM. They concluded that the lead field approach is more accurate and stable
for surface potential computations than the standard BEM. Riera and Fuentes
(1998) presented a vector version of the BEM where the current density is obtained
directly using the reciprocity theorem. The relative difference measures were
smaller for the vector BEM than for the scalar BEM.

At the Ragnar Granit Institute the reciprocity theorem and lead field theory have
been applied in several research projects, including MCG [Malmituo,1976; Eskola
et al., 19871, ECG [Hyttinen et a1., 1993; Puurtinen, 2000], EEG/MEG [Malmivuo
et al., 19971and ICG [Kauppinen et al., 1998; Kauppinen et al., 1999].

2.8 Applications of EEG volume conductor modeling

Numerous applications for volume conductor modeling in the field of EEG can
be considered. The analysis of the forward solutions (either potentials or lead fields)
can be used e.g. for modeling the electric stimulation, studying the effects of model
parameters and properties of numerical methods, and simulating various diseases.
In clinical practice the inverse solution is of more interest in that brain function as

well as dysfunction can be studied non-invasively.

Forward simulations

Sepulveda et al. (1983) applied a realistic finite element model to simulate
current density due to stimulation using various configurations of implanted
electrodes. Nathan et al. (1993) studied the transcranial electrical stimulation of the
cortex. Current was fed through the scalp electrodes and the corresponding current
density distribution on the cortex was calculated. It was shown that bipolar
stimulation produced a more concentrated region of stimulation and an increased
current density if electrode separation was reduced from the clinically applied 1 cm
to 0.5 cm. De Leo et al. (1992) and Cerri et al. (1995) applied volume conductor
modeling in studying the current distribution of magnetic stimulation. The method
itself is as such equally applicable to electric stimulation. The purpose of the study
was to devise a method for focused excitation of the motor cortex.

t7
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The forward solution due to known sources and the properties of the various
numerical methods have been presented by several authors [Yan et a7., I99l: Schlitt
et al., 1995; Yvert et al., 1995; Awada et al., 1997 Ferguson and Stroink, 19971.

The effects of the model properties on the forward solution have likewise been
investigated [Haueisen et al., 1997b; Malmimo et al., 1997; Marin et al., 1998].
Eshel et al. (1995) and Abboud et al. (1996) conducted theoretical studies on the
effects of source location (simulated VEP and spontaneous activity) on scalp
potential asymmetry in order to bring out the factors affecting the asymmetry seen
on the scalp EEG used to study pathological asymmetries.

Inverse solwtions

Single equivalent dipole or multiple dipole models are well suited for clinical
applications such as VEP, SEP and auditory evoked potentials (AEP) [Nuwer,
19981 and epileptic foci [Scherg et a1., 1999].

Srebro et al. (1993) applied both dipole localization and Laplacian methods for
simulated VEP potentials using a spherical model for the inverse solution.
Relatively large dipole localization errors (up to 5 cm) were observed. In a more
recent study measured VEP was localized, evolving with time, using a realistic head
model [Srebro and Oguz, 1997]. Brigell et al. (1993) applied the single equivalent
dipole in identification of the activated hemisphere due to hemifield VEP. They
used a three-layer spherical head model and were able to identify the dipole
ipsilateral to the field of stimulation in most of the 28 cases. However, for many
cases the location of the fitted dipole was far from presumed location of the
generator. The authors discussed factors affecting the results, but neglected the
possible effect of the simplified head geometry.

Inverse methods have been applied to SEPs using a spherical head model
[Scherg, 1992] and using both EEG and MEG data on a realistically shaped head
model [Fuchs et a1., 1998b]. Combination of the modalities was found to improve
results, but the use of the single dipole model proved to be as good as more
complicated source models for left-hand medianus nerve stimulation. SEPs have
also been analyzed using spatial deblurring [Gevins et al., 1994], spatio-temporal
dipole localization using wavelets [Geva et al., 1995], and in preoperative
simulation and intraoperative localization of the central sulcus [Hayashi et al.,
199s1.

Middle and late latency components of AEPs have been localized using spatio-
temporal dipole modeling (STDM) in a spherical head model [Scherg and Von
Cramon, 19861. The dipoles were located in the auditory cortex with detailed
analysis of coresponding brain structures. Turetsky et al. (1990) sought to
overcome some of the problems encountered with STDM (e.g. constraints applied
and noise) using a dipole component model in a homogeneous spherical volume
conductor, and applied the method to AEPs. Raz et aI. (1993) applied frequency
domain dipole localization to both VEPs and AEPs.

The brain electric source analysis (BESA, see below) program has been applied
to epilepsy studies [Scherg and Ebersole,1993; Scherg and Ebersole, 1994].Lantz
et al. (1996) studied ten patients with complex partial epilepsy using the BESA
dipole localization program and concluded that the method provides useful
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information for examining the patients preoperatively. Jayakar et al. (1991)
reviewed the localization of foci from the point of view of what could fail during
the process. Shibata et al. (1998) presented a case report on one patient with
seizures due to a brain lesion with accurate results of the dipole tracing method
using the skull-scalp-brain model [Homma et al., 19941. Diekmann et al. (1998)
adopted a four-layer spherical head model and single moving dipole source in
localizing epileptic foci. The inverse solution was obtained using simultaneously
recorded 32-channel EEG and Z2-charnel MEG recording. They found the single
dipole solution to be more stable than multiple dipole solutions when individual
spikes in the EEG are localized. He assumed that increasing the number of
recording channels allows the use of more sophisticated source models. Silva et al.
(1999) applied spherical, realistic and standard head models in localizing source of
epileptic signals and concluded that use of the standard head model instead of the
spherical model increases accuracy of dipole localization. The difference between
dipole locations using realistic and standard models was less than 1 cm.

ln a special issue of -/oz rnal of Clinical Neurophysiology (vol. 16, issue 3, 1999)
a number of research groups [Fuchs et al., 1999, Gevins et al., 1999, Michel et a1.,

1999, Mosher et al., 1999a, Scherg et al., 1999) were asked to analyze the same set
of epileptic data with the source modeling programs they had developed applying
both source imaging and localization methods. It was concluded that there are
limitations to all source localization techniques; they may fail under some
conditions, and several possible solutions may exist [Ebersole, 19991. It might
therefore be more plausible to use several techniques simultaneously to obtain
reasonable results.

Two widely used commercial software packages have been designed for EEG
source modeling. The BESA@ software of MEGIS Software GmbH was developed
by Scherg [Scherg and Picton, 1991]; it provides versatile EEG and MEG data-
processing tools, source analysis components and integration with anatomical
images [http://www.besa.de, 2000]. Source analysis is based on the spherical head
model and fast analltic algorithms. The CURRY@ (current reconstruction density)
software is a product of Neurosoft Inc., developed by several researchers in the
field. The software is capable of handling either spherical or realistic head models.
BEM has been chosen for calculating the solution of the forward problem. It also
provides tools for segmenting anatomical images, a variety of source models, and
post-processing tools [http://www.neuro.com/neuroscan, 2000]. Both of the above
software packages were designed for a PC environment. Recently, shareware
programs have also been published for EEG source modeling, e.g. LORETA
[http://www.unizh.ch/keyinst, 2000] and BrainStorm [htp://neuroimage.usc.edu/
brainstorm, 20001.
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3

MATERIALS AND METHODS

Equivalent dipole localization based on a realistically shaped volume conductor
model entails combining information from two medical technologies, EEG and
MR[, in order to solve the generally ill-posed inverse problem. Before application
to clinically relevant EEG data, the method has to be validated using phantom data
with known properties. In the following sections the materials and methods for the
source localization procedure are briefly described. Figure 4 gives a schematic
presentation of Publications I-VI as related to the modeling procedure.
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Figure 4.Data flow in the modeling procedure applied. The publications are placed in the
graph according to main theme.
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Materials and methods

3.l Subjects

The Publications are based on volume conductor models of three male and three
female subjects, 28-35 years of age. The subjects were two normal volunteers and
four epilepsy patients studied at the Department of Clinical Neurophysiology in
Tampere University Hospital. Four of them underwent EEG recording (the
electrode locations were marked by oil capsules when the electrodes were removed
after the EEG session), and whole-head MRI was done for all six subjects.

3.2 MR imaging

MR data were scanned using the two MR devices (0.5 T GE Vectra, and 1.5 T
GE Signa Horizon) at the Department of Radiology in Tampere University
Hospital. Whole-head scanning was conducted using either the 3D gradient-echo
technique (I, il-V) or the 3D spoiled gradient technique (VI). Approximately one
hundred Tl-weighted image slices of 2 mm thickness with a 250 x 25O image
matrix per subject were obtained. The field of view varied from 240 mm to 325
mm, which was taken into account in the element size of the volume conductor
model.

3.3 Volume conductor models

A three-layer concentric spherical model was applied for validation of the
numeric method in comparison with the analytic method (II). The tissue layers
represented the scalp (radius 9.2 cm), skull (8.5 cm) and brain (8.0 cm).

The realistic geometly was obtained by segmenting the tissues from the MR
images (I, [I-VD. For this putpose a segmentation software (Anatomatic"; was
developed [Heinonen, 1999), described in detail in I. The tissue segmentation is
based on image enhancement, amplitude segmentation, region growing and decision
tree (IARD) methods in succession. Five major tissues, scalp, skull, CSF, white
rnatter and gray matter, were separated and assigned specific resistivity values (IV-
VI). In III the number of tissues included was further increased. The original
resolution obtained from MR images was downscaled by a factor of two in order to
reduce the volume conductor size for computations.

The tissue compartments of the volume conductor models were assumed to be
resistive and isotropic throughout. The tissue resistivity values were chosen
according to the earlier literature (Table II). In V two resistivity levels were
compared, one consisting of 10 Vo lower values than the standard.

The coordinates of the surface electrodes were defined using the manual option
of the segmentation program. The electrode coordinates were used to define the
locations of the sources for the lead field calculations and to generate the simulated
potential data sets.
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Table II. Tissue resistivity values applied in Publications II-VI.

Tissue Resistivity
Ioml

Reference Publication #

Scalp

Skull

CSF

Brain
White
Gray

3.4 Forward solution

[Rush and Driscoll, 1969] II
lGeddes and Baker, 19671 III-VI
[Rush and Driscoll, 1969] II-VI
[Oostendorp and Delbeke, 1999] VI
[Geddes and Baker, 1967] III-V
[Baumann et a1.,19971 VI
[Rush and Driscoll, 1969] II
[Nathan et al., 1993] III-VI
[Nathan et a1.,19931 III-VI

2.22
2.3
777.6
67.O
0.6s
0.56
2.22
5.0
2.5

The forward solutions (both lead fields and simulated potentials) were calculated
numerically using the FDM (II-VI). The volume conductor model describing the
head structures was represented by a 3-D grid of discrete points (Figure 5). These
nodes were the corners of the volume conductor voxels from the anatomical images.
A resistor network connecting the nodes was created using the resistivity values
given in Table II and the information about the voxel size. Ohm's and Kirchoff's
laws were used to set up the fundamental difference equations for each node. The
successive over-relaxation (SOR) algorithm was applied in iterative solution of the
equations using 1.96 as the over-relaxation parameter ro.

Figure 5. The node model of the FDM. Each node is connected to six neighboring nodes
and surrounded by eight tetrahedral elements.

Calculation of lead fields

The reciprocity theorem was applied to determine the lead field matrix
connecting the sources and the measured potentials. A current source was generated
between two surface electrodes (Figure 3a) and a gradient was calculated from the
resulting potentials at the nodes of the volume conductor model and normalized by
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the applied culrent. The computationally laborious solution to the forward problem
was calculated only once for each EEG electrode pair.

The lead fields calculated using various resistivity values were analyzed (V). A
difference measure using the residual between the lead vectors relative to the
reference lead vector was calculated. The lead field of a five-compartment realistic
volume conductor model was considered as a reference. All five tissue resistivities
were altered from their original values one by one by lUVo for the calculation of
lead fields. Four tissue resistivities with I0Vo decrease both in the skull and the
specific tissue resistivities were also considered. Further, the standard three-layer
and a five compartment low skull resistivity models were applied for the lead field
calculations. Three EEG leads (FpZ, P4 and T3, Figure 2) were studied, the
reference being at FCz. All lead vectors in the brain region were included in the
analysis.

Simulated potentials

Simulated potentials were generated for validation of the forward and inverse
methods: Further, the effects of skull resistivity and number of recording electrodes
were studied using potential data with exactly known dipole sources.

In II the potential distribution due to the current source between two surface
electrodes was examined. Both analytic and numeric methods were applied and the
potentials at discrete points of the volume conductor model were compared.

Equivalent current dipole sources were inserted in the volume conductor models
in IV and VI. The potential distribution was calculated with the FDM solver.
Simulated potential data was picked out at the predefined EEG electrode locations.

Sofnvare

The software for the FDM calculations originated from the University of
Tasmania [Walker and Kilpatrick, 1987]. It was further developed for thorax
modeling [Hyttinen, 1994] and for more general applications in (m). The FDM
modeling software consists of construction of the volume conductor model using
segmented voxel data, setting up the simulation parameters (model and source
properties), a solver for the FDM equations, and post-processing tools for
manipulating potential data (calculating i.e. source currents, electric, cuffent and
lead fields and visualizing the results in 2-D and 3-D).

3.5 Inverse solution

Single equivalent current dipole was assumed as source model. The widely used
least-squares method and a probability-based method introduced for magnetic
measurement by Scholz and Schwierz (1994) were applied to electric potentials
[Dodel, 1996].

In the least-squares method the minimum of the squared difference between
measured/simulated potentials and calculated potentials was searched. The cost
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function is dependent on six dipole parameters. The dependence ofthe cost function
on the dipole moment was removed by calculating locally optimal dipoles for each
possible dipole location (i.e. volume conductor node). The equivalent dipole
location is at the minimum of the moment independent cost function, and the dipole
moment is that of the locally optimal dipole.

The probability-based method assumed an exponential probability-density for
the source location, which has its maximum at the minimum of the moment
independent cost function. The expectation value of the probability-density with the
locally optimal dipole moment was taken as the solution to the inverse problem.

The accuracy of these methods was tested in terms of the error of the spatial
location and the moment direction error (IV). Simulated potential data (45 sets) and
reciprocally defined lead fields were used. In addition to noiseless simulations,
random noise up to 307o was added to the potentials.

The effects of CSF and skull resistivity changes on dipole localization accuracy
were assessed (IV). The simulated potentials were calculated using resistivity
values different from those used for the calculation of the lead fields.
The effect of number of recording electrodes on dipole localization accuracy was
studied in VI. The results obtained with 10-20 (19 electrodes) and 10-10 (58
electrodes) electrode systems were compared. Two skull resistivity values, the
"standard" high value of 177.6 Qm and a newly suggested value of 67.0 flm were
applied. Simulated potentials were generated using 45 dipoles at different locations,
orientations and depths. In addition to noiseless simulations, random noise was
added to a subset of generated potentials.
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RESULTS

4.1 Realistic conductivity model (I)

The AnatomaticrM software [http://www.medimag.net, 2000] using the IARD
segmentation method resulted in individual volume conductor models consisting of
major tissue compartments (Figure 6). Typically, the construction of the whole-
head volume conductor model took a few hours using the combined semiautomatic
and manual program modes. The lower parts of the skull were the slowest to
segment due to manual editing in these image slices. The downscaled volume
conductor models had approximately half a million nodes connecting the voxels,
and approximately 8 mm3 voxel size in the most accurate head model.

Figure 6. (a) Original Tl-weighted MR slice (b) IARD segmented data (c) Downscaled data
for FDM calculations.
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4.2Yalidation of the FDM (II)

The values of electric potentials obtained with the FDM solver were compared
with the analytic values. Three grid sizes, symmetric 4x4 and,2x2 mrrt and a non-
uniform grid using 1-4 mm grid spacing, all with 5 mm slice thickness, were tested.
The number of the nodes in the spherical volume conductor model were 45200,
182600 and 118000, respectively, out of which approximately 5 Vo were included in
the analysis.

The relative differences between FDM and analytic potentials were 39Vo for the
sparse symmetric grid, 3Vo for the dense symmetric grid, and 37o for the non-
uniform grid. Thus, if a small enough grid size was chosen the FDM solver worked
properly. Otherwise, modeling errors in the skull geometry gave rise to a substantial
error in the resulting potential distribution. A sparse grid also induced greater and
broader errors in the vicinity of the tissue boundaries where substantial resistivity
differences exist.

Apart from grid size, the termination criterion of the solution affects the
numerical accuracy. The termination accuracy is closely related to the number of
iterations needed to converge. In II, the termination accuracy was set at 10-e, but
dropped to 10-8 in later series, since the numerical accuracy achieved vs. the number
of required iterations was in favor of the latter lLaarne, 19961.

4.3 Software for the forward solution (IIf)

A wide variety of applications presupposed flexibility for the software package.
A special header data format was designed to collect the information from the
various steps of the modeling process into an easily readable format. Data transfer
between separate programs was enabled via input/output information in the header.

The IARD segmented data or artificially generated data describing the
compartments of the volume conductor model saved in a special format served as a
basis for the modeling process. User defined meshing information can be applied to
downscale the resolution. Grouping of the voxels can be selected to give priority to
defined tissues or to use principle of majority. The anatomic information was
converted to data structures describing all the relevant information of each node
(e.g. node location and number, surrounding tissue codes and data flag expressing
the source nodes). Several source types were allowed. The differential equations for
the FDM solver were created based on the node structures. The solver output is the
potential distribution in the defined volume conductor model using the defined
sorrrce and simulation parameters (e.g. termination accuracy and over-relaxation
parameter are set up for each simulation run). A large variety of programs for post-
processing of the data has been developed. Particularly for the studies presented in
this thesis, a routine to calculate the lead fields as defined in chapter 2.7 was written
[Laarne et al., 1996].

The modeling software (excluding segmentation and visualization) was written
in C/C++ programming languages. The prograrns were compiled and run on several
platforms and operating systems, e.g. UND( (Digital, SunMicrosystems, NextStep)
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and PCnVindows, without graphical user interface. The software has been used for
several research projects at the Ragnar Granit Institute, including ECG modeling
[Hyttinen, 1994; Hyttinen et al., 1997b Lawson, 1999; Takano, 1999; Puurtinen,
20001, ICG [Kauppinen et al., 1998; Kauppinen et al., 1999], and EEG modeling
[Dodel, 1996;Laarne et al., 1998; V-VI.

4.4 Equivalent current dipole localization accuracy (IV)

The dipole localization errors were on average 4.1 mm, using the least-squares
algorithm, and 4.2 mm, using the probability-based algorithm. The moment
direction errors were 10.5'and 11.8", respectively, using simulated potential data
generated by single, truly dipolar sources. Noise was added to three dipoles with
maximum noiseless errors of 3.0 mm and 5". The localization errors increased up to
22 mm and the moment direction error up to 30" using the least-squares method. As
an example, original dipole on the temporal area and dipoles localized using
noiseless potentials and potentials with 30Vo noise are illustrated (Figure 7).

The algorithms scan through all the nodes belonging e.g. to the brain
compartment (gray and white matter). The approach is slower than selecting the
search direction, but avoids being trapped in local minima of the cost function.

Figure 7. The dipole localization accuracy for simulated potential data. The original dipole
source (black arow) pointed inwards. The equivalent dipole localized using noiseless
potertials (gray arrow) was localized within the nearest grid node (grid size was 2.6x2.6x2
mm'; in the volume conductor model. The potentials with 307o noise caused a 1.7 cm
location error and 107o moment direction error (white arrow).

2l
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4.5 Bffects of tissue resistivities on lead fields (V)

The effect of altering the tissue resistivities on the lead fields was studied.
Approximately 180000 lead vectors of each volume conductor model were included
in the analysis. The tUVo decreased tissue resistivity values caused on average 3Vo

to 47o change in the lead fields in comparison to the reference model. The change
was slightly greater when the resistivities of the scalp and skull were decreased than
for the decrease in the CFS and brain tissue resistivities. The volume of the CSF
was smallest, and thus its relative effect greatest.

When the resistivities of both skull and specific tissue were altered, the change
was on average 2Vo to 37o. The effect of the resistivity changes on the lead fields
was smallest for the scalp. The lead fields of the low skull resistivity model differed
from the reference on average 28Vo and those of the threeJayer model 33%o.Both
magnitude and direction of the lead vectors are influenced by changes in the
resistivity values.

4.6 Bffect of EEG electrode density on dipole localization accuracy (VI)

The effect of the number of EEG electrodes, either 19 or 58 leads, on the ECD
localization was studied using three skull resistivity models, called "HighR",
"LowR" and "Mixed".

The differences in dipole location between the two electrode systems were on
average less than 5 mm using "HighR" and less than 3 mm using "LowR" in
noiseless simulations. Too high estimated skull resistivity in "Mixed" case, resulted
up to 15 mm location errors. When l07o random noise was added to the potentials,
the localization accuracy of the deep dipoles, having the poorest S/N ratio, was
better for the denser electrode array.

The lower skull resistivity value worked slightly better in terms of dipole
localization accuracy. A more serious source of error is incorrect (i.e. different from
the actual) rather than the absolute (i.e. whether the value is "high" or "low") skull
resistivity value.
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DISCUSSION

Volume conductor model

Realistically shaped volume conductor models based on MR images of the
subjects were constructed. Five tissue types and the air cavities were determined for
EEG dipole localization studies. Up to fourteen compartments have been included
in the volume conductor model of the head, but eight of them (i.e. scalp, fat,
muscle, soft and hard bone, CSF, gray and white matter) were considered to have
relevance for dipole localization results [Haueisen et al., 1997b].

In general, the number of tissue compartments included in the volume conductor
model does not affect the complexity of FDM calculations, but the number of total
voxels does. Thus, in order to maintain a reasonable size of matrices and number of
required iterations, the size of the voxels in the model define the size of the smallest
possible details. In the future with increased computing capacity and advanced
computing methods, it will be possible to utilize the full resolution obtained with
imaging devices, i.e. voxel sizes below 1 mm3.

The electric properties for the tissues have been adopted from the literature, and
the model has been considered to be piecewise homogeneous, purely resistive and
isotropic. The most frequently referenced tissue resistivity data date back to the
1960s, but during recent years new studies have been published [Baumann et a1.,

1997; Latikka, 1999, Oostendorp and Delbeke, 19991. Ferree and Tucker (1999)
proposed a method for determining individual tissue resistivities in vivo as a part of
the EEG study. It is possible to take into account the anisotropic resistivity of the
head tissues in FDM. Definition of the fiber directions may be complex, but e.g.
Saleheen and Ng (1997) proposed a MR imaging technique based on diffusion
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tensor estimation. The information thus obtained could be used in creating volume
conductor data.

Segmentation of the anatomic images was done using the IARD method (I),
[Heinonen et a1., 1998]. The segmentation procedure for the set of whole head
images takes several hours even for a user experienced with both the anatomy and
software tools. The situation could be improved by development of MRI sequences
better suited for tissue separation or direct mapping of tissue resistivities. On the
other hand, automatic segmentation methods are also under continuous
development.

Forward solution

The numerical accuracy of the FDM correlates markedly with the size of the
volume conductor elements (II). The cubic elements used are easy to implement, as

the segmented data from the anatomical images are as such applicable. For practical
reasons the resolution was downscaled, which may entail problems in presenting
the curved shapes smoothly and including the smallest details. Another problem
with FDM is the potential at the tissue boundaries. The potential of a node is
calculated as the average of the neighboring nodes and substantial resistivity
differences may prevail at the boundaries. Both of these problems can be partially
overcome by increasing the number of elements in the volume conductor model.

The computing times for the forward solutions were in the order of a few hours
per lead. More efficient methods than SOR exist, for example multigrid [Sachse,
19981 or parallel processing methods [Hyttinen et al., 1997a], which can be applied
in order to speed up calculations.

In comparison with FEM, the major advantage of FDM is the easy construction
of the equations from the anatomic data [van den Broek et al., 1998]. The above-
mentioned problems near the boundaries could be avoided using BEM. On the other
hand, in FDM the potentials are calculated throughout the volume conductor model,
not only at the predefined boundaries as in BEM. Further, if tissue anisotropy is
modeled, BEM is not applicable.

Inverse solution

Validation of the inverse solution was carried out using simulated potential data
from single dipole sources. Both applied algorithms operated on average with great
accuracy in noiseless simulations (IV). Caution should nevertheless be used with
clinically obtained data. The algorithms always end up with the smallest difference
between the measured and calculated potentials, but this difference may be
unacceptable in terms of physiological limits.

The observed dipole localization errors are mainly due to the discretization of
the volume conductor model (distance between adjacent nodes in plane was 2.6
mm) and the different source definitions (dipole source with finite dimensions vs.
point source) applied in the forward calculations and in the inverse procedure.

The simulations in this study were conducted using a single ECD, but the lead
field approach applied for the forward solution does not restrict the number or type
of sources considered in the inverse algorithm. The only constraint on the source
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was the assumption that the dipole is located in the brain (IV and VI). The single
dipole algorithm has to be substituted by algorithms capable of handling multiple
dipoles and temporal information, if more versatile source configurations are
considered. This can be done without any changes in the forward calculations.

The validity of the ECD model has been widely discussed [Snyder, 1991;
Niedermeyer, 19961. Simpson et al. (1995) pointed out that the folded geometry of
the cortical surface may yield azero net current if the fields cancel each other out. It
is generally accepted that ECDs can be used to present many brain functions.
Further questions are, how many sources are simultaneously present and what is the
temporal behavior of the source(s).

Simulations on effects of tissue resistivities

The simulations for validation of the computing methods were carried out using
the same volume conductor model (IV, V), but also with differing resistivities (VI),
for both forward and inverse solutions. The simulated potentials were calculated
using the FDM, not the available lead field data. The inverse algorithms were tested
using single dipole sources, i.e. distributed sources were not considered.

The l0Vo decrease in skull resistivity caused an overall 47o cbange in the lead
fields (V) and 1-15 mm dipole localization error (IV) in comparison to the errors
obtained using standard values. On the other hand, the effect of the skull resistivity
on the dipole localization accuracy was minor in favor of the lower resistivity value
used when the inverse solution was calculated using the same volume conductor
model as used for the simulated potentials (VI). However, when the models were
not matched, the dipole localization errors increased significantly. Therefore,
accurate skull resistivity data is needed for dipole localization.

The need for a correct skull resistivity value has also been emphasized by
Awada et at. (1998) and Huiskamp et al. (1999), but, for example, Cuffin et al.
(1991) found only minor effects on dipole localization accuracy to +20 7o change in
the skull resistivity value. Homma et al. (1995) found a 1:80:1 scalp-skull-brain
resistivity ratio to give best localization results. However, a number of recent
studies fLaw, 1993; Gabriel et al., 1996; Oostendorp and Delbeke, 19991 have
suggested a lower skull resistivity value and thus a lower ratio between the tissue
compartments.

Simulations on effects of electrode density

The number of recording channels in EEG devices is increasing. So far the
standard 10-20 electrode system is still widely used in the clinical practice although
10-10 electrode systems begin to be available in larger hospital units. In general, the
increase in the number of channels increases the information available on brain
activity. However, analysis methods become more complicated and time-
consuming. In this respect, the results of VI may provoke the question whether it is
necessary to increase the number of recording channels further, since at least in
theory the localization accuracy of the approximately 60 channels is of the same
order as that of the applied model. On the other hand, the number of recording
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channels may be a more significant factor for localization accuracy in the presence
of noise and multiple sources.

Two types of noise were simulated, different amounts of noise at a single point
(IV) and the same amount of noise at different dipole depths (VI). Noise derives
from various sources such as eye movements, muscle tension, ECG, recording
system and continuous brain activity, e.g. alpha rhythm [Law et al., 1993).It is thus
impossible to avoid noise in clinical EEG recordings, but part of it can be
significantly reduced by appropriate methods [Niedermeyer and Lopez da Silva,
1993;Blum, 19981.

Software

The modeling procedure consist of several successive steps. The software
components for pre- and post-processing as well as for bioelectric field calculations
were implemented. The results of the validation studies showed that the algorithms
operated correctly.

In comparison with the commercial EEG source modeling softwares BESA@ and
CURRY@ some ideological differences exist. The computing capacity problems
have been overcome in these softwares by means of either spherical head geometry
allowing the use of fast analytic expressions for field calculations (BESAI or the
boundary element method with predefined boundaries as solution spaces
(CURRY@). In the present work use of realistic head geometry and computatibn of
the forward solution for each voxel in the model were realized. The computationally
laborious forward calculations were reduced to the number of EEG recording
channels applying the reciprocity theorem. The software devised cannot yet
compete with the commercial ones, which provide e.g. a variety of source models
and EEG signal processing tools. It should be noted, however, that when using any
source modeling tools, the operator should possess a basic understanding of the
methods applied in the software.

Future research

The following developments in the modeling procedure will take place in future
research:
. implementing better MR imaging sequences and automatic segmentation

methods,
if individual volume conductor models are used (see below)

. applying anisotropic resistivity data in the volume conductor model

. reducing the voxel size of the volume conductor model without increasing
computing times

. developing forward calculation using more efficient computing methods

. increasing the number of simultaneous equivalent dipoles and applying other
source models

. including spatiotemporal source models

The time required for source modeling tends to increase with increasing
demands on the volume conductor and source models. However, for clinical
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applications the source localization should be conducted with reasonable ease and
speed. One further approach here might be the use of a realistic standard head [Silva
et al., 19997, possibly adaptable or deformable with respect to some individual
properties (e.g. dimensions, measured tissue resistivities, electrode locations). This
would render MR imaging and image segmentation unnecessary (or less time-
consuming) and much of the computing could be done in advance.

One possible application of EEG source modeling is combination of information
with that obtained from functional imaging methods such as PET [Dhawan et al.,
19951, SPECT [Sipilii et al., 2000] and fMRI [George et al., 19951. In this manner
the excellent temporal resolution of the EEG and the finer spatial information from
the functional imaging methods could be fully utilized.

A variety of studies will be conducted to validate the implemented new features
and to study further the theoretical background of the EEG volume conduction. An
important step forward will be the application of the methods to clinically obtained
EEG data to analyze the function of the brain.

-) -)
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SUMMARY AND CONCLUSIONS

The purpose of this study was to apply realistically shaped and anatomically
detailed volume conductor data in modeling the electric fields in the head. The
software implemented for the forward solution and calculation of the lead fields
using the reciprocity theorem and the finite difference method were validated. Two
inverse algorithms for equivalent dipole localization were tested and used in the
studies of the effects of tissue resistivities and EEG electrode systems on dipole
localization accuracy.

Software was developed to obtain the anatomic information from medical
images such as MR or CT. In principle, each pixel in the image is assigned a tissue
code. The number of tissue compartments is not restricted, but in practice our
knowledge of tissue properties is still limited and a compromise between the
complexity of segmenting the images in detail and the profit attained in terms of
increased localization accuracy thus remains to be found.

The effects of tissue resistivities on the lead fields were substantial when
expressed as percentage difference between two volume conductor models. The
effect of the skull resistivity value on the accuracy of dipole localization was not
particularly significant due to the absolute value. Whether it is low or high has little
effect, but should be as correct as possible.

The number of recording channels, using either the 10-20 or the 10-10 electrode
system, affected localization accuracy only little in noiseless simulations. Both deep
and shallow sources were localized with the same accuracy using the two electrode
systems. In the presence of noise, the increased work load entailed with a greater
number of channels can be justified in that localization accuracy changes less for a

denser electrode system. For example, in evoked potential studies the noise level is
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reduced by merit of signal averaging, and it would thus appear to be possible to use
the 10-20 electrode system with adequate localization accuracy.

The numeric methods for solving the forward and inverse problems operated
accurately with artificial, known sources and simulated potentials. This is a solid
starting-point for further progress towards clinical applications. However, the
present inverse algorithms for single dipole localization have only limited use, and
more versatile source models and suitable algorithms are to be implemented. This
can be done without changes in the calculation of the lead fields.

The results of this study encourage to proceed towards application of the method
to clinically obtained EEG data. Numerous possible applications can be envisaged
for source modeling as appropriate methods and tools are now becoming available.
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Abstract

This paper describes a segmentation method primarily developed for reconstructing resistive head models for
electroencephalographic modelling purposes. The method was implemented by combining several image processing
techniques, such as amplitude segmentation, region growing, and image fusion. Also a graphical user interface was
developed to enable semiautomatic approach to the segmentation process. This method was developed especially for
segmentation of the brain and skull from Tl-weighted magnetic resonance images, but can also be applied in any
segmentation procedure. The entire project was implemented successfully in a PC-based computer running the
Unix,NeXTstepru operating system. @ 1997 Elsevier Science Ireland Ltd.

Keywords: Segmentation; MR; Skull; 3-D

1. Introduction

In the interpretation of medical images of the
head it is essential to make distinction between
different tissues, such as grey matter, white mat-
ter, and cerebrospinal fluid (CSF). The tissues can
be classified, e.g. by different intensities on the
image and by utilizing pattern recognition
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40 54714511, fax: f 358 3 2474013; e-mail: tomi@ee.tut.fl

0169-2601 971$11.00 O 1997 Elsevier Science lreland Ltd. All rights reserved
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methods. In some particular cases a completely
automatic segmentation made by a computer can
be applied, but such methods fail in clinical appli-
cations. Excellent results have been obtained by
combining the human visual system and intelli-
gence with interactive image processing methods.
However, this type of procedure is quite time
consuming.

Information of electroencephalograph (EEG)
can be effectively processed by using a resistive
model of the head [9]. Such a model is actually a

-
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volume conductor consisting of elements of differ-
ent conductivities. The model can be applied to
the simulation of electric fields inside the head.
For example, an electric source (dipole or a set of
dipoles) can be inserted inside the head and there-
after the electric fleld distribution can be com-
puted. Further, the measured EEG signal can be
used for obtaining the source location in the
volume conductor. For example, epileptic foci can
be located. In principal, the accuracy of these
computations is dependent on the accuracy of the
volume conductor (i.e. the number of different
compartments and their conductivities). The con-
ductivity coefficients of various tissues have been
adopted from Geddes and Baker [6] and the
model can be constructed simply by segmenting
anatomical images. These images are usually pro-
duced by magnetic resonance imaging (MRI).

To construct a conductivity model of the head
the most important tissue types are skull bone,
scalp, CSF, and the grey and white matters of the
brain. The skull bone is the most critical of these,
because it has an extremely low conductivity com-
pared to the other tissues, but is very hard to
recognize in MRI scans. The anatomical studies
of the skull from computer tomography (CT)
images include several clinical applications con-
sisting of segmentation, e.g. the cranio-facial
surgery [2,10]. In CT images the skull is very
clearly visible and could therefore be applied in
head modelling. However, also MRI scans are
needed because CT images provide insuff,cient
anatomical information on the brain tissues, such
as the separation of the grey and white matter of
the brain. Therefore two problems arise: The pa-
tient must undergo two examinations and the two
imaging modalities must be matched to present all
tissues in the same image.

To avoid these problems it would be advanta-
geous to develop a method to distinguish the skull
from MRI scans only. In a Tl-weighted MR
image, fat and other tissues with relatively short
Tl values (muscle and white matter of the brain)
appear bright. Fluids and bone tissue have longer
Tl values and thus appear dark. In a T2-weighted
MR image, tissues with short T2 values (fluids,
grey matter) appear bright. One method for dif-
ferentiating the skull is the subtraction of Tl and

T2 images, but this also requires two examina-
tions and matching of two images. or a new
advanced MRI unit capable of processing several
pulse sequences during one examination [12].

For modelling purposes Tl-weighted MR im-
ages contain good anatomical information on all
other tissues except the skull bone. We present
here a method for segmenting these tissues and
also the skull from Tl images. The method is
semi-automatic and gives relatively good results
even for images scanned by a 0.5 T MRI device.

2. Materials and methods

There were five Tl-weighted MRI sets of the
brain available during this study. Each set con-
sisted of 100 axial slices (each 2 mm thick, 16 bit,
250 x 250 pixel images) which were produced us-
ing a General Electric 0.5 T MRI unit.

The segmentation procedure was implemented
by combining four different methods: Image en-
hancement; Amplitude segmentation; Region
growing; and Decision trees (IARD) [8,13]. Even
though these methods are well known, they are
combined and applied in such a new way that the
segmentation procedure is efficient and capable of
producing relatively accurate results. Though,
IARD was developed primarily to segment the
brain it can also be applied in other segmentation
procedures, such as the segmentation of the hu-
man thorax [7].

IARD is capable of segmenting semlautomati-
cally various tissues of the head: scalp, grey mat-
ter, white matter, and CSF. In addition, the
boundary between the skull and CSF can be
approximated and also segmented in most regions
of the head due to the anatomical knowledge that
the thickness of CSF layer is usually 2-6 mm.
The intensity of the brain tissue decreases quite
rapidly at the edges ofthe cortex. Therefore it was
realized that when an MR image of the head is
amplitude segmented using appropriate threshold
coefficient, the edge of the cortex appears too
large and can be used as an approximation of the
interior of the skull (cortex + CSF) leaving 2-6
mm space between the real cortex and the approx-
imated skull. Such interior of the skull appears



relatively realistic and is sufficiently accurate for
electrical modelling of the head as a volume con-
ductor.

The IARD algorithm is presented briefly in Fig.
I and has the following steps:
1. First the input image is spatially low-pass

filtered (3 x 3 cross shaped window, averaging)
in order to suppress noise and high frequency
details on the image. Step I is not essential,
but simplifies further segmentation.

2. The filtered image is amplitude segmented
three times using three different threshold co-
efficients, the results of which are stored as
three independent bitmaps that represent the
scalp, grey matter, and white matter of the
brain (Fig. 2). Thereafter, different tissues ap-
pear to intersect in their intensities. For exam-
ple, the scalp is visible in all three images
(2ABC) though it should be visible only in
image 2A. This type of problem is solved in
step 3.

3. The region growing segmentation method is
applied in the process for solving the intensity
intersection problem, and also to detect addi-
tional tissues in the three images (Fig. 2ABC).
The image of the scalp (Fig. 2A) is modified
using region growing in such way that the
black region between the brain and the scalp is
flrst filled with a color representing the skull,

175

thereafter the region inside the skull is fllled
with a color representing the CSF (Fig. 3A).
Actually this is all that needs to be accom-
plished with region growing in order to detect
all the main tissues of the head.

4. Decision trees are applied in order to combine
images. Images 28 an.d 2C are copied on top
of image 3A pixel-by-pixel using the following
rule: pixel representing the grey matter may
only be copied on top of a pixel representing
the CSF. Furthermore, pixel representing the
white matter may only be copied on top of a
pixel representing the grey matter. The result is
given in Fig. 38.

There are two different software implementa-
tions of IARD algorithm: manual and semi-auto-
matic. The manual implementation is the simplest,
because the user has complete control over the
execution of the algorithm. Threshold intensities
are selected manually from the source images or
from the histogram. Thereafter, the user may filter
the image, carry on amplitude segmentation, and
apply region growing. The coordinates indicating
where to begin the region growing procedure are
defined by pointing to the coordinates using the
mouse controlled cursor. In addition, the user can
modify the amplitude segmented images using
various drawing tools, such as line and rectangle
drawing. Different tissues (i.e. colors) can be
nominated from a color palette using the cursor.
When the result of the segmentation appears satis-
factory, the user stores the segmented slice and
continues with the next slice. Due to the interac-
tive character of the process, the result of the
segmentation can be relatively accurate. The main
difference between the manual and semi-auto-
matic implementation is the execution of region
growing operations, these are developed as fol-
lows:
1. Three points (pl, p2 and p3) are detected from

the image representing the scalp (Fig. 4). Point
p1 represents the region between the scalp and
the brain, p2 represents the brain and p3 the
scalp. Such points are estimated automatically
for each individual slice by scanning the im-
age-

2. Region growing is automatically called in or-
der to flll the black region between the scalp

T. Heinonen et al. t'C'omputet Method.t and Progrant.s in Biomeditine 51 (1997) 173 l8l
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and cortex with a color representing the skull.
The filling starting point is pl.
Region growing is called again in order to fill
the region inside the skull with a color repre-
senting empty space. The starting point of the
operation is p2. Thereafter, the color of pixel
p3 is studied to determine if it has changed
during the region growing operations. If the
color has changed, that indicates that the brain
is in connection with the scalp and that the
region growing has failed.
If step 3 was successfully completed, the region
inside the skull is filled with a color represent-
ing the CSF. This region growing procedure is

selected using point p2 (Fig. 4) as the argu-

ment. Thereafter, region growing is completed
(Fie. 3A). On the other hand, if step 3 has

failed, the program will indicate the fact and
the user will then correct the images manually.

5. The next step after region growing is the com-
bination of the three amplitude segmented im-
ages which is implemented utilizing decision
trees. Thereafter, the program asks the user to
confirm ifthe result appears realistic. Thus, the
user decides if the result is acceptable. If some
region of the produced segmentation is not
satisfactory, the user can modify it manually.

The user interface of the program is graphical
and presented in Fig. 2. Actually, the program
appears similar to a bitmap drawing program.
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Fig. 3. Image (A) presents Fig. 24 altcr region growing. The result of segmentation is presented in (B), in which the scalp, skull
CSF. grey, and u,hite matter are detected.

3. Results

Segmentation was tested with five different T1
MRI-sets using manual and semi-automatic meth-
ods. It was realized that the semi-automatic seg-
mentation is applicable only in region (A) in Fig.
5. Manual segmentation is applicable in region
(B) which actually covers the entire head.

In order to implement the segmentation effi-
ciently, it is recommended to segment regions (D)
and (C) using the manual method and region (A)
using the semi-automatic method. The skull is
quite difficult to segment in region (D) manually
and consumes a great deal of time (Fig. 6). On the
other hand, in electrical modelling of the brain the
interesting regions are (A) and (C) which are
relatively easy to segment. Nevertheless, the entire
skull can still be segmented using the manual
segmentation method.

The accuracy of the segmentation method was
roughly estimated by using a simple phantom
with a high contrast. Five syringes of different
sizes were filled with water and scanned to 35
slices (2 mm thick) by using T2 MRL The images
were stored as 250 x 250 pixel bitmaps and there-
after segmented. The test demonstrated 1.570 rela-
tive error when compared to the true volumes.

The condition that there should be 2-5 mm of
CSF between the cortex and skull was also esti-
mated. Depending on selected threshold coeffi-
cients, the condition was achieved with 650/o

accuracy. Most of the errors were caused by
spikes inside the skull. However, such spikes can
be removed using low-pass filtering. Improved
results can be obtained by editing the images
manually.

Time usage was estimated using the five differ-
ent MRI-sets. It must be noted that the time
usage depends strongly on the quality of original
MR images, and also on the person who controls
the segmentation procedure. The results can be
studied in Tables 1 and 2 .

An example of the effectiveness of IARD seg-
mentation is given in Fig. 7A in which the scalp,
skull, CSF, grey-matter, and white matter are
segmented. The segmented data is also presented
in 3-D.

4. Discussion and conclusions

The implemented program already has numer-
ous clinical applications such as 3-D anatomy
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Fig. 4. The three detected points on the image of the scalp.
Point p I represents the black region between the scalp and the
brah, p2 represents the brain and p3 the scalp.

examinations of MR images, electrical modelling
of the brain as a volume conductor, and the
quantization of brain lesions. For example, a 3-D
presentation of the brain can be applied in the
planning of surgical operations. Furthermore,
electrical modelling enables the future localization
of epileptic focuses which can be presented clearly
utilizing multimodal 3-D images [9,11]. One im-

Fig. 5. The regions of the head which can be segmented using
different segmentations method. Region (A) can be segmented
using the semi-automatic method. Region (B) can be seg-

mented using manual method.

portant application is the quantitative estimation
of the plaque, e.g. hardened tissue in the brain or
the spinal cord caused by multiple sclerosis [5].

It was realized that particular regions of the
brain are difficult to segment automatically due to
anatomical details (Fig. 6). For example, the cere-
bellum is very difficult to separate from the grey
mass in MR images between the scalp and the
brain. Furthernore, the temporal lobes of cere-
brum are difficult to separate from surrounding
tissues due to the very'thin appearance of CSF.
Therefore, amplitude segmentation usually con-
nects the lobes to surrounding tissues. The hori-
zontal sections close to the eyes also cause some
difficulties because the frontal lobe and the eyes
can be inadvertently combined. These difficulties
could be solved by applying morphological opera-
tions. For example, the method of erosion can be
utilized to break the connections followed by dila-
tion to restore the size.

Some regions of the skull contain more fat or
bone marrow thus appearing quite bright in MR
images. Such regions can cause inhomogeneties to
the skull. On the other hand, in such cases the
inhomogenities are comprehend as muscle tissue
which has a conductivity coefficient very close to
the conductivity of bone marrow. Therefore such
inhomogenities will only cause minor errors to the
electrical modelling of the skull as a volume con-
ductor. Nevertheless, all these errors can be cor-
rected by manual editing.

A phantom test was used in this study to
demonstrate the volumetric accuracy of the seg-
mentation method. The ideal phantom produces
only descriptive figures for this application, where
the contrast is low and anatomy is very compli-
cated. However, it is well known that in conduc-
tivity models small errors in the volumes or
shapes of the tissues do not have any significant
effect. We will use the algorithms for volumetric
clinical applications in near future, involving a
comprehensive validation including inter and in-
tra observer segmentation studies of real anatomi-
cal structures such as tumors.

The implemented segmentation environment
has been proven to be efficient, and can be ap-
plied generally to segment arbitrary MR images.
On the other hand, it operates best with axial

I78
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(A) (B)

Fig. 6. Regions which are difficult to segrnent. Cerebellum (A) is difflcult to separate from the grey masses between the brain and
scalp. In image (B) temporal lobes may be inadvertently connected to surrounding tissues. Furthermore, some regions of the skull
contain more fat and appear bright (CDEF) causing difficulties.

(c)

Tl-weighted MR images of the brain. Most of the
testings were implemented using 0.5T Tl-weighted
axial slices, but some T2-weighted images were
also studied. This test demonstrated that the
anatomy of the brain is easier to detect from Tl
images. However, segmentation can still be ap-
plied with T2 images in order to detect various
details of the brain such as brain lesions and
fluids.

Table I

Three-dimensional region growing has in-
creased it's popularity among segmentation proce-
dures 14,141. Unfortunately true 3-D region
growing is very sensitive to unexpected artifacts in
source images, and this causes problems. There-
fore, the interactive 2-D segmentation used by
IARD algorithm is the better approach.

Previously mentioned segmentation and 3-D
applications are very useful in clinical examina-

Segmentation tests - total time used for segrnenting REGIONS: A (35 slices); B (100 slices); C (5 slices); D (60 slices)

Segmentation method Region A (min) Region B (min) Region C (min) Region D (min)

(D) (F)

No skull
Manual
Semiautomatic

lAith skull
Manual
Semiautomatic

t2
6

15

6

100

15

30

20

50

25

120
120

179

(E)

2

2

4

4
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Table 2

Segmentation tests average time used lor scgmcnting one slice tbr REGIONS: A (40 slices); B (100 slices); C (10 sliccs): D (60

slices)

Segmentation method Region A (s) Region B (s) Region C (s) Region D (s)

N'[ an ua I

Semiautomatic

Wirlt skull
Manual
Semiautomatic

20
l0

30

l5

60

45

20

20

40

40

30

20

r20

120

25

l0

tions. In spite of this, segmentation procedure is
still quite difficult and slow to implement, and
therefore, clinical applications have not yet be-
come popular. On the other hand, due to increas-
ing computing resources such segmentation and

3-D presentation methods are under development
in many scientiflc laboratories and prospects are
promising [3,1,15]. Consequently, segmentation,
together with 3-D presentation, will be an impor-
tant tool in future examinations and diagnostics"

(A)

(c)

Fig. 7. (A) Segmented MR image of the head in which the scalp, skull, CSF, and the grey and white matter of the brain are

classified. 3-D presentations of (B) the skull, (C) white matter, and (D) cortex.
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Validation of a detailed cornputer rnodel for the
electric fields in the brain

P. Laarnef, H. Eskola, J. Hyttinen, V. Suihko and

J. Malrniruo
Ragnar Ganit lnstitutz, Tampde Uniilqsiy of Technolog, PO Box 692, FIN-33 I 0l
Tmpae, Finland

A computer modzl has bem fusignedfor the calculatinn of the electrical

fults in the head, based on thefinitz dffermce methnd. This method has

not preai.ousl2 bem applizdfor fuad mndtlling. The modtl ruas aalilnted

fut usitry three concmtric sphaes and compaingit uith an analytic moful.
Three lnek oif arcuraclt ruere testcd. TheJoruard solutions show that
the finitt difnmce algoithm work coredl2 and, \t sel.ecting the iae
oJthe oolume eLemmts properfi, accuratz results are obtained. Tlu mod-el

uill be applied t0 accurate and realistic geomaries of tlu human head

obtained fom magne tir resonance images.

Introduction

The localization of electrica.l sources in the brain has its
history originating in the 1950s []. Since then several head
models and mathematical expressions have been introduced
for solving both the forward and inverse problems. In the very
first studies homogeneous, spherical models and analytic
calculation methods were used. Accurary was increased by
appl),rng both multilayer concentric and eccentric sphere
models for the head. With increasing computing power
accurate numerical methods for solving the required amount
ofequations and interations have been developed. Numeric
methods permit the use of realistically shaped head models
based on individual anatomic data, e.g. computer
l"omography or magnetic resonance images.

Commonly used methods for numerical calculations are the
boundary element method (BEN4) [2,3] and the finite
element method (FEM) [4-7]. In the FEM the volume
conductor is divided into volume elements of various shapes.
The potentials at the element nodes can be calculited
utilizing iterative techniques. In the BEM intggral functions
describing the properties of the surfaces are created.
The BEM only allows the calculation olpotentials or currents
on the surfaces, while in the FEM these values can be given
for each element in the modelled volume.

In this paper a finite difference method (FDM) win be used.
The FDM has not been widely used lor bioelectrical
modelling, although some examples can be found [8,9].
The principle of the fDM is simple [10]. The potential at a
given mesh point is expressed only in the terms of the
potentials of neighbouring nodes. This leads to sparse
matrixes, which is not the case in the FEM. The increase in
the accuracy (i.e. the number of elements olthe model) only
increases the number of equations, not the complexiry of all

t Author Jir categ)D/tdorce.
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the equations as in the BEM. In tlic Iinite difiirence method
altcrations in head E1eometry, conductivity and effects ol
anisotropy can bc easily modelled.

The purpose ol this study was to validare this computing
method, especiallv lor head geometry, in comparison with the
analytic method. We have modified an FDM soltware
package originallv developed for thorax modelling [8, I l]
lbr the calculation of clectric fields in thc head. \te will
use the model for EEG, evoked potential and transcranial
stimulation applications.

Methods

Ilead model

The validation ol'the numeric method was perlbrmed by
comparing the values calculated using the FDNI to those
calculated analytically. The well-knom, three-concenrric
sphere was used as a head modcl !21. The shells rcpresent
the scalp, skull and brain with resistivity values o1222,17160
and 222 Ocm respcctively. Each shcll was considered a
homogeneous, isotropic volume conductor s.ith radii of 9.2,
B 5 and B'0 cm respectively.'l-wo electrodes with a separation
of I 80o were cmployed on the outer scalp surlace (figure I (a)).

Thc lead field defining the sensitivity distribution ol the
electrode configuration [3] was obtained by leedinq a
reciprocal current throush the pair olelectrodes employing
the procedure described by N{cFee andJohnston [1.1].

Analytic method

In the anal_vtic solution the scalar potential function
senerated by the rwo point electrodes forming a current
source and sink satisly Laplace's equation:

Y'r'= l" a (,"1) , I 
-' ' (r,,ro'l)

r'dr\ 6r/ r'sin[/3d\ afrl
ttv+ * "o-0. (l)

r'stn' A dQ'

The gcneral solution for the spherical model can be written:

2=0,i=0

x (,C,r, + D,r \, * ttlpi(,.cos 0)), (2)

w'here Pi(cos 0) is a Legendre polynomiai of the first kind and
thc coelEcients can be determined lrom the boundarv
conditions.

The solution lor the brain, assurning the electrodes are laying
on the plane where @ is zero (figure I (6)) is:

/R,: /rt'
l'6:^ >A,l-l [P,(cos0r) -P,(cos0s)1, (3)' '2nr, l!, \y,/

030c 1902/95 $10 00 O 1995 Taylor & t'rancis Ltd.
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u,here

AN:
(2n + 1)3 /2n

(n + l)(rQ./Rr, - l)[(l + R,/ ILln+ R,/Rf,(.rt,/r,)2'+ I *
(n+ 1)(.R,/&- 1)(l + R,/R,.)n+ ll(r./r,)2'nr+

z(z+ l)(1 -Rl&,)(l - R,/Pu1(r6/r,.t2''t+

[(l + &/,Ro), + 1] (l + R,/R')z + ll

Numeric method

In the finite difference solution potentials are calculated as

follows (see also figure 1 (r)). The head geometry is
represented by a three-dimensional grid of discrete points.
Resistive elements are placed between the points and the
different resistivity values describe the inhomogeneities of
the volume. The fundamental difference equations between
the potentials at adjacent points are set up by using Ohm's
and Kircho{Ps laws for each node:

*4) (sr
16 l

Figure 1 . (a) A three-concmtric modcl of the human luad. rb rs and rl

are the outer dinmeters, and R6, R, and R1 are resistitit2 talues of the

brain, skuLl and scalp ruputitellt 16: B'0cm, r$:8'5on,
rt -- 9' 2 cm, R6 : R, : 2 2 2 Q cm, R, : I 7 7 60 Qcm (b) Geometry for
tlu anafutir method. Two elechodts ruith a separation of lB0" are on

the pkru tD: 0. Thefuld point can be anywfure in tlu luad. (c) Nodz

model of tlu jnitz dffermce method. The ruistance ualuts (r1 etc.) are

dtfined fu tJte ditnnce and the eharacteristi.c reistiti4t of the tissue

behleen a$acmt nofus.

At the source nodes the potentials are:

0,,- v,.

To solve the set of linear equations the successive

over-relaxalion method is used to speed up the convergency.

The electrodes were simuiated by selecting the 25 nodes
closest to the point source location used in the analytic
method. These nodes were used as reciprocal current sources.

The reciprocal current generator was defined by app\ing a
high voltage to the electrodes and defining a large resistivity
between the source nodes and the neighbouring nodes [15].

Simuhti.ons

The numeric method was applied to the model constructed
with three different grid sizes. The slice separation was 5 mm
in all tests, but the grid sizes were varied in each plane.
Sl,rnmetric 4x4 and 2x2rnm2 and a non-uniform grid
using l, 2 and 4-mm grid spacing were used. Based on the
electrode cgnfiguration and different grid sizes the electrode
surface area varied from 1'6 to 3'2cm2, but this has been
shown to have litde effect on the results [16]. The current
source and sink had values around 203t7mA in the
numeric solution.

The accuracy requirement for the terminadon of the iteration
was a change of lO-e ofthe absolute value. Depending on
the grid size, the model consisted of approximately 45 200,
182600 or 118000 grid points. The potentials were
calculated at all these points using the finite difference
method. This required approximately 27 500, 86 700 or
65 200 iterations respectively.

Analytic solutions were calculated for the middle plane of the
sphere in the node locations ofthe corresponding grid. The
current was 1mA.

Results

The calculated potential distributions in the plane located in
the middie of the brain area are shown in figure 2. Owing to
the linear nature of the model all numerically calculated
potentials are scaled to present a field generated by a I-mA
reciprocal cument. The relative differences, which are given
in table 1, were calculated using the following formula:

Tabb l. Summary oJ lhe re.rults oblained b1 the rlnite dffuenu model

On aaerage, 5% oJ all the nodet wre used -for lhe rulcuLation oJ' the relatiue

diffirmce in com?aison uith the analylic method.

(6)

. 1l t li-'/@, 0r.6,:l . -+ --l .l---+..
\rt rl to' 'rt f2

R5
RS

Rt,

(7)

(c)

Grid
(--') Nodes Iterations

Re latir.e
diflerence

Middle plane
nodes

4x4 45200 27500
2 x 2 l82 600 86 700

Non-uniform I I8000 65200

2209
8649
7055

0.3877
0.0338
0.0308

B5
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where € is the relative di{ference; -l[is the number olnodes
in the plane; Z,; is the potential value in the analytic solution;
and 4; is the potential value in the numeric solution.

Using the 4 X 4-mm2 grid shows clearly the effects of the low
conductivity of the skull. The sparse grid cannot accurately
describe the skull, giving rise to high conductive fragments of
t}te skull. AdditionaJly, the skull thickness is on average I mm
thinner than in the analyic model. This results in an
increased current flow through these fragments into the brain
area and higher potentiat in the numeric solution (39%
relative difference). Both the 2 X 2-mm2 and the non-unifiorm
grids provided acceptable results with relative differences ol
3'4 and 3'170 respectively. By comparing individual values
the greatest di{Ierence between the models is in the
skull*brain junction. This is due to the high resistivity
dillerence between regions producing errors due to
rectangular grid geometry.

Discussion

A three-dimensional, finite dilference model of the human
head is presented here. The method was validated employing
an inhomogeneous spherical model. The potential
distributions obtained by the numeric method were
compared with those calculated analytically. In conclusion
from this comparison, the following results can be obtained:
(1) this finite dilference algorithm works correcdy; and (2)

accuracy ofthe results depends strongly on the selected grid
slze -

A 2-mm grid line separation should be employed on the
curved sku-ll areas to describe accurately the anatomy of
the skull. In realistic anatomy the skull thickness varies from
approximately 2 to Bmm. Therefore, the grid should be in
the order of the minimum thickness. A well-chosen,

non-uniform grid increases accuracy, but decreases the
number of equations, and thus number of iterations.
This solution is especidly applicable for real head anatomy
with various skull structures. We present here only one
electrode confguration of lB0' separation between
electrodes used lor each grid model and the e{Iects oldifferent
electrode distances were not systematically studied. Our
experiments suggest that those elfects are negligible
compared with the effects of the grid size.

The finite difference method is very fledble when considering
the model construction. The complexity of the model is solely
described by the refinement ol the grid. The number ol
di{ferent inhomogeneous regions does not a{fect the
solvability or complexity of the model. The greater di{ference
between the two methods near the high and low resistivity
regions suggests that the finite diflerence method is not
optimal for superficial cortical sources. However, the method
allows the source to be located anl,where in the volume, not
only on the boundaries.

In principle, the e{fects ofthe anisotropy can also be modelled
by using suitable conductivity values in the model
construction. In future shrdies more realistically shaped
head models will be used. Individual models based on
magnetic resonance images including the scalp, skull,
cerebrospinal fluid, white and gray matter will be employed
for solving the field source relationship of the evoked
potentials and EEG.

The software has been set up on a UNIX workstation
(Axil-220 D!. The solver has been run though on a more
powerfd computer, the Titan KPC 3000. Computing time
is a problem, especially for smaller grids and realistic head
volumes. An experiment on a whole head model including
the neck area divided into 2X2X2-mm cubic voxels
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resulted in 480 000 nodes, which is almost three times greater
than in any of our previous experiments. The problem will
be alleviated by employing parallel processing methods.
In the future the computing power ol the next generation
computers will also reduce the computing time.
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Abstract

There is an evolving need for new information available by employing patient tailored anatomically accurate
computer models of the electrical properties of the human body. Because construction of a computer model can be
difficult and laborious to perform sufficiently well, devised models have varied greatly in the level of anatomical
accuracy incorporated in them. This has restricted the validity of conducted simulations. In the present study, a
versatile software package was developed to transform anatomic voxel data into accurate finite difference method
volume conductor models conveniently and in a short time. The package includes components for model construc-
tion, simulation, visualisation and detailed analysis of simulation output based on volume conductor theory. Due to
the methods developed, models can comprise more anatomical details than the prior computer models. Several models
have been constructed, for example, a highly detailed 3-D anatomically accurate computer model of the human
thorax as a volume conductor utilising the US National Library of Medicine’s (NLM) Visible Human Man (VHM)
digital anatomy data. Based on the validation runs the developed software package is readily applicable in analysis
of a wide range of bioelectric field problems. © 1999 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Modelling; Volume conductors; Software package; Finite difference method; Electrophysiology; Computer
simulation

1. Introduction

Stimulation and activation of excitable tissues
such as nerve and muscle cells give rise to electric
fields that are distributed throughout the volume

conductor formed by the body. Basically, the
same theories underlie the analyses of bioelectric
measurements and stimulations [1]. Thus, the
same numerical modelling methods can be applied
to almost all bioelectric field problems.

The level of anatomical detail included in a
model affects the results obtained with it. For
instance, three-dimensional (3-D) computer mod-

* Corresponding author. Tel.: +358-3-247-4012; fax: +
358-3-247-4013; e-mail: k113721@ee.tut.fi.

0169-2607/99/$ - see front matter © 1999 Elsevier Science Ireland Ltd. All rights reserved.
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els of the thorax developed for studying the
measurement properties of electrocardiography
(ECG) generally include no more inhomogeneities
than cardiac muscle, intracardiac blood masses,
lungs and some bone structures such as sternum
and spine [2–4]. Including more inhomogeneities
improves the accuracy of numerical simulations
which in turn helps the interpretation of measured
data providing more assistance in diagnostic deci-
sion making [5].

In most of the existing computer models the
conductive regions are represented by numerical
element methods such as the finite difference
(FDM), finite element (FEM) or boundary ele-
ment methods (BEM) [6]. Each element method
provides certain computational or practical
benefits and restraints [7]. Of these, the FDM
offers the easiest and the most straightforward
method to code and implement the complicated
structures of the human body in detail. Further-
more, an important and unique aspect in the
FDM is that it gives the solution at all the ele-
ments in the model, providing accurate informa-
tion on simulated field distributions. This allows
detailed analysis of fields, which is important in
many modelling applications [8]. The major draw-
back in the FDM approach is the high demand it
makes on computational resources as the model,
if accurate, contains several hundreds of thou-
sands of computational elements.

Several commercial software products are avail-
able for element modelling, especially for the
FEM and BEM. This, however, has generally not
led to more sophisticated models or simulations.
Often separate software is needed for 3-D mesh
generation, solving and post-processing the data
[9]. Model construction and mesh generation from
anatomy data may become time consuming and
exceedingly problematic. Changes in source
configurations may be difficult and laborious to
perform. Furthermore, the types of simulations
and analysis commercially available with a mod-
erate amount of work may not suit bioelectric
problems of interest and the costs of commercial
software are often high.

In this study, we developed a software package
for the construction of the volume conductor
models in order to simulate the electrical proper-

ties of the human body and electric fields in it
generated by different types of internal or exter-
nally applied sources. The software was designed
to be an easy-to-use package that overcomes the
problem of discretising the complex anatomy data
into simple computational elements. The software
utilises the FDM and it allows versatile simula-
tions and detailed analysis of simulation outputs.
The number of inhomogeneities of the volume
conductor model is practically unlimited enabling
construction of highly accurate models. The soft-
ware may be easily applied in a wide range of
bioelectric field problems including the analysis
and development of measurements and
stimulations.

2. FDM volume conductor modelling

2.1. Introduction

Basic process of volume conductor modelling is
illustrated in Fig. 1. First, anatomy information is
obtained with a medical imaging device (a) and
the modelled data is segmented and classified by
tissue types (b). Model is constructed and simula-
tions run (c) for analysis of simulation output
data (d).

2.2. Human body as a 6olume conductor:
computational approach

The human body can be conceived as a piece-
wise, homogeneous and resistive system [1]. Gov-
erning equation of the electrical properties of the
body as a volume conductor then becomes the
Poisson’s equation. In the orthogonal Cartesian
co-ordinate system, this equation is

(

(x
�
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(F
(x

�
+
(

(y
�

sy

(F
(y

�
+
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(z
�

sz

(F
(z

�
= −I6(x, y, z) (1)

where F is potential and, sx, sy and sz are the
conductivities in the x, y and z directions, respec-
tively and −I6(x, y, z) is the representation of the
source currents, throughout the thorax. The asso-
ciated boundary conditions of the equation de-
pend on the type of source problem.
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Fig. 1. Major actions involved in a modelling process. (MRI—magnetic resonance imaging, CT—computed tomography).

In the FDM the modelled volume is divided
into a 3-D resistor network that reflects the hu-
man body both geometrically and as a conduc-
tor. The structures are represented by a 3-D
grid of discrete points, called nodes. A network
of resistors is placed between these nodes. Resis-
tor values depend on conductivity of the tissue
type and size of the element between the node
points. Ohm’s and Kirchoff’s laws are used for
each node to set up the fundamental linear dif-
ference equations. The potential at node n as a
function of adjacent nodes is described by

Fn=
�1

ra

+
1
rb

+…+
1
rf

�−1

·
�Fa

ra

+
Fb

rb

+…+
Ff

rf

�
(2)

where ra,…rf are the resistances between node n
and the neighbouring nodes and Fa,…Ff the po-
tentials of the same nodes. If node n is a source
node, then the potential is simply the potential
of the source.

Each equation describes the potential at one
node. The solving of the linear equations is
based on the iterative successive over relaxation
(SOR) [10]. The result of the iterative process is
the potential distribution within the model due
to specified source configurations.

2.3. Source models and their applications

In the suggested FDM approach the source is
always set up using constant voltages at the nodes
forming the source which gives the driving force for
equation solver. Since the model is assumed linear,
the source currents may be scaled after the simula-
tion to obtain ideal sources of required strengths.
The models describing the sources can be classified
into two categories, bioelectric and applied.

Equivalent bioelectric sources are used when
solving the forward problem (refer to Fig. 1), which
constitutes a class of problems where the solution
provides the potential or current distribution
within the model and model surface arising from
sources of bioelectric origin. Examples are a poten-
tial distribution due to a dipole or double layer
sources in cardiac muscle or within the brain. The
potential in Eq. (1) is solved after describing the
−I6(x, y, z) in the model structure and by applying
the subsequent Neumann boundary condition
which states that current is continuous across
boundaries and zero on the surface.

Externally applied sources require the use of a
mixed boundary condition known as Neumann and
Dirichlet condition. The Dirichlet boundary condi-
tion states that a constant potential (or current) is
applied on a set of surface nodes. Applied sources
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are employed to obtain e.g. current flow caused
by stimulation electrodes or when calculating the
sensitivity distribution of a measurement lead sys-
tem. The sensitivity distribution or the lead field
[1,11,12] of a measurement such as ECG or elec-
troencephalography (EEG) can be obtained by
employing the reciprocity principle [1]. The lead
field is directly associated with the current field
produced by injecting a unit reciprocal current
through the measurement lead. The lead field
expresses how sensitive the lead is to record activ-
ity in the model, i.e. the source-lead relationship
expressed for each node in the model. Once calcu-
lated lead fields can be used for further simula-
tions of the forward problem as well as for the
basis of fast solutions to in6erse problem (Fig. 1).
The reciprocal method can also be applied in the
clarification of the measuring sensitivity of electri-
cal impedance measurements which do not di-
rectly record electrical activity but the subsequent
dimensional and conductivity changes. In four-
electrode impedance system, where current is in-
jected and voltage measured from two different
electrode pairs, reciprocal current fields of both
electrode pairs must be calculated [8]. Sensitivity
field is then obtained by taking the dot product of
the two fields.

3. Description of the software

Earlier work has established a foundation for
simple mesh generation from traced outline
anatomy data and an FDM equation solver
[2,13,14]. The preceding versions of the modelling
programs were limited in terms of flexibility and
usability requiring understanding of software engi-
neering. We developed and implemented several
separate programs that are needed in the simulation
process into a common modelling software package
hereafter referred as volume conductor modelling
tools (VCMT) which is based on preceding FDM
equation generation and solver techniques. VCMT
Software is capable of converting segmented vol-
ume data directly and rapidly into a FDM model
and it allows detailed analysis of simulation outputs
of a wide range of source types making it possible
to simulate a variety of bioelectric field problems.

The aim of the software development was:
� To provide a complete implementation of mod-

elling and simulation programs and a library of
functions and subroutines for future develop-
ment and delivery of the software

� To achieve easy and fast transformation of
anatomy data into a FDM model

� To develop structures of the modelling pro-
grams to be compact in size and efficient to use

� To declare administrative data format for the
transfer of information between the different
application programs and users of the VCMT
package.
The following text describes the developed data

management scheme and routines of the mod-
elling process in brief. Fig. 2 gives a summary of
the major steps involved in modelling and simula-
tion process using the developed software. The
process may be divided to four parts: (I) pre-pro-
cessing, (II) simulation set-up, (III) solving and
(IV) post-processing. Some of the tasks may be
by-passed or modified depending on the run op-
tions and other parameters specified for the simu-
lation or modelling task. The figure also shows
interactions with other applications through files
which can be either standard ASCII or binary files
depending on the selected output options.

3.1. Simulation header data format and tissue
coding

At all times, simulation file header contains all
data and pointers to files for I/O operations by
the different programs. Header data format was
declared to collect the necessary information in
one defined file format that enables data transfer
between different programs and routines. Data is
divided into administrative and anatomy sections
shown in Fig. 3. All administrative data is sup-
plied in the form of key-value pairs in ASCII
format. The administrative header section con-
tains comprehensive information about the
anatomy data, formats, file names, modification
programs, parameters, results, versions, etc. Steps
taken in the course of the modelling process are
written in a simulation diary of the header data
and can be returned to when necessary. The user
knows what steps have been taken and what
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Fig. 2. Summary of major stages involved in 3-D FDM modelling studies of bioelectric phenomena with the VCMT software
package.

programs have been used in the modelling process
reducing the risk of error in simulation and later
post-processing. Running the programs is semi-
automated by the instructions given in the header
data which forms an efficient interface to the
operations of the programs. It contains predefined
descriptive information about the variables and
options read into programs that are used in a
simulation process. For instance, user does not
need to know about all the different parameters

given to the source-setting program, or does not
need to know what source-setting program to use.
All that is required is to declare what type of
source is desired and its location. Then, a parser
routine will proceed, run required programs with
appropriate parameters and update the necessary
files and the header information.

Tissue and associated resistivity coding was de-
signed to use minimum memory and CPU time.
The data coding structure for tissue types was
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implemented using direct-address tables. The
table for tissue codes included a code (ASCII) for
tissue type and three corresponding values for
resistivities needed for anisotropic conductivity in
X, Y and Z directions, respectively. The informa-
tion for tissue could be found using two keys.
First, the key for a tissue, like kidney or blood
declared in the administrative data section and
used throughout in the modelling programs, is
used to access the right location in the table.
Then, the associated resistivity value for the re-
quired direction is indicated from the list structure
of the tissue in that table location. Because many
of the programs in modelling software frequently
require the tissue resistivity information, the effi-
ciency of such programs strongly depends on the
representation of tissue codes. The priority of a
tissue type may be associated to it by selecting the
8-bit code order to suit particular modelling pur-
pose. In our model constructions we have applied
this type of priority classification of tissues from
segmentation to final post-processing of data
[5,15]. The benefits of coding structure are consid-
erable in programs that need tissue codes fre-
quently. Without change in the efficiency, up to
256 different tissue codes can be used. This allows
future inclusion of new tissues and e.g. systolic
and diastolic conductivity values for tissues. No
restrictions on tissue conductivities or names are
set when compiling the source codes, instead,
information is read from the header data while

running the programs. This increases the flexibil-
ity of the VCMT package. Updating any part of
the system modules is easy when the structuring
of the software supports it.

3.2. Modelling process with VCMT

3.2.1. Pre-processing
Initially, a set of medical images is used for

model geometry data formulation. IARD is a
segmentation and tissue classification algorithm
developed in our laboratory that directly produces
voxel data for the VCMT formatted file [15,16].
Anatomy data is presented for each 2-D image
row by row as a sequence of coded string of
ASCII data containing 8-bit code (ASCII) for
tissue type and then the number of successive
voxels of the same type. At this stage, voxels are
uniform throughout the model. Strength identifi-
cation of tissue codes is utilised in segmentation
algorithm when forming the anatomy data.

3.2.2. Setting up a simulation case
Before a particular simulation case can be re-

alised there are several steps to be taken. Uniform
voxel based segmentation data provided by the
IARD algorithm are employed to form the final
simulation VCMT formatted model file. A
nonuniform mesh generation procedure is per-
formed to create a downscaled model based on
user defined meshing information. For this pur-
pose 2-D meshing parameters are given in header
data, including options for deciding the general
tissue type of a group of voxels to be converted to
one larger voxel. These grouping priority options
may be employed when the aim is to maintain
details such as small vessels when grouping the
voxels. The number of volumetric elements is
reduced according to the defined mesh decreasing
the requirements of computational resources also.
This downscaled model file may be duplicated and
used as a basis for different simulation cases
applying the same model and accuracy. Thus, the
steps taken so far are not needed to be repeated in
each simulation.

The downscaled model data is used to generate
a file describing the 3-D anatomy and conductiv-
ity structure for setting up the FDM equations.Fig. 3. VCMT formatted modelling file layout.
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Each node has a data structure associated with it
containing the location in nonuniform mesh, node
number, surrounding tissues codes and a data flag
expressing the source nodes which are selected
according to the definitions specified by the user
in the header data. A matrix of differential equa-
tions discretising the Eq. (1) is built up for each
individual node. Boundary conditions for the par-
ticular simulation are defined according to the
source settings in the nodes file and the header
section of the simulation file.

3.2.3. Sol6ing the equations
Generated equations are the input for the itera-

tive FDM solver. Iterative calculation can be very
time consuming. The performance of the equation
solver can be improved by taking as an input an
initial simulation output file obtained with a simi-
lar model and simulation case. Thus, input solu-
tion data reduces the number of iterations
depending on the problem set-up. For instance, it
has proven to be efficient when simulating the
same source configuration with altered tissue re-
sistivities. And, in the case of a system hang-up,
simulations may be restored using the temporary
solution file as an input data when restarting the
simulation.

The output of the solver is a potential file
describing the potentials of each node in the
volume conductor model due to the specified
source models.

3.2.4. Post-processing
The solver output is post-processed along with

the model anatomy and node data with a variety
of tools enabling statistical analysis, categorisa-
tion and visualisation of data. Initially, potential
data is often converted to electric or current field
data. Alternatively, a conversion program may be
used to read solver output data together with the
anatomy and conductivity data to produce files
for other applications, such as commercial visuali-
sation programs and spreadsheet calculations.
Several conversion programs are provided in the
VCMT package for different combinations and
conversions of anatomy and field data. Sample
simulations presented in the next chapter provide
examples of post-processed data in the form of

body surface maps, lead fields and lead field
analyses.

3.2.5. Validation of the software
Original FDM programs developed by Walker

[13] were constructed for inverse ECG calculation.
The methods were validated by forming a homo-
geneous spherical volume conductor model with
two point current sources inside the heart (a
bioelectric dipole source) and comparing the re-
sulting potential distribution with the known ana-
lytic solution. The isopotential contour maps were
almost identical, while the greatest differences oc-
curred near the source, as would be expected as
the analytically calculated potential generated by
a dipole source approaches infinity. The geometri-
cal errors due to the rectangular node structure,
which cannot exactly fit the spherical model in-
crease the errors on the surface. However, the
errors were still quite small, being in the order of
4–5% and decreasing to 1–2% below the surface.

The integrity of the reciprocal (applied) source
calculation was checked by calculating the lead
vectors of ECG limb lead II from the lead vectors
of leads I and III [14]. In theory, lead II is
obtained by adding the lead vectors of leads II
and III. Due to the linearity the result should be
the same as the lead vectors obtained by simulat-
ing the lead II. The observed differences were in
the order of 10−3%.

Validation of the VCMT software package has
also been performed employing an inhomoge-
neous spherical model used in EEG studies. The
potential distributions by the VCMT software
were compared with those calculated analytically
with three concentric spheres models [17]. The
FDM algorithm works correctly providing accept-
able accuracy as compared to the analytical solu-
tions. Although, accuracy of results strongly
depends on the selected grid size, producing ac-
ceptable relative differences of less than 5% with a
fine grid. A well-chosen, non-uniform grid in-
creases the accuracy, while decreasing the number
of equations and thus the number of iterations.

Various other constructed inhomogeneous
models and test data were used in conducting
experiments to ensure the correct functioning of
the implemented procedures and programs.
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Table 1
Tissue types and resistivity values used in thorax and head models

Resistivity (V Detailed thorax HeadOrgan/tissue Standard tho-
raxcm)

1010 x x xAir
xCerebrospinal fluid 65

xSkeletal muscle 400 x
xx2000Fat
xLeft eye, right eye 300

xBone 2000 x
Skull 17 760 x

x230Scalp
Gray matter 225 x

x500White matter
xStomach 400
xLiver 600
xx1325Left lung, right lung

x xHeart muscle 450
xHeart fat 2000

Saline eye 300 x
x2500Cartilage

230 xSalivary gland

xBlood masses 150
XXLeft atrium, right atrium, left ventricle, right ventricle

XAortic arch, ascending aorta, descending aorta, superior vena
cava, inferior vena cava, carotid artery, jugular vein, pul-
monary artery, pulmonary vein

xx150Other blood
x xOther tissues and organs x460

4. Sample simulations

We have applied the VCMT package for sev-
eral volume conductor model constructions and
simulations. As examples of VCMT utilisation in
head and thorax modelling, following models are
here introduced: two thorax models based on the
US National Library of Medicine’s Visible Hu-
man Man digital anatomy data [18] and a head
model based on a set of T1 weighted magnetic
resonance (MR) images obtained with a General
Electric 0.5 T MR device.

4.1. VHM thorax models

A comparison of a highly accurate thorax
model with a more standard model was per-
formed. Two 404307 element thorax models, de-
tailed and standard, were constructed for

simulating cardiac dipole sources. Altogether 28
tissue types were included in the detailed model
while nine more generally used inhomogeneities
were included in the standard model. A list of
tissues and organs of the models along with the
conductivities are listed in Table 1. A nonuniform
2-D meshing algorithm was used to approximate
the voxels to reduce the number of computational
elements from the original of more than 3 000 000
voxels. The resolution of the final elements varied
from 0.011 cm3 in the region of the heart to 2.8
cm3 further from the heart. The scheme of the
VCMT package enabled construction of the stan-
dard model simply by modifying the tissue con-
ductivities of the unwanted inhomogeneities in the
header data section of the detailed modelfile.

Unit current dipoles in the centre of the heart
oriented in X, Y and Z directions were specified in
the models and corresponding node potentials
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were calculated. The strengths of the current
dipole sources were adjusted after the simulation
to be equal in each case, 1 mA. Volume based
rendering technique was used to visualise the
model surface and simulation output data shown
in Fig. 4. The colourmaps were scaled by the
minimum and maximum body surface potentials
calculated for the detailed model. The reference in
each case was the average body surface potential
obtained from the 33 712 surface node locations.
Simple dipole source experiment indicates the ef-
fects of the model inhomogeneities on the gener-
ated surface potentials showing relative errors of
few percent in body surface maps between the
detailed and the standard model for X, Y and Z
directed dipole sources, respectively, when calcu-
lated as an average for each surface node. More
specifically, errors using the electrode locations of
the standard 12-lead ECG for potential measure-
ments were remarkably larger, ranging from −23
to 15%. This manifests the important contribution
from the large vessels not included in the standard
model [19,20].

4.2. Head model

As an example of the head modelling applica-
tion a bipolar EEG measurement was simulated
to obtain the measurement sensitivity distribution
of the lead system. A 441 454 element highly
detailed model was constructed comprising 14
different tissue types listed in Table 1. Uniform
meshing was used to reduce the number of ele-
ments with the final size of the elements being
0.014 cm3, throughout the model. A reciprocal
current was applied to the electrodes T4 and Cz of
the standard 10–20 EEG electrode system. The
current field was calculated from the potential
data provided by the solver. Visualised current
field shown in Fig. 5 is directly related to the
measurement sensitivity (lead field) in each loca-
tion. The analyses of the lead field indicated that
more than 22% of the sensitivity is originated in
grey matter, 18% in white matter and as much as
24% is produced by the sources in the scalp and
muscle tissue.

5. Hardware and software specifications

Software development was carried out on a
unix workstation in standard ANSI C language.
The developed software is portable with minor
modifications to any system; requirements to run
the VCMT package are a computer with ANSI C
language equipped with sufficient amount of
RAM (depending on the size of the model) and a
hard disk.

6. Status report

Trials with test materials and systems have
shown that the modelling software has achieved
high performance in terms of speed and ease of
use. Segmented data is converted to an accurate
FDM model within minutes. Simulation times
depend on the number of computational elements,
the source configuration and the required solution
accuracy. To solve a model containing 100 000
nodes on a Sun Ultra 1 workstation with 64 Mb
of RAM requires less than 10 min of CPU time.
Large models containing more than half a million
elements may require more than 10 h of solution
time.

The work described has successfully imple-
mented an operational modelling software pack-
age that is easy to use, open to developers and can
be run under several platforms and operating
systems with minor modifications. It has potential
use in a variety of bioelectric field problems. At
the present stage, the VCMT system is used under
clinical epileptic foci localisation study and in
several research projects involving volume con-
ductor modelling applied in EEG, ECG,
impedance cardiography and electrogastrography.

Approaches taken in VCMT software imple-
mentation are well suited for modelling of com-
plex structures of the human body as a volume
conductor with high level of anatomical struc-
tures. The number of tissue inhomogeneities does
not have influence on the time needed to model
construction or simulation. Model construction
was achieved to be fast and setting up and modi-
fying a simulation case easy to perform.
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Fig. 4. Simulated surface potentials on the VHM model due to X, Y and Z oriented current dipoles located in the heart muscle.
Relative errors calculated between the detailed and the standard model for (i) all the body surface points and (ii) the 12-lead ECG
electrode locations.
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Fig. 5. Detailed head model: (a) The outlook of the model with the 10–20 system T4 and Cz EEG electrodes shown on the model
surface. The sensitivity field (lead field) distributions of the electrode set-up visualised on; (b) frontal; (c) sagittal; and (d) transverse
section of the model.

7. Future plans and conclusions

Considerable effort has been put into the mod-
elling of the bioelectric sources and the surround-
ing volume conductor to gain understanding of
various measurement systems developed for ob-
taining information of functional state of the
bioelectric sources. Precise estimations of poten-
tial distributions within the thorax and head play
a major role in the development of measuring
technologies to obtain optimal measuring capacity

and to improve the interpretation of clinical data.
Clinical diagnostic options are expanding as re-
search provides more information with modelling
applications. The VCMT software package was
developed and run on a unix workstation for this
project but it has also been compiled on Pentium
based PC with 32Mb of RAM. The widespread
use of PCs and increasing CPU capacity with
decreasing costs brings the modelling and simula-
tion of the human body as a volume conductor
within reach of a vast number of researchers.
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The VCMT software package has proven to
be a powerful and valuable resource for mod-
elling the human body as a volume conductor.
Model construction is achieved easily and in a
short time. Although VCMT provides a broad
variety of simulation possibilities and available
functions in easily adopted form, there may al-
ways be demands that are not covered by the
package. The structuring of the programs and
functions support easy development of new
source models and functions. If more sophisti-
cated graphical user interface is required, it can
be implemented to process ASCII header data
in the administrative section of the simulation
file for more straightforward operation of the
simulation programs. The easiest way to realise
a graphical interface for user’s platform and op-
erating system is obtained with modern develop-
er’s tools and by using the provided VCMT
formatted I/O functions.

Important feature of many tissues of the hu-
man body is the anisotropic conductivity prop-
erty. Currently our package only defines
anisotropy in x, y and z directions. This is of
course, only a simple approximation of the true
anisotropy, but provides considerable strength in
terms of easy model construction, coding and
general handling. True anisotropic conductivity
would require a tremendous amount of data de-
scribing the distribution of anisotropic tissue
masses throughout the model, which is not pro-
vided by current standard medical imaging tech-
niques.

A general but important difficulty encountered
with the volume conductor modelling of human
body is the uncertainty of tissue conductivities,
which may have inter- and intra-patient varia-
tion. Based on the model studies conducted with
the VCMT software it has been shown that the
selected conductivity values have a considerable
effect on simulation results and it is of impor-
tance to find solutions for selecting correct val-
ues for conductivities [5,21]. Currently we are
looking for methods to define patient specific
conductivity values based on non-invasive
impedance measurements and modelling with
patient specific VCMT FDM models.

The VCMT is being developed further to al-
low multiple models in time domain, i.e. 4-D
modelling including the dimensional and con-
ductivity changes in time, in one simulation file.
It would be particularly valuable in building and
solving models based on ECG gated image sets.
4-D models would mimic e.g. the geometrical
changes of a beating heart, which is known to
have effect on the volume conductor properties
in ECG and impedance cardiography.

The performance of the solver program could
further be improved by using rough initial solu-
tions obtained with coarser meshes. The possi-
bility of using 3-D meshing algorithm without
changes in other programs but the node making
program has also been examined since, depend-
ing on the problem set-up, higher accuracy is
only critical in regions with large gradient. As-
pects of implementing the FDM model in paral-
lel MASPAR environment with array processor
of 16 000 CPUs has also been investigated [22].
Parallel processing could be used in research
projects to obtain fast solutions for highly de-
tailed models with millions of computational ele-
ments.

8. Availability

The VCMT software package may be avail-
able for academic research purposes based on
negotiation. Those interested in additional infor-
mation should contact the authors by e-mail at
k113721@ee.tut.fi or by letter to Pasi Kaup-
pinen, Ragnar Granit Institute, Tampere Uni-
versity of Technology, PO Box 692, 33101
Tampere, Finland.
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Two inverse algorithms were applied for solving the EEG inverse problem assuming a single dipole as

a source model. For increasing the efficiency of the forward computations the lead field approach based

on the reciprocity theorem was applied. This method provides a procedure to calculate the computation-
ally heavy forward problem by a single solution for each EEG lead. A realistically shaped volume con-
ductor model with five major tissue compartrnents was employed to obtain the lead fields of the standard

10-20 EEG electrode system and the scalp potentials generated by simulated dipole sources. A leas!
squares method and a probability-based method were compared in their performance to reproduce the di-
pole source based on the reciprocal forward solution. The dipole localization errors were 0 to 9 mm and

2 to 22 mm without and with added noise in the simulated data, respectively. The two different inverse

, algorithms operated mainly very similarly. The lead field method appeared applicable for the solution of
the inverse problem and especially useful when a number of sources, e.g., multiple EEG time instances,

must be solved. o2o0oAcademicPress

1. INTRODUCTION

The measurement of the electroencephalogram (EEG) provides noninvasively obtained
data for localizing the electric sources generating the scalp potentials. During the past
few years the EEG inverse problem has been widely studied. In brief, the solution con-
sists of determining the equivalent source configuration generating the measured EEG
within a deflned volume conductor that preferably accurately reflects the patient's head.

The volume conductor model is used for obtaining the forward solution, i.e., the rela-
tionship between the equivalent sources and the scalp potentials. This provides the means
to estimate the sources of the EEG. In general, mathematically there is no unique solution
for the inverse problem. A physiologically meaningful solution can be found by applying
anatomical, physiological, and mathematical constraints and adequate volume conductor
and source models.

Fast analytical methods can be applied in the calculation of geometrically simple vol-
ume conductor models, such as concentric and eccentric spheres (1-9). The shape and
the tissue resistivities are major characteristics of the head as a volume conductor. This
stresses fhe importance of applying realistic models for improved accuracy at the cost of
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ACCURACY OF TWO DIPOLAR INVERSE ALGORITHMS 113

increased computing requirement. Both homogeneous and inhomogeneous models have
been used (10-15).In inhomogeneous models the amount of the tissue layers usually
varies from two to flve. However, the number of included tissue compartments is in-
creasing as computing capacity increases. For the forward solution boundary element
(BEM) (1 1, 12, 16-18), finite element (FEM) (19, 20), finite difference (FDM) (21-23),
and finite volume element (FVM) (10) methods have been applied. Each of these meth-
ods have their advantages and drawbacks in terms of the simplicity of the model con-
struction, modeled anatomical details, the efficiency, and the required computer
resources. Lately, models with several hundreds of thousands of elements can be
processed in reasonable time using ordinary workstations.

The inverse solutions can be divided into two rough groups, imaging and dipole lo-
calization methods (24). Inverse algorithms for single dipole localization have been
generally based on the least-squares approach using different optimization techniques
(e.g., 1, 2, 4). Also probabilistic methods have been applied (e.9.,25-26). The general
scheme for the dipolar source localization has been to assume one source configura-
tion, to calculate the corresponding forward solution, and then to compare the calcu-
lated potentials with the measured potentials until the optimal fit has been found. Since
there are numerous possible source locations and directions, the solution to the forward
problem must be efficient to find the solution in realistic time. When accurate and
detailed realistic models are employed, the forward solution can be time-consuming,
especially if the source of more than one EEG time instant is required (27 ). Therefore,
the development of fast forward solution methods as well as inverse algorithms are

equally important.
The main objective of this study was to demonstrate the usability of the reciprocally

calculated lead fields in the EEG inverse solution using an individually shaped inhomo-
geneous volume conductor model. In this respect the performance of two inverse algo-
rithms using simulated potentials caused by artiflcial single dipole sources at different
locations and varying directions were compared. The lead field approach based on the
reciprocity theorem provides a procedure to calculate the computationally heavy forward
problem by a single solution for each EEG lead.

2. MATERIALS AND METHODS

A. The Lead Field Concept

The determination of the forward solution can be based on the direct calculation of the
scalp potentials due to the equivalent dipoles or on reciprocal approach by calculating
the field at dipole location caused by current injected to the measuring electrodes.

The reciprocity theorem states that the electric field inside the volume conductor, e.g.,
the head, generated by a unit current applied to the surface electrodes expresses how the
same electrodes record potentials caused by dipole sources at any location within the vol-
ume conductor (28). Thus, the locations of the current source and the voltage measure-
ment can be swapped and the relation between these two factors can be obtained.

Thus, the lead field L6 is determined by applying a reciprocal current I. into the mea-
surement electrodes. This current generates an electric potential fleld O in the volume
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conductor. The lead field is the negative gradient of the electric potential f,eld normal-
ized by the injected cwent (29):

-voLo= ,. trl
The scalp potential @, (i.e., the potential difference between the surface electrodes)

generated by a single dipole can be calculated by taking the dot product of the lead field
and the dipole moment d:

@. = Lo'd I2l
The lead field must be recalculated if the properties of the volume conductor, e.g., tis-

sue resistivities, are altered, but the source location, direction, or the point of time do not
affect the lead field.

B. Construction of the Volume Conductor Model

In this study the volume conductor model was based on the Tl-weighted magnetic res-

onance (MR) images of an anatomically normal male, 28 years of age. One hundred trans-
verse slices of 2-mm thickness were obtained using a 3D gradienrecho technique and GE
Vectra 0.5T MR device. The images were stored as a set of 250 x 250 pixel matrices.

The images were segmented using the semiautomatic IARD (image enhancement, am-
plitude segmentation, region growing, and decision tree) method (-r2). The scalp, skull,
cerebrospinal fluid (CSF), gray matter, and white matter as well as the anatomical cavi-
ties (such as auditory meatus) were determined from the MR images. The segmentation
procedure assigns a tissue code for every voxel in the original image. These data are as

such applicable to the finite difference calculations (31).

For the evaluation of the real electrode locations the EEG electrodes were replaced by
oil capsules before the MR imaging. The electrode coordinates were defined from the
MR images with the manual option of the segmentation program. Thus, the electrode
locations were obtained in the coordinate system of the volume conductor model with-
out any image-matching operations.

In total 23 EEG electrodes were used, their positions being chosen according to the
international 10-20 electrode system (Fpl not used) and two additional electrodes were
placed on the cheekbones. Bipolar recordings were considered between these electrode
locations and a common ground electrode Fcz. Its position was between the Cz and Fz
electrodes.

The resistivity values for the different tissues were adopted from the literature (33,34).

The resistivities of the scalp, skull, CSF, gray matter, and white matter, were set tobe2.3,
177.6,0.65,2.5, and 5.0 f)m, respectively. All tissues were considered isotropic. The orig-
inal image resolution was downscaled to achieve reasonable computing times. Each slice
was converted to a i25 x 125 element matrix by superposition of four pixels to one. The
resulting volume conductor model consisted of about 7-mm2 pixels and 430,201 nodes.

C. Calculation of the Lead Fields

The FDM model based on the segmented data was employed to calculate the lead
flelds (21, 30, 3l). The current source (i.e., source nodes) was defined by selecting the
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closest node to the actual electrode location and eight closest surface nodes. For the cal-
culation of the lead field Lo the reciprocal source current was set to I A which can be
done due to the linearity of the problem by scaling the potential field by the applied cur-
rent (Eq. [1]). This current varies in ourmodel because the current source is set up using
constant voltage between the source nodes and the Ohm's law. The lead fleld procedure
appoints the three-dimensional lead vector for each node in the volume conductor model
by a single energization of the measurement lead. Thus, the forward calculation was
repeated 23 times to obtain the lead fields of all EEG recording channels.

D. Calculation of the Surface Potentials-Simulated Data

The simulated potential data were generated by inserting a dipole source into the con-
structed volume conductor model and calculating the scalp potential with the FDM solver.
Thus, to avoid trivial solutions due to reciprocity, the simulated potentials were not based
on the same forward solution as the lead fields employed in inverse solution. Fifteen dif-
ferent cortical dipole locations at varying depths in the upward z direction (Fig. 1) were
considered. Three different dipole directions (x, y, and z according to the rectangular grid
used for modeling) for each location were used. In all, 45 cases were considered as simu-
lated potential sets all scaled to correspond the potentials due to a I mA current source. For

Posterior

Cental

Temporal

FIG. f. Dipole locations for simulated data. Three areas (temporal, central, and posterior) and five levels
(1 to 5, 5 being the lowest) spaced by I cm were used. Three different dipole directions (x, y, and z) according to
the Cartesian coordinate system shown in the figure were considered for each dipole location.

175

.-t \
v



116 LAARNEETAL

a few cases (Temporal 1, Central 3, and Posterior 4) random noise (1, 5,1O,20, and307o)
was added to the potentials. The sensitivity of the dipole localization to the changes in the
tissue resistivities was demonstrated by setting the resistivity values of the CSF to 0.56 Qm
(35) and the skull to 160.0 Om when calculating the surface potentials of three dipoles
(Temporal 3, Central 5, and Posterior 2).

The calculation of the lead fields and simulated potentials were carried out on a 160-MHz
Sun Ultra I workstation with 128 MB CPU, running the SunOS 5.5 operating sysrem.
The termination accuracy for the iterations was a 10-8 V difference in the absolute poten-
tial values.

D. Source Localization Algorithms

A single current dipole was assumed as source model. Thus, six dipole parameters
(three location parameters r = (rr, 12, r3)r and three moment parameters d = (dr, dr, dr)t
were to be determined. Two methods to obtain the inverse solution were applied: a least-
squares method and a probability based method.

In the least-squares method the cost function K must be minimized with respect to the
six dipole parameters:

K(r,d) = llo - L.d ll' t3l

Here @ and L6d are the measured and calculated potentials at rn electrodes, respectively.
L6 is the mx3lead matrix, containing the lead fields of the z electrodes at the location
r under consideration. Note that the location dependence of K is completely determined
bY L..

The d-dependence of K can be removed by the so-called locally optimal dipole prin-
ciple: For each location there is one dipole moment d that fits the measured potentials @
best. This locally optimal dipole moment d is given by:

6 = (r-[L*)-'lao t4]

@ is a vector in an rn-dimensional space R. The three columns of L6 span a three-
dimensional subspace S of this z-dimensional space. The cost function K is the squared
Euclidean distance between O and vector L6d lying in S. If O also lies in S, there is a vec-
tor d for which L6d = O and the minimum of 1( becomes zero. If @ does not lie in S, then
K is minimized for the vector d, for which L6d is an orthogonal projection of (D onto S.

Inserting [4] into [3] makes the cost function K independent of the dipole moment
parameters d:

Here I- is the rn x z identity matrix. The solution of the inverse problem is taken to be
the location f, where Khas its minimum, together with the locally optimal dipole at t'.

In the probability-based method, an exponential probability densityp(r) for the source
location is assumed, which has its maximum at the minimum of the cost function K:

K(r) : ll(,, - L*(LSLo)-'t;)* 
ll' tsl

-K(r)
a

I

-eN
p(r) = t6l
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N is a normalization factor

111

N-
-K(r)

ezdY

where G is the region taken up by the volume conductor and dV indicates the volume
integral. N is needed to define the probability density p. Note that p is symmetric in
the rn-dimensional space, but not necessarily in the three-dimensional location space.
The expectation value r'

I tll

r/=(r)=
K(r)

rezdY t8l
1

*J
together with the locally optimal dipole moment atr'is taken to be the solution of the
inverse problem. By using the expectation value one expects the solution being less sensi-
tive to noise. The probability based dipole localization method was first introduced by
Scholz and Schwierz (26)for magnetic measurements, but the application to electric poten-
tials is straightforward and has been done in (36). In fact, the least-squares method can also
be considered as a probability-based method; it is just the maximum likelihood estimation
for probability densities likep, which have their maximum at the minimum of K.

E. Measures of the Accuracy for Dipole Localization

The performance of the source localization algorithms was estimated by the two mea-
sures in comparison with the known dipole source parameters:

-flre 
en'or of the spatial location, q, [mm]

t; =fr;*-I"4.

-the 
moment direction error €d, [o]

tel

t10l

The dipole magnitudes were not compared. In the lead field approach an actual point di-
pole is used, while in the simulated dipoles two nodes with finite grid distance formed the
source and sink of the dipole. Thus, the magnitude values are not directly comparable.

3. RESULTS

A. Forward Calculation

The lead fields were calculated with an iterative FDM solver for all the 430,201 nodes
in the volume conductor model. The lead field calculations for different leads required
44,601 to 8 I ,807 iterations, the average being 62,570 iterations.

The simulated surface potentials were obtained from the potential data at the nodes
closest to real EEG electrode locations. The calculations for simulated potential data
required 38,037 to 145,147 iterations to terminate. The average was79,773 iterations.

/ d.,* 'd."r" )e^=acosl 
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The iteration time for the forward computations with this volume conductor model and
processor was 0.57 s per iteration.

B. Inverse Solution

The inverse solution using the lead fields and the simulated potential data was obtained
for both algorithms in a couple of minutes when the search was restricted to the brain.
The solution was thus found among the 177,868 nodes describing either the gray or white
matter. The localization accuracy for dipoles of different directions is from 0 to 8.8 mm
in a volume conductor model in size of an adult head (Fig. 2). The errors were in aver-
age 4.1 and 4.2 mm, respectively. The averages of different areas are given in Table I .

The moment direction error (Fig. 3) describes the angle between the calculated and the
simulated dipole source moments. The angles vary from 0.5o to 27" using the least-
squares algorithm and from 2" to 50o using the probability-based algorithm. The aver-
ages ofall dipoles are 10.5o and 11.8", respectively. The averages ofdifferent areas are
given in Table 2. The two algorithms gave otherwise very similar results, except in the
case of x-directed dipoles where the performance of the least-squares algorithm was
clearly better. Noise (1, 5, 10, 20, and 30 Vo) was added to the potentials of three dipoles
at different locations and directions. The results are very similar for both algorithms and,

thus, in Fig. 4 there are only the results for the least-squares algorithm. The localization
error increased up to 22 mm and the moment direction error up to 30" while the noise-
less values were less than 3 mm and 5o, respectively.

A few simulations were conducted for demonstrating the effects of the resistivity values
on the localization accuracy and dipole moment direction. The demand for accurate tissue

resistivity data is obvious from the results given in Table 3. An extensive change in both
the localization accuracy and moment direction ilrc to l4%o change in the CSF resistivity
ard l07o change in the skull resistivity was seen in the posterior dipole location.

4. DISCUSSION

In this study a single equivalent dipole source was used in testing two inverse algo-
rithms using simulated potential data. The localization accuracy is consistent with other
studies (23, 37).It should be noted that the results were obtained using the minimum
amount of measurement electrodes-the standard 10-20 electrode system-and thus,
with poor spatial resolution. Obviously, increasing the number of recording channels the
localization accuracy improves (37, 38). Our results demonstrate that neither the direc-
tion nor the depth ofthe dipole source plays an important role in localization accuracy.
Thus, the deeper sources and conical sources canbelocalized within the same error lim-
its, if good signal-to-noise ratio is achieved and the tissue resistivities are well defined.
The latter seems to be an elementary requirement if clinically obtained EEG data will be

analyzed.
The about 2-cm change in the dipole location dte to l47o change in the CSF resistiv-

ity value on the brain-skull border (the CSF layer may totally vanish using 2.6-mm grid
spacing) is dramatic. We have studied the effects of the tissue resistivities on the lead
fields (39). The results were given as the average changes of the length and direction of
the lead vectors in the brain. For the CSF the average for three EEG leads was3.4Vo dte
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FIG. 2. Dipole localization accuracy in millimeters for different dipole directions: (a) x-directed dipoles,
(b) y-directed dipoles, and (c) 7-directed dipoles. The units in -r axis correspond to the definitions given in
Fig. 1 (i.e., "Temporal 3" applies to dipole location in the temporal area at the level 3).
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TABLE I

The Localization Error Averagcs

Least, x Prob, x Least, _y Prob, y Lcast. ; Prob,:

Temporal
Central
Posterior
Average

4.2
2.1

t.7
2.7

4.b

3.0
1.1

3.t

4.6

5.5

5.1

5.1

4.6

5.5

5.2

5.1

3.5

4.3

5.8

4.5

3.6
4.1

5.5

4.4

Nole. Averages are calculated from the results of the five levels for each dipole area (refer to Fig. 1). The
bottom line is the average of these averages for each dipole direction (x, y, and x). The values are given in mil-
limeters. "Least" refers to least-squares algorithm and "Prob" refers to probability-based algorithm; x, y, and

z refer to dipole directions.

Lo lOVo decrease in the resistivity. The local changes especially at the tissue surfaces can
be remarkably greater. This must be observed while the EEG sources often lie on the sur-
face of the cortex.

The localization errors in Fig. 2 are mainly due to the discretization of the volume con-
ductor and the different source def,nitions used in the simulations and in the inverse pro-
cedure (dipole source vs point source). Otherwise the problem setup is ideal; the
simulated data and the lead fields were obtained using same resistivity data and poten-
tial data can be considered noiseless (possibly some rounding effors can exist).

The inverse solution includes in addition to the dipole location the estimate of the di-
pole moment, i.e., the direction and the magnitude of the source. The magnitudes were
not used in this study due to the different def,nitions for the dipole source in the lead fleld
approach and simulated data. For clinical applications, the location of the source seems
to be the most important parameter. The lead field approach itself can be used for dipole
magnitude estimation for point dipoles. However, the question arises if the EEG sources
are volume sources rather than ideal dipoles.

In (26) it is stated that the probability-based method avoids the drawback of being
trapped in a local minimum, which can happen using iterative inverse methods (e.g., a
gradient descent). The reason for the former is simply that to evaluate the expectation
value 1 all nodes need to be considered. This may become impractical for larger volume
conductors and so usually iterative methods in the least squares optimization method have
to be used. The iterative methods are not straightforward applicable to the probability-
based method without decreasing the spatial resolution. In this paper no iterative inverse
methods were used but all nodes were considered, especially as in the lead field approach
the solution is obtained by nature throughout the volume conductor model. This allowed
comparing the performance of the two methods for volume conductors of reasonable
size. In practice, both methods gave in general similar results.

A great deal ofresearch effort has been put on developing the EEG inverse procedures.
The single equivalent dipole source has few clinical applications, and thus, more com-
plex source models in terms of the number and type of the sources have been applied.
Another aspect of development concerns including the temporal dimension in the solu-
tion. The source imaging methods have also aroused interest during the past few years (40).
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FIG.3. Errors in dipole directions in degrees between the known and calculated dipole moments for
(a) x-directed (b) y-directed, and (c) 3-directed dipoles.

A common problem to all these approaches is to solve the forward problem efficiently to
obtain the inverse solution. The computing time of the lead fields is still remarkable in
our system. Since there has not yet been demand for fast processing of the data, the for-
ward calculation has been optimized by no means. The FDM calculation can be speeded

up at least with a factor of 9 (41) and the modern PCs have more computing efflciency
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TABLE 2

The Moment Direction Error Averagcs

Least, r Prob,;r Least, y Prob, y Least. z Prob, z

Temporal
Central
Posterior
Average

I 1.5

9.8
.1.3

8.5

13.2

5.2

15.7

9.7

20.9

13.9

14.8

9.7
15.0

13.0

12.6

9.4
5.6

9.6
8.2

9.t
5.0
'7.4

7.2

Note. The values are given in degrees. "l,east" refers to least-squares algorithm and "Prob" refers to probabil-
ity-based algorithm, r, ), and z refer to dipole directions.

than the workstation used in this study. Therefore, calculating the lead fields of 64, 128,
or even higher amount of EEG electrodes is possible in practice.

We have demonstrated the usability of the lead field approach based on the reciproc-
ity theorem in the EEG inverse problem by finite difference method using a realistically
shaped volume conductor model. On the basis of the lead fields the inverse solution is
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FIG. 4. Effects of the noise added to the simulated potentials on (a) the localization accuracy and (b) di-
pole moment directions using the least-squares algorithm. Results for three dipoles of different directions and
depths are shown. "Temporal 1" is y-directed, "Central 3" is z-directed, and "Posterior 4" is x-directed dipole.
Note that the x axis is not linear.
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TABLE 3

The Localization and Moment Direction (in Parentheses) Errors of thc Threc Simulated Dipoles
When C--hanging thc Rcsistiviry Values of rhe CSF and the Skull

183

Errors for altered resistivities

Reference values of errors CSF=0.56. Qm Skull=160, Om

Dipole Original least Original prob Least Least

Temporal 3,;
Central -5, r
Posterior 2, y

.1.8 ( l 3.0)
3.3 (r 8.6)
0.0 (24.2)

4.3 (12.5)

3.3 (33.5)

0.0 (22 3)

s.6 (13.1) s..r 03.2)
lr 4 (il.9) 8.1 (12.2)

1s.3 (4.r) rs.3 (89.e7)

Note. The values are given in millimeters and degrees, respectively. "kast" refers to leasrsquares algorithm and
"Prob" to probability-based algorithm. The original resistivity values were 0.65 C)m for the CSF and 1'l'7 .6 Qm
for the skull.

straightforward and fast to calculate usirg alternative source models within the brain re-
gion. Thus, the lead field approach allows a wide spread of brain functions to be studied.
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Abstract-Ihe effects of tissue resistivities on EEG amplitudes were studied using an
anatomically accurate computer model based on the finite difference method FDM)
and lead fietd analysis covering the whole brain area with 180000 nodes. Five tissue
types and three lead fields were considered for analysis. The changes in sensitivitY
distribution are directly comparable to changes in the potential distribution on the
scalp. The results indicate that a 10% decrease in any tissue resistivity caused 3.0-
4.1% differences in the sensitivity distributions of the selected EEG leads' The applied
1lok decrease in the resistivity values covers only a fraction of the range of variation
of 50% to 100/o reported in the literature. The use of a 55% decreased skull resistivity
value or a commonly applied three-compartment model increased the differences to
28% and 33%o, respectively. ln conclusion, bath a realistic anatomy and accurate
resistivity data are important in EEG head models.

Keywords-Se nsitivity distribution, Lead field, Tissue resistivity
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I lntroduction

VARIous coMPUTER models based on numerical element
methods have been used for modelling the electric fields in
the brain. There exists an increasing number of anatomically
and geometrically individualised models based on real
geometry, (GEVINS et al., 1994, ZANow and PETERS, 1995,
FLETcHER et al., 1995, LEMIEIx et al. 1996, Yvsw et al.,
1996). These models include various anatomical comparlments
in addition to the geometrical details. The accuracy of the
model is affected by the resistivity values of the modelled
tissues. The choice ofthe resistivities employed has often been
based on old measurements aad the choices ofprevious studies
(METJS and PETERS, 1987, SroK, 1987, YAN et al",1991,
RADICH and Bucrrsv, 1995). Resistivity values may be of
importance especially in source localisation procedures if they
are not reaiistic (FENDER, 1991). The present study was carried
out to investigate the effects ofthe selected resistivity values on
EEG lead fields.

Perhaps the most commonly used reference of resistivities is
the compendium for biological materials (GEDDES and Barng
1967), even though a wide range ofvalues for different tissues
are given for different frequencies and measurements made in
different circumstances. Some values are measured only in
animals. The most important, and variable, factor has generally
been considered to be the resistivity of the skull and its ratio to
the resistivity of the scalp (Hourrm et a/., 1995). Other reviews
of head tissue resistivities can be found in HAUEISEN (1996)
and veN DEN BRoEK (1997).
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The effects of different tissue compartrnents and resistivity
values have been studied. ln tlese studies the approach has

been to calculate the forward solution (the potentials due to a
current source within the brain) or the inverse solution
(commonly a single dipole location) (ZruNc and JpwETr,
1993, HoMMA et al., 1994, HAUEISEN et al., 1997). Both
approaches give resuits for a very limited number of source

configurations.
In this paper the effects of changes in the resistivity values

on the lead fields in the brain were studied using a detailed
finite difference model of the head. The lead field is a

sensitivity distribution that provides the measurement sensi-
tivity of the measurement lead in the whole volume conductor
(MALMIVUo and Pt-oNsrv, 1995). Lead field analysis provides
a method to estimate the whole brain region, and thus several
tens of thousands of possible source locations. Five different
tissue types were considered: the scalp, the skull, the cere-
brospinal fluid (CSF), the grey matter and the white matter.
Simulations were conducted using a realistically shaped head
model by varying the resistivity value of each tissue compart-
ment while maintaining the initial values for other modelled
tissues.

2 Methods

2.1 Construction of the FDM volume conductor model

A set of 100 Tl-weighted magnetic resonance (MR) images
was obtained from one volunteer adult male subject. The
intemational 10-20 system EEG electrode locations were
marked on the subject's scalp by oil capsules prior to the
imaging session. The electrode locations were identified from
the MR images when constructing the model. The images were
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Table 1 Tis.stte resistititie.y lQmJ used in simtrlutions

Mod.:l

trssuc Rclerence Scalp-1091, Skull 109i, CSF l0'r; Crey-109i,

Scalp-]07"* CSF-10%+ Grcy-10%-
\\hite-10-9; skull-10% skull l0o/o skutl-10%

Whtre ,loqi +
skull-10'1, Skull-S5",i, llaycr

Scalp 2.3 2.1

Skull 171 .6 117 .6

csF 0.65 0.65
Grcy 2.5 2.5
Write 5.0 5.0

2.1 2.3 2.3
160.0 \77.6 ttl .6

0.65 0.59 0.65
2.5 2.5 2.25
5.0 5.0 5.0

2.1 2.3
160.0 160.0

0.65 0.59
2.5 2.5
5.0 5.0

z.) z.)
160.0 160.0

0.65 0.65
2.25 2.5
5.0 4.5

?.3

117 .6

0.65
2.5
,t.5

80.0
0.65
2.5
5.0

a11

177.6
, a1
,1)
)))

segmented using a semi-automatic IARD (image enhancement,
amplitude segmentation, region growing, decision tree) volume
segmentation method (HENoNEN et a/. 1997) which directly
provides volume elements of anatomy data for FDM mesh
generation (KAUPPINEN et al., 1998). The scalp, skull, cere-
brospinal fluid, white matter and grey matter were determined
Ilom the MR images. The total number of identified voxels (3D
volume elements) was approximately 2000000. The segmen-
talion procedure assigns a tissue code for each pixel il the
original images, which is then utilised in the FDM model
construction and simulations. To keep the number of elements
in the model reasonably low in relation to the available
computer resources, the accuracy of the segmented data was
reduced to approximately 430000 voxels.

The voiume conductor model consisting of five tissue
compartrnents with resistivity values given in the first column
(Reference) ofTable 1 was considered as a reference model. In
the other models resistivity values were altered in the following
way: five-comparfinent models with one altered resistivity
value; five-compartment models with one altered resistivity
value in addition to decreased skull resistivity; a five-compart-
ment model with a very low skull resistivity adopted from
NATHAN et al. (1993); and an anatomically shaped three-
compartment model (scalp-skull-brain) with resistivities
adopted from RusH and DRISCoLL (1969). All tissues were
considered isotropic.

2.2 Calculation of the leadfields

The lead field approach is a powerfrrl method that may be
utilised in EEG analysis (MALMrwo and PLoNSEv, 1995).
Measurement sensitivity is obtained with a single simulation
throughout t}te model. Lead fields can be used in solving both
forward and inverse problems in EEG analysis.

The lead field is determined by applying into the measure-
ment lead a reciprocal current (1.) that generates an electric
potential fleld in the volume conductor. The lead field (D1 is
given by (NUNEZ and KaraumoN, 1981):

-vo(Dr:-- (l)" I,
The differences in the lead fields are linearly comparable to the
changes in the potential values on the scalp tl:rough the
equation

o: o.d (2)

where the recorded potential (O) is the dot product of the lead
field of the measurement electrodes and the dipole moment (d)
of the current source (Maurawuo and PLoNSEv, 1995).

Three recording EEG leads were studied, their positions
being Fp2, P4 and T3 (Fig. 1) according to the intemational
10-20 electrode system. Bipolar recordings were made
between these electrode locations and a common reference
elechode positioned at FCz. The leads were energised by
applying a constant voltage between the electrode pafus.
Owing to the linearity of the purely resistive problem the
resulting current can be scaled to be equal in each lead. The
electric field in the volume conductor was obtained according
to eqn. 1. The effects ofthe resistivity changes were studied by
comparing the simulated lead fields (i.e. the fields of the lead
vectors) obtained at all nodes of the brain (white and grey
matter) with different resistivity values.

2.3 Analysis

The differences of the vector fields were obtained by
calculating a residual vector /, that was determined by
subtracting the lead vectors (c =c,i+c,j*c,k) at each
node:

r--Cy -C2 (3)

Fig. 1 The EEG electrocle positions !p2, '1'3, l'4 and FCz projected on the MN 3D reconstruction oJ the subject
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Fig.2 Sketch ofthe leadfields. The residual vector (r) is definedfor
each volume as a dffirence between t\9o resistivity models.
The results are giyen in percentage as the ayemge of the
length of the residual scaled with the lengh of the reference
lead vector (e%o)

where cl and c2 are the lead vectors at each node location
obtained with two models, ct being the reference model and c2

the model with resistivities varied.
As a difference measure eYo, the average length of the

residual vector scaled by the length of the reference lead
vector was calculated (see also Fig. 2):

,x : !i!\. rcon (4)
NEi lcril

where N denotes the number ofnode points located in the brain
region (HvrrrxeN et a1.,1997).

3 Results

The results of the simulations are summarised in Fig. 3. In
total I 77 868 nodes describing the brain tissue were included in
the analysis. A 10oZ decrease in the tissue resistivity caused an
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overall 3.1%i to 4.1oA (average of the three leads) difference in
the lead fields ofthe brain. The differences are quite similar for
all tissues, but in general, the outer tissues (i.e. the scalp and
skull) had more influence on the lead fields than the inner
tissues (CSF, white and grey matter).

When the resistivities of both individual tissue and skull
were decreased the overall difference decreased, being 2.1o/o to
3.3Yo. The difference is then somewhat greater for resistiviry
changes in the inner tissues. Using a low skull resistivity or a

commonly applied threeJayer model, the difference increased
to 28o/o and 33%o, respectively.

Fig. 4 shows the lead vector of the recording lead formed
between the electrode locations Fp2 and FCz for'Reference'
and cases 'CSF-10%' and '3-iayer' in a single slice of the
model. Also, the residual fields between the reference and two
varied models are shown. The applied difference measure
includes differences in both magnitude and direction. In Fig.
4 it can be seen that both parameters are influenced by changes
in the resistivity values.

4 Discussion

The anatomical accuracy and the nurnber of tissue compart-
ments included in volume conductor models are increasing
along with increasing computing capacity. This serves no
purpose if the same accuracy can be obtained with simpler
models or if the inaccuracy of other paramete$ distorts the
results. ln general, the more the model resembles the original
object the more reliable the results are, provided that both the
anatomy and the parameters of the model (e.g. the resistivity)
are correctly determined.

The resistivity data used in modelling dates back some thirty
years, but no special corfirmation of these values has been
published. For example, the resistivity of skull bone varies
greatly. First, is it adequate to use one resistivity value for a

tissue that consists of several layers of different resistivities?
Secondly, there are both intra- and inter-subject differences
when living tissue is observed (Ntxrz, 1990). Saru and
WTLLIAMS (1992) studied the electric properties of wet humar
cortical bone from a distal tibia using a method that could be
applied also to skuli bone. It is obvious that thick regions ofthe
skul1 contain a soft component which has much higher conduc-
tivity than the surrounding hard bone layers. To take into
account individual subject values, a non-invasive method for
measuring tle resistivities should be found. Another factor that
is usually ignored in studies is the anisotropic nature of certain
tissues. This caa be taken into account in models applying finite
difference or fiaite element methods.

The obvious wealrress ofthese kinds ofstudies is that exact
head tissue resistivities are not lnown, so, as a reference, a
model with more or less uncertain values is used. Although we
have conducted only a limited number of simulations in terms
of possible resistivity combinations, these simulations give
some information regarding the level of changes that take
place if resistivities are changed. These simulations may
possibly find critical inhomogeneities to be included in the
models.

Other factors affecting the results are the limitations of the
modelling procedure. Not all possible different tissues (i.e.
subcutaneous fat, muscles and large vessels) were included in
our model, thus affecting the accuracy of the segmented data.
Both the termination accuracy in the iteration process and the
accuracy obtainable due to the grid size affect the computa-
tional accuracy. The smallest details disappear in the volume
conductor model when the resolution ofthe model is decreased
in comparison to the original anatomical data. This affects

,especially 

the size ol the CSF compartment since its relative
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Fig.3 D(Jbrence measure e?i' of three lead.lields due to resisriviry
thanges. The models are desc'rihed in detail in Table I

Medical & Biological Engineering & Computing 1999, Vol. 37



i,

Fig. 4 Lead.fields o[ the lead Ffi-FCz sketched as lead vector projections in the transverse plane containing the point Fp2. Figures are Jor the
models (a) Rcfbrence (b) CSF-10% and (c) jJal'er. The residuals between (d) Reference and CSI--10% and (e) ReJbrence and 3layer are
also shown. The absolute maximun resrdual value is len times greater in (e), but the values are scaled to local muimum in (d) and (i)

volume is decreased when compared to the original model.
This is due to the method used for downscaling the segmented
data.

In this study a la%o decrease in all five tissue resistivities
caused a change in the lead fields of all three EEG leads of a
few per cent. This implies that the change is the same for other

EEG leads as well. The range of tissue resistivities applied in
different studies can easily vary * 50%. In this case the results
obtained in this study should be multiplied by a factor of five.

Simulations show a remarkable difference in the lead fields
obtained using fiveJayer and three-layer head models. Further,
a skull resistivity of 80.0Om instead of 177.6dran causes a
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difference of nearly 30o/o. \n an earlier study, a skull-scalp
brain resistivity ratio of 1 :80: I was found to be the best
choice (Hovrr.le et al., 1995), but the study was conducted
using a three-compartment model.

HAUEISEN et al. (1997) studied the effects of tissue resis-
tivity changes on the elecric potentials measured on the scalp
using a model of the head consisting of 13 tissue comparl-
ments. Their results were obtained by calculating potential
changes at defined scaip locations due to a single dipole at a
fixed location on the cortex. Our results are not directly
comparable due to the different number of tissue compartments
in the volume conductor models, but similar pattems can be
observed. The potentials on the scalp as used by HAUEISEN
et al. (1997) are linearly correlated to the lead fields through
eqn. 2. Lead field analysis provides a convenient way of
analysing the whole brain area, while with the potential
distribution approach only a limited number of recording sites
are used. The same applies to other approaches to studying the
effects of resistivity changes, i.e. studying changes in source
localisation (HoMMA et al., 1995), where the number of dipole
sources used is quite small for practical reasons.

According to this present study the effects of resistivity
changes seem to be most important for CSF because its relative
volume is smallest. This is in accordance with results obtained
using a spherical volume conductor model O{ALMIWo et 4/.,
1997). Recently, BAL\4Ar.IN et al. (1991) repoted on a study
concemed with measuring human CSF resistivity at body
temperature. They found it to be approximately 55.8Om,
which is l4Vo lower than the standard value 65.0Om based
on measurements at room temperatue (GEDDES and BAKER,
1967).

Results fiom this study indicate that the correct tissue
resistivity values are needed for accurate results of the
forward problem. However, the first precondition for accurate
results is the use ofrealistic anatomy and all main tissues. The
correct resistivity values axe of importance in modelling
procedures, especially when clinical data is analysed. The
increased accrrracy obtained by using realistically shaped
volume conductor models can be lost by applyng inadequate
resistivity data.
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Effect of EEG Electrode Density on Dipole Locolizotion
Accurocy Using Two Reolisticolly Shoped Skull
Resistivity Models

Poivi H. Loorne", Mirio [. Tenhunen-Eskelinen*, Jori K. Hyttinen-, ond Honnu J. Eskolq-

Sumary: TheeffectofnumberofEEGelectrodesonthedipolelocalizationwasstudiedbycomparingtheresultsobtainedusingthe10-20and10-10
electrode systens. Two anatonically detailed models with resistivity values of 12.6 Qmmd 67.0 Om for the skull were applied. Simlrlated Potential
values generatedby curentdipoles were applied todifferentcombinatiore of thevolme conductors and electrode systems. Highand low resistivity
models differed slightly in favour of the lower skull resistivity model when dipole localization was based on noiseless data. The localization errors
were approximtely three times larger using low resistivity model for generating the potentials, but applying high resistivity model for the inverse so-

lution. Thedifferencebetween the two electrodesystems was minor infavour of the 10-l0electrode systemwhen simulated, noiselesspotentials were
used. ln the presence ofnoise thedipole Iocalizationalgorithm operated more accurately using the denser electrode system. Inconclusion, increasing

the number of recording electrodes seems to improve the localization accuacy in the presence ofnoise. The absolute skull resistivity value also aflects

the accuary, but uing an incorrect value in modelling calcu.lations seere to be the most serious source of error.

Key words: EEC; Dipole localization; 10 20 electrode svstem; l0 10 electrode system; Skull resistivitv

lntroduclion
The electrical achvity of the brain recorded from the

scalp as a time-varying potential signal provides tempG.
rally accurate data non-invasively. The spatial resolution
of the electroencephalogram (EEG) is affected by the vol-
ume conduction in the outer tissue layers of the head, be-
cause the signal originates in the brain. In clinical practice
the intemational 10-20 EEG electrode system is widely
used for studying the brain functiory while for recording
evoked potentials (EP) even far less than 20 electrodes are
used (Gevins 1998). The advances in digital recording
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methods of the EEG have led to an increase in the number
of available recording channels. The standard 10-10 EEG

electrode system contains 54 charmels. Nowadays, 128

charrrel systems have been used for research purposes
(Gevins etal.7994; Babiloni et al.L997; Tarkka 1999), but
even 512 channel devices have been designed. The in-
crease in the number of the recording channels diminishes
the interelectrode distance thus increasing the spatial sam-
pling density. This is achieved at the cost of increased
amount of work for patient preparation and amount of
data to be analyzed. On an adult head the electrode dis-
tance is about 6 cm using the 10-20 electrode system, 3.3 cm
using the 10-10 electrode system (Gevins et al. 1994) and
2.25 crn using 128 recording channels (Gevins 1998). The
poorly conducting skull low-pass filters the scalp EEG sig-
nal. Thus, the advantage of the increased spatial sampling
density is limited by the overall distortion of the signal.

One major factor in this volume conduction effect is
the skull resistivity value. Many recent papers have called
in question of the skull conductivity value (Law 1993; Ga-
briel et al. 1996; Awada et al- 1998; Oostendorp and Delbeke
1999). During the last years the most frequently used value
has been in order of 80 times that of the brain/scalp resistiv-
ity, which results skull resistivity of 16G200 Om. However,
several groups (see above) have reported remarkably
Iower resistivity values in the order of 60-80 Qm. The skull
resistivity varies between subjects and the skuli thickness
and strucfures are not constani within individuals.
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Figure 1. Schemotic illustrotion of the two electrode sys-
tems. The 10-10 electrode system consisted of 58 scolp
electrodes. The '10-20 electrode sysfem is o subset of l9
electrodes (double circles). The dosh circle (AFz) wos used
os o common reference.

In previous studies on effects of the number of the
electrodes on the source localization accuracy Mosher et
al. (1993) presented a method based on the Cramer-Rao
Lower Bound for estimating the dipole source localiza-
tion error bounds. Their results were obtained using con-
centric four-shell spherical head model and 21, 37, and
127 electrodes for single and two dipoles at any location
within the volume conductor. Yvert et al. (1996) applied
three-shell spherical geometry, boundary element
method (BEM) and least squares fitting using 19,32 and
63 electrodes. More recently Krings et al. (1999) studied
source localization errors due to implanted sources using
four-shell spherical head model, a single moving dipole
inverse algorithm and 21 and 41 electrodes. All above
studies were conducted using the 1:80 skull-scalp con-
ductivity ratio. Ollikainen et al. (1999) applied locally
inhomogeneous skull resistivity in their realistically
shaped computer model based on finite element method
(FEM). Simulated potentials of 64,728 and256 electrodes
were used for dipole localization.

The purpose of this study was to examine the effect
of the number of the recording EEG electrodes on the di-
pole localization accuracy in realistic head geometry

Loorne et ol.

modei using clinically available recording system. The
study was conducted by comparing the dipole locations
obtained using the 10-20 electrode and 10-10 electrode
systems using common reference recordings. Two resis-
tivity models using thestandardvahte o1777.-6 Om (Rush
and Driscoll 1969) and the low value of 67.0 Om
(Oostendorp and Delbeke 7999) for the skull resistivity
were applied. Calculations of the forward problem were
based on the finite difference method (FDM). Simulated
potential data was generated and the inverse solutions
using different combinations of the volume conductors
and electrode systems were compared.

Methods ond Moteriols

MR imoging

The study is based on data of an anatomically nor-
mai female volunteer, 35 years of age who underwent
whole head MR scanning with ihe marked standard
10-10 electrode locations. In total 58 EEG electrodes (fig-
ure 1) were used with an electrode cap (ELECTRO-CAP
system, Electro-Cap International, Inc.) and the electrode
locations were marked before removing the cap. Oil cap-
sules were attached at the marker locations using a pat of
electrode paste before the MR imaging. \Alhole-head
T1-weighted scanning was done with 1.5 T MR device
(Sigma Horizon LX Echospeed by General Eleciric, Mil-
waukee, WI, USA) using a 3D SPGR (spoiled gradient)
technique. In total 112 transverse slices of 1.8 mm thick-
ness were obtained. The pixel size was 0.94 mm squared.
The images were stored for later processing.

Volume conductor models

The scalp, skull, cerebrospinal fluid (CSF), gray mat-
ter, white matter and the anatomical cavities were deter,
mined from the MR images using the IARD (image
enhancement, amplitude segmentation, region growing,
and decision tree) segmentation method (Heinonen et al.
7997). The coordinates of the EEG electrode locations
were defined from the MR slices using the pointer option
of the segmentation program.

The resistivities of the scalp, skull, CSF, gray matter
and white matter were set to be 2.3 f2m, 777.6 {Zm, 0_56
Qm,2.5 C2m and 5.0 Qm, respectively, based on the ear-
lier literature (Geddes and Baker 1967; Rush and Driscoll
1969; Baumann et al. 7997). We call this as "HighR"
model. Recalculations were conducted using the skull re-
sistivity of 67.0 Om (Oostendorp and Delbeke 1999),
model being named as "LowR'.

The original data resolution was downscaled by su-
perposition of four pixels to one to achieve reasonable
computing times. The final volume conductor model
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Figure 2. The dipole locotions for the slmuloted potentiols. Frontol, centrol ond posterior dipoles ot vorying depths ond ori-
entotions (x, y ond z) were inserted in the broin tissue of the volume conductor model. The overoges of the results of these
45 dipoles ore presenled in the Results section. The dosh line in the left figure denotes the sogiifol cut plone of the figure on
the right.

consisted of about 7 mm3 voxels resulting 435369 nodes
for the finite difference calcuiations.

Simuloted poteniiol doto

Surface potential values due to single dipoles at vary-
ing positions and directions were calculated. Each dipole
source was constructed assigning current source and sink
at the neighbouring nodes of the volume conductor
model. Three orthogonai directions for fifteen cortical di-
pole locaiions were considered (figure 2). The resulting
potential distribution was calculated by the finite differ-
ence method (FDM) (Kauppinen et al. 1999). The poten-
tials for the inverse algorithm were taken from the closest
nodes to the obtained electrode coordinates, altogether 19
samples for the 10-20 system (a subset of 10-10 electrode
system, figure 1) and 58 samples for the 10-10 electrode
system. Potentials were taken as the difference between
the electrode and a common reference electrode AFz.

Noise was added to a subset of five dipoles located
close to the central axis of the head model and oriented

Toble l. Combinotions ond noming of the conducted sim-
ulotions,

Skull resistivit,v for
potential calculations
(f2m)

Skull resistivity for lead field
calculations (Qm)

67.0 I ,ns
67.0

t//.o

LowR Mixed

HiehR

from right to left at transverse slice. Random noise was
generated using 10% of the absolute maximum potential
value at the initial values (Ollikainen et al. 1999). Thus,
the deeper sources had relatively greater amount of
noise mimicking the noise at the recording electrodes.

Colculotion of the inverse solution

The dipole localization algorithm (i.e-, the inverse
procedure) is based on the lead fields of the EEG leads (i.e.,
the forward solution) calculated according to the reciproc-
ity theorem (Malmivuo and Plonsey 1995). The lead fields
with common reference were obtained by injecling current
to the electrode locations and calculating the normalized
electric field throughout the volume conductor model for
each EEG electrode pair using FDM (Laame et aL.1999).

A least squares algorithm was applied for dipole lo-
calization (Laarne et al. in press) for finding the optimal
single dipole solution (location, amplitude and orienta-
tion) using the potential data and the lead fields. In prin-
ciple six dipole parameters have to be determined. The
three moment parameters are defined by using the 1o-

cally optimal dipole principle (Scholz and Schwierz
1994), which assigns each possible source location in.the
model the dipole moment that fits the potential databest.
Thereafter, the three iocation parameters are defined
minimizing the ieast squares function.

Six sets of simulations were carried out (table I). The
dipole localization accuracy was calculated for two opti-
mal cases: both the simulated data and the lead fields
were obtained with same volume conductor model. The
"Mixed" cases were given as examples of too low esti-
mated skull conductivity. There the potential data was
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Figure 3. The locotion error in millimeters using l0-20 ond
'10-,]0 electrode systems ond three different resistivity
models (toble l).

obtained using the low resistivity model, but lead fields
obtained with high resistivity model were applied to the
inverse procedure. Both the 10-20 and 10-10 electrode
systems were applied in these simulations.

The goodness of the fit for simulated data was mea-
sured using the spatial localization error (the distance be-
trveen the known and estimated location in millimeters),
the moment amplitude error (difference between known
and calculated amplitudes divided by the known ampli-
tude in percentage) and the moment direction error (the
arc cosine between the known and estimated dipoie ori-
entations in degrees).

Results

The simulated surface potentials were generated us-
ing 45 dipoles and the lead fields were calculated for 58
EEG electrode pairs using both "HighR" and "LowR'' vol-
ume conductor models.

Simuloted doto

Averages of the dipole location error (figure 3), am-
plitude errors (figure 4), and dipole moment direction er-
rors (figure 5) of the 45 dipoles were calculated for each
combination of the volume conductor models (table I)
using the 10-20 (79 electrodes) and 10-10 (58 eiectrodes)
electrode systems. The differences in dipole locations be-
tween ihe two electrode systems was 0-5 mm in the
"HighR" model and 0-3 mm in the "LowR" model in di-
pole by dipole comparison.

Comparing the results of the lwo different resistivity
models "HighR" and "LowR" in respect of the three error
measures, they differed 0.2 mm, 1% and 1o using both
standard 10-20 and 10-10 electrode systems in favour of
the lower skull resistivity. The difference between the re-
sults obtained by "LowR" and "Mixed" models using
10-10 electrode system was 5 mm,70"/" and 10o, respec-
tively, in favour of the low resistivity model.

Loorne ei o

19 Number ofelectrodes 58

Figure 4. The moment omplitude error in percentoge using
l0-20 ond l0-,10 electrode systems ond three different re-
sistiviiy models.

Noise

The graphical presentation of the effects of simu-
lated measurement noise (figure 6) shows increasing dif-
ference along the dipole depth in the location error
between the 10-20 and 10-10 electrode systems. The
deepest dipole with the relatively greatest noise level
was still localized within 1 cm using the denser electrode
system, while the sparser electrode system ended up
with over 2 cm localization error.

Discussion

We have demonstrated effects of two different mod-
elling componenis on the dipole localization accuracy, i.e.,
the skull resistivity and number of recording elecirodes
using both noiseless and noisy simulated potential data.

In this study we have considered two anatomically
shaped head resistivity modeis which differ in the skull
resistivity value (777.6 Slmvs. 67.0 Qm). The difference in
dipole localization accuracy between the two models is
minor in favour of the lower skull resistivity value in case
when the simulated potentials and lead fields arebased on
the same volume conductor models. This is in accordance
with previous studies. Haueisen et al. (7997) studied the
influence of tissue resistiviiies on electric potentials using
a singie cortical dipole. They concluded that tissue resis-
tivity changes have only slight influence on dipole local--
ization while the topography changes of the potentials are
small. Malmivuo et al. (1997) observed also only small
changes in the maximum sensitivities and half sensitivity
volumes due to skul1 resistivity changes in a spherical
head model. The lower skull resistivity has been reported
to lead mislocalizations in more superficial directions
(Pohimeier et al. 7997). In our study the difference be-
tween optimal high and low resistivity models is so small
that it is difficult to draw conclusions about the direction
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Figure 5. The moment direction error in degrees using
10-20 ond l0- 10 electrode systems ond three different re-
sistivity models.

of the mislocation. In the case of misspecifying the skull re,
sistivity too low ("Mixed" cases) the above conclusions by
Pohlmeier et al. are valid also in our study.

The "Mixed" case, when the dipole parameters are ap-
proximated using potential data obtained using the low
resistivity model and lead fields calculated using the high

.resistivity model, might be close to the reality in compari-
son with the present estimate of the skull resistivity (Law
1993; Gabriel et aL.7996; Awada et al. 1998; Oostendorp
and Delbeke 1999), while the prevailing practise has fa-
voured the higher resistivity for the skull tissue. The di-
pole parameter errors increased significantly in the
conducted simulation in comparison to the ideai simula-
tions. Huiskamp et a1. (1999) obtained similar results us-
ing a three compartment BEM model using skull
geometry segmented from CT images. In their study they
brought up the question of correct head geometry instead
of realistic head geometry in parallel with the skull con-
ductivity. In their study increasing the skull resistivity to
double of its original value in the inverse procedure re-
sulted 5 to 6 mm localization error.

There exist methods for estimating the tissue
resistivities individually instead of using standard val-
ues. An invasive needle method (Kinouchi et aL.7997)
may be applicable in some situations, but non-invasive
methods using impedance probes (Ferree and Tucker
1999) would be preferable. The method proposed by
Ferree and Tucker (1999) is integrated with EEG data ac-
quisition using the standard EEG electrodes for deter-
mining the regional tissue resistivities.

The effect of the increased sampling density in case
of using 10-10 electrode system instead of the standard
10-20 electrode was relatively small in the noiseless data.
The localization accuracy was less than 1 mm better us-
ing the denser electrode array. The deepest dipoles were
localized with approximately same accuracy, but the
more superficial ones with slightly better accuracy. The

Dipole deplh [mm]

Figure 6, The locotion error in millimeters for the centrol di-
poles using 10-20 ond 10-]0 electrode systems without
noise (closed morkers) ond with l07o noise of moximum
omplitude (open morkers).

improved accuracy in comparison to the increased com-
putational load in terms of number of lead fields tobe de-
termined should also be taken into account.

The dipole depth seemed to have relatively small ef-
fect on the dipole localization accuracy in noise-free sim-
ulatioru. The immunity of the 10-20 electrode system to
the dipole depth may be explained by the results of
Mosher et al. (1993): The more superficial sources gener-
ate stronger surface potentials, but due to the sparse elec-
trode array only the nearest electrode records the signal.
The relatively weaker signals from the deep sources are
recorded by several surface electrodes. Yvert et al. (1996)
ended up with 3-4 mm localization errors using 10-20
electrode system and 1-2 mm errors using 10-10 elec-
trode system with a conclusion that the localization accu-
racy strongly depends on dipole depth, so that locally
refined volume conductor models should be used for
shallowsources in BEM. A similarobservation wasmade
by Krings et al. (1999) who made measurements using
implanted depth electrodes and observed that the local-
ization accuracy was better for deeper (62-85 mm below
the surface) than shallower (40-57 mm) sources.

In our study the localization errors increased for the
deeper sources due to the noise added to the potential data.
The applied 10% noise level taken from the maximum po-
tential of the shallowest dipole could be considered practi-
cal noise level in EEG recording (Mosher et al. 1993).

Modelling the complexsystem of thevolume conduc-
tion in the head and the system of recording the potentials
generated by various sources, and setting different as-
sumptions and limitations for variables and functiors in
the models limits the absolute usefulness of the obtained
results. In our earlier study (Laame et al. in press), the aver-
age localization error of the least squares algorithm was 4
mm. The grid size was 2.6 mm2. In this study, the average
error was less than 3 mm using the 1.88 mm2 grid size in
the volume conductor model. The differences in the prob-

. LowR. l0-20

^ LowR.l0-10

" NoiselowR.i0-20
. rNoiselowR.l0-10

r HighR
. LowR
. Mixed
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lem setup may explain the differences between our results
in comparison to the results obtained by Ollikainen et al.
(i999). They used 64 electrodes for localizing central simu-
lated dipole located at the depth of 2.5 cm for the scalp sur-
face. The localization errors were 1 cm, 38 degrees and 19%

when 2% of noise was added to the potentials.
Our results denote that in ideal conditions the stan-

dard 10-20 EEG electrode system can be used for dipole
localization ai the accuracy of 3 millimeters if a detailed
individual resistivity model is constructed. The presence
of noise can be partially compensated by increasing the
number of electrodes. The effect of the skull resistivity is
significant if incorrect value is used in the volume con-
ductor model, rather than that of the absolute skull resis-
tivity value. Our conclusion is that accurate EEG dipole
identification presupposes realistic data on both the
anatomy and resistivity of the head.

References
Awada, K., Jacksory D., Baumann, S., Williams, J., Wilton, D.,

Fink, P. and Prasky, B. Effect of conductivity uncertainties
and modeling errors on EEC source localization using a

2-D model. IEEE Trans. Biomed. Eng., 1,998, 45(9):
1135-1145.

Babiloni, F., Babiloni, C., Carducci, F., Fattorini, L., Anello, C.,
Onorati, P. and Urbano, A. High resolution EEG: a new
model-dependent spatial deblurring method using a real-
istically-shaped MR-constructed subject's head model.
Electroenceph. Clin. Neurophys., 1997, 702(2): 69-80.

Baumann, S., Wozny, D., Kelly, S. and Meno, F. The electrical
conductivity of human cerebrospinal fluid at body tem-
perature. IEEE Trans. Biomed. Eng., 1997 , 44(3):220-223.

Ferree, T. and Tucker, D. Development of high-resolution EEG
devices. Int. J. Bioelectromagnetism, 1999, 1(1):4-10.

Cabriel, S., Lau, R. and Gabriel, C. The dielectric properties of
biological tissues: II. Measurements in the frequency range
10 Hz to 20 CHz. Phys. Med. Biol., 7996, 41, (11): 2251-2269.

Ceddes, L. and Baker, L. The specific resistance of biological
material - a compendium of data for the biomedical engi-
neer and physiologist. Med. Biol.Eng., 7967, 5(3): 271,-293.

Gevins, A. The future of electroencephalography in assessing
neurocognitive functioning. Electroenceph. Clin-
Neurophys., 7998, 1.06(2): 165-172.

Cevins, A., Le, J., Martin, N., Bricketi, P., Desmond, J. and
Reutter, B. High resolution EEC: 124-channel recording,
spatial deblurring and MRI integration methods.
Electroenceph- Clin. Neurophys., 1994, 90(5): 337-358.

Haueisen, J., Ramon, C., Eiselt, M., Brauer, H. and Nowak, H.
Influence of tissue resistivities on neuromagnetic fields
and electric potentials studied with a finite element model
of the head. IEEE Trans. Biomed. Eng.,7997, 44(8):727-735.

Heinonen, T., Eskola, H., Dastidar, P., Laarne, P. and
Malmivuo, J. Segmentation of T1 MR scans for reconstruc-
tion of resistive head models. Comp. Meth. Prog. Biomed.,
1997 , 54(3): 173-781..

Loorne et ol.

Huiskamp, C., Vroeijenstijn, M., r,an Dijk, I(., \{ieneke, C,. and
van Flrtffelen, A. The need for correct realistic geometrv in
the inverse EEC problem. IEEE Trans. Biomed. Eng., 1 999,
46(1i):1281-1287.

Kauppinen, P., Hyttinen, J., Laarne, P. and Malmivuo, J. A sof t
u,are implementation for detailed volume conductor mod
elling in electrophysiologv using finite difference method.
Comp. Meth. Prog. Biomed., 1999, 58(2): 191 203.

Kinouchi, Y., Iritani, T., Morimoto, T. and Ohyama, S. Fast in
vivo measurements of local tissue impt:dances using nee-
dle electrodes. Med. Biol. Eng. Comp., 1997,35(5): 186-492.

Krings, T., Chiappa, K., Cuffin, N., Cochius, J., Connoilv, S. and
Cosgrove, C. Accuracy of EEG dipole source localizatron
using implanted sources in the human brain. Clin.
Neurophysiol., 1999, 110(1): 106-1 1.1.

Laarne, P., Kauppinen, P., Hyttinen, f., Malmivuo, J. and
Eskola, H. Effects of tissue resistivities on electroencepha-
logram sensitivrty distribution. Med. Biol. Eng. Comp.,
1999,37(5):555 559.

Laarne, P.,l{yttinen,J., Dodel, S., N{almivuo,J. and Eskola, H. Ac-
curacy of two dipolar inverse algorithms applying reciproc-
ity for fom,ard calculation. Comp. Biomed. Res., in press.

Law, S. Thickness and resistivity variations over the Lrpper sur-
face of the human sktrll. Brain Topogr., 7993,6(2).99-109.

Malmivuo, J. and Plonsey, R. Bioelectromagnetism. Principles
and ap;rli63fi6n5 of bioelectric and biomagnetic fieids, Ox-
ford University Press, 1995.

Malmivuo, J., Suihko, V. and Eskola, H. Sensitivitv distribrl
tions of EEG and MEC measurements Ipublished erratum
appears in IEEE Trans. Biomed. Eng., 1997 Mav;4,1(5): 4301.

IEEE Trans. Biomed. Eng., 1997,4:l(3): 196-208.

Mosher, J., Spencer, M., Leahy, R. and Leu,is, P. Error bounds for
EEC and MEC dipole source locaiization. Electroenceph.
Clin. Neurophys., 1993, 86(5): 303-21.

Ollikainen, j., Vauhkonen, M., Karjalainen, P. and Kaipio, J. Ef
fects of local skull inhomogeneities on EEC source estima
tion. Med. Eng. Phys., 7999,71:143-154.

Oostendorp, T. and Delbeke, l. The conductivitv of the human
skull in vivo and in vitro. Paper ID: 846. 21st Annual Inter-
national Conference of the IEEE/EMBS, Atlanta, 1999.

I'ohlmeier, Il., Buchner, H., Knoll, C., Rieniicker, A., Beckmann,
R. and Pesch, J. The influence of skull-condLrctivitv
misspecification on inr.erse source Iocalization in realistr-
cally shaped finite element head models. Brarn Topogr.,
7997 ,9(3): 157-162.

Rush, S. and Driscoll, D. A. EEC electrode sensitivity an appli-
cation of reciprocity- IEEE Trans. Biomed. Eng., 1969,76(1):
t5-2?.

Scholz, B. and Schwierz, C. Probability-based current dipole lu
calization from biomagnetic fields. IEEE Trans. Bromecl.
LnE.. lqq{. lltSt: 73q-7-}2.

Tarkka, l. High-resolution recording and processing of
even!related potentiais. lnt. J. Bioelectromagnetism, 1999,
1(l):11-16.

Yvert, B., Bertrand, O., Echallier, j. F. and Pernier, j. Improved
dipole localization using local mesh refinement of realistic
head geometries: an EEC simulation study. Electroenceph.
Clin. Netrrophys., 7996, 99(1): 79-89.








