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Abstract

The human brain consists of about 100 billions of neurons, which are highly intercon-
nected. One of the most important characteristic of neural cells is that they can produce
electrical signals, therefore, measurements of electrical activity of brain represents a pos-
sibility for brain exploration. Measuring scalp potentials is one of the most often used
and one of the oldest non-invasive methods for studying brain activity. The method is
known as Electroencephalography (EEG). Potentials on scalp carry the information on
certain brain activity and by analyzing the time-series data the information can be ex-
tracted from the recorded potentials. This information can be used for monitoring and
diagnosing certain clinical situations, such as epilepsy. Data from three persons during
epileptic seizure was used in the study and Brainstorm software was used to localize dipole
sources in the brain. In spite of the fact, that concentric-spheres model was used and that
only 32 electrodes were used for EEG measurements and that general electrode positions
were used, the system provided very realistic results. Nevertheless, it can occur that real
source location is not the most probable-one suggested by the program, therefore, only the
specialist can decide at the end what is most probable location of the source. Brainstorm
provides a relatively fast tool for identification of sources under Matlab environment.
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1 Introduction

The human brain consists of about 100 billions of
neurons, which are highly interconnected. One of
the most important characteristic of neural cells is
that they can produce electrical signals, therefore,
measurements of electrical activity of brain repre-
sents a possibility for brain exploration. Measuring
scalp potentials is one of the most often used and
one of the oldest non-invasive methods for studying
brain activity. The method is known as Electroen-
cephalography (EEG). Potentials on scalp carry the
information on certain brain activity and by ana-
lyzing the time-series data the information can be
extracted from the recorded potentials [1]. This
information can be used for monitoring and diag-
nosing certain clinical situations, such as epilepsy.

An active neuron or small group of neurons can be
approximated with electrical dipole under specific
conditions. The dipole changes the characteristics
of the surrounding space, which is known as elec-
tromagnetic field. If the dipole is located within the
material that has some measurable electrical con-
ductivity, potential differences in the surrounding
electric field will cause electrical currents in the ma-
terial. If the physical dimensions of the material are
known, together with electrical properties, as well
as dipole position, strength, and orientation, the
electrical potentials and currents throughout the
material can be calculated. This is the so called
forward problem. It is also possible to identify the
position, orientation and strength of dipole within
the material from the measured potentials and cur-
rents in the material. In the case of brain research,
only the potentials on the surface are known, how-
ever, the dipole position, strength, and orientation
are not, as well as currents and potentials within
the brain. This is so called inverse problem. The
difficulty of solving the inverse problem is that po-
tentials and currents within material are not mea-
surable which results in multiple solutions of in-
verse problem. This ambiguity of the solution can
only be reduced with physiological background of
the underlying system. Thus, unlikely positions
and orientations of dipole are discarded. There are
several algorithms to calculate the solution of the
inverse problem. The goal of this study was to
test the Brainstorm software for identification of
sources of the electrical signals measured on the hu-
man scalp by electroencephalography (EEG), dur-
ing epilepsy seizures.

2 Human head model

When considering electrical properties of human
head, it can be modelled as an inner sphere
surrounded by three concentric spherical shells,
each having a different conductivity. In the case of
epileptic seizures, it is typical, that origin in the
brain is very localized, therefore it can be modelled
as a single dipole. The inner sphere represents
brain, next spheres represent brain membrane,

ISBN 978-3-901608-32-2

9-13 Sept. 2007, Ljubljana, Slovenia

liquor and scalp. In spite extremely simplified
geometry, clinically useful results can be obtained
from the model [1, 2].

To calculate the electric potentials in the spheres
the Poisson’s (eq. 1) and Laplace’s (eq. 2)
equation are used.

Viu = Ugp + Uyy + Uz = f (1)
V22U = Uy + Uy + sz = 0 (2)

In case of symmetrically positioned dipole some-
where on z-axis, the potential u, which than de-
pends only on the two spherical coordinates r and
0, the formal analytical solution for the Laplace’s
equation can be expressed in each sphere as

ur(r,0) = i[Anr" + B,r~"tY]P,(cos0) (3)

n=0

The functions P,(cosf) are the Legendre poly-
nomials of order n. The coefficients A,, and B,
depend on the sources and boundary conditions of
continuous tangential electric field (or continuous
potential) and radial current flow at the interface
between spheres. In addition, the solution has
to be to be finite at r = 0 and as r — oo. The
former condition requires that B, = 0 in the
innermost sphere and the latter condition requires
that A, = 0 in the infinite medium surrounding
the outer surface (air).

The potential in the innermost sphere u; can be
written as

ul(r) = (@)
Id: < r\" ry\ntl
= Amoir? 7;1 {Ai(a) + (7) }nPn(cosﬁ);
r,<r<mr

Here r; is the radius of the innermost sphere. In
each of the other spherical shells, s = 2,3...n, the
potential u® can be expressed as

u® = ()

Id & [AZ(L)"+BZ(E)”“}nPH(cos9);

dmwoqr2 T r

n=1

re—1 <7 <7y

The unknown coefficients in each spherical shell are
determined from boundary conditions of continu-
ous potentials

s—1 s
' =, = U=, (6)
and continuous radial current density

Ous1! o’

Ts-1 or T=rg N O—SW r=Tg (7)
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at the s — 1 interfaces between s spheres. At the
outermost shell s = n of an n-sphere model, the
surrounding medium (air) has a conductivity of
zero, so that radial current density at the outer
surface must be zero:

ou”
wme| =0 8
7 87’ T="p ( )
This leads to 2s — 1 equations that are solved for
an equal number of unknown coefficients [1].

Since it is not possible to solve the Laplace’s
and Poisson’s equations analytically for arbitrary
geometry or dipole position and orientation,
numerical methods must be used instead. There
are many different numerical methods for solving
partial differential equations, however, most
widely used are finite difference and finite elements
methods. Regardless of the numerical method,
the space must be first divided into discrete
subspaces or points for which the equation should
be solved. The consequence of space discretization
is transformation of differential equations into
difference equations [3, 4].

3 Identification of EM-field sources
in the head

In order to identify the sources of activity in the
head, two-step procedure must be used. Since there
is not enough information available from the poten-
tials on the scalp, to uniquely identify the position,
orientation and strength of the dipole, the identi-
fication method uses optimisation procedure that
compares calculated potentials on the scalp for ar-
bitrary dipole coordinates with measured values.
Thus, the procedure requires the forward problem
to be solved first. Since the position and dipole
orientation can be arbitrary, numerical solution of
the Poisson and Laplace equation must be calcu-
lated [1, 5, 6].

3.1 Finite Difference Method

The simplest method for numerical solving of par-
tial difference equations is finite difference method
[3]. However, it works well only for square-shaped
volumes. Nevertheless, it is a good illustration of
the problem to be solved. The corresponding finite
difference equation for the Laplace’s equation is:

u(x + h,y, 2) +ulx,y + h, 2) +u(z,y, 2 + h)+
’U,(:C - hayaz)+u(=fcay* h,Z)+U(ZC,y,Z - h)i
6u(z,y,2) =0 9)
where h is called the mesh size.

And the coefficients scheme for this equation looks
like:
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(10)

For square-shaped geometries, such as cubes,
it is fairly easy to find a equidistant mesh
grid and to define the neighbor mesh points
(x + h,y,2), (x — h,y, z).... Furthermore, in the
case of square-shaped geometries, it is always
possible to define a grid such that grid points are
placed on body borders. This is important for
calculation of boundary conditions. It is difficult
achieve this for other geometries, such as spheres.
For spheres it would be necessary to define a very
narrow grid which would lead to high effort when
solving the equations. Hence the finite difference
method is not appropriate for geometries as can
be found in the head.

Nevertheless, a cube can represent a rough approx-
imation of the head and will be used as reference
geometry to solve the equation numerically. The
brain can be modelled as a cube surrounded by
three concentric cubes. Each cube has a different
conductivity (s1, s2 and s3). A dipole is located in
the inner cube, with given orientation and strength.
The dipole is not placed on the grid-point. The cu-
bic grid is presented in Figure 3.1

(1K b (1jk)

(1i.1)

(1.2.1)

(1,11 (21.1) (1.1

Fig. 1 Representation of cubic grid used for finite
difference method

For the points on the borders of cubes the bound-
ary condition from (6),(7) and (8) are used.

The Laplace equations for all the gridpoints can
be written in the form:

A-u=0, (11)
where A is a n X n matrix of the co-
efficients schemes, n = 4 - j - k, and
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w=(u(1,1,1), ., u(i, j, k).

To solve the equation 11 the electrical potential for
the eight neighbor-gridpoints of the dipole must be
calculated. If we consider that those points are
relatively far from the cube border, the potentials
can be calculated with the formula

- 1
 dre,r?

u(r) (p-£), (12)

where r is the vector from the origin of coordinate
system to the position of the dipole, r is the ab-
solute value of r: the distance from the dipole,
t = r/r is the unit vector parallel to r p is the
(vector) dipole moment.

With the electrical potential for the eight
neighbor-gridpoints of the dipole as initial
conditions, equation 11 can be solved as an equa-
tion system of n—8 equations with n—8 unknowns.

The potential at the surface of the cube is illus-
trated in Figure 2

a) Dipole orientation (1,1,1)

111

b) Dipole orientation (-1,-1,-1)

Fig. 2 Calculated potential on the cube surface of
outer-most cube as a result of dipole, placed in the
inner-most cube. Dark areas represent high pos-
itive or negative values of electric potential, light
areas represent electric potential values of around
0

The surface in figure 2 represents the top of the
outer-most cube, as well as upper parts of back,
left and right sides of the cube, projected on the

ISBN 978-3-901608-32-2

9-13 Sept. 2007, Ljubljana, Slovenia

surface. Although, the calculation effort, neces-
sary to solve the system is not very high, and the
procedure could be used for identification of dipole
source within the cube, the problem with selecting
the appropriate grid for the arbitrary shape pre-
vents the successful use of finite difference method
for identification of dipole sources in the brain.

4 Inverse Solution Method RAP-
MUSIC

There are many methods that are used for identifi-
cation of sources of electric fields in the brain, and
one of them is RAP-MUSIC [5]. The algorithm
works as described below. Let m(r) denote the
electric potential on the scalp generated by a
dipole with fixed orientation and moment g:

(13)

where a(r,r4,©) is the solution to the electric
forward problem for a dipole with unit amplitude
and orientation © — ¢/ ||, ¢ = | is the dipole
magnitude. The potential is linear with respect to
the dipole moment ¢ and nonlinear with respect
to the dipole location r.

m = a(r,rq, O)g,

EEG measurements are made simultaneous at N
different sensors, therefore m can be written as:

m(ry)
m = : = (14)
m(ry)
0(7“1,7"q1791) 0(7"177"qp»@p) q1
a(rNaqua(_)l) a<rN7rqp’@P) qp

= A({rq;, ©,})S7,

where A(rgi, ©;) is the gain matrix relating the set
of p dipoles to the set of N discrete locations, m
is a generic set of N EEG measurements, and the
matrix S is a generalized matrix of source ampli-
tudes, defined below. Each column of A relates a
dipole to the array of sensor measurements and is
called the forward field, gain vector, or scalp to-
pography, of the current dipole source sampled by
the N discrete locations of the sensors.

Let
M =Uxv’ (15)

be the singular value decomposition (SVD) of M.
One can define a basis for the signal and noise sub-
spaces from the column vectors of U. The signal
subspace is spanned by the p first left singular vec-
tors in U, denoted Ug , while the noise subspace
is spanned by the remaining left singular vectors.
The best rank p approximation of M is given by

M; = (UsUH)M (16)
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and

Py =1-(UsUy) (17)

is the orthogonal projector onto the noise subspace.
The MUSIC cost function is defined as:

_[psace],

J(r,®) = (18)
el

2
2

which is zero when a(r,®) corresponds to one of
the true source locations and orientations, r = r¢;
and ®©=0;,i=1,...,p.

5 Brain Storm

BrainStorm is a free open source software suite
dedicated to the forward and inverse problems
in MEG and EEG. It also features 2D and 3D
visualization tools, with emphasis on the appraisal
of the source temporal dynamics. It is developed
under Matlab [7], for faster development and
implementation of emerging signal and image
processing techniques applied to MEG and EEG
signals [8].

For source localization in EEG data, BrainStorm
uses RAP-MUSIC algorithm and requires a file
with EEG data in “raw” format and additional a
text file with the coordinates of the electrodes as
well as the coordinates of anatomical landmarks
(nose, ears, etc.). For recording of EEG data the
Standard International 10-20 System can be used
with possibility of adding several additional elec-
trodes. If there is no anatomical information, such
as MRI data, BrainStorm provides generic Phan-
tom anatomy templates, which can be used instead.
BrainStorm provides spherical, as well as generic
head models, which are more accurate, for the for-
ward modelling.

Once data is loaded into BrainStorm, it can be
visualized, as can be seen in Figure 3. After

Fig. 3 Data time series and electrode positions in
Brainstorm

performing Boundary Element Method for forward
modeling and RAP MUSIC as inverse approach,
the source location is represented on the MRI
volume (Figure 4). The estimated EEG dipoles
are visualized on the MRI volume. In the MRI
viewer three MRI pictures are shown, the coronal,
sagittal and axial view of the subjects head
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and located dipole is presented with white dot.
Additionally, the estimated dipoles are illustrated
in the Topography figure. Here the dipole strength
and orientation can be seen. (see figure 6).
Furthermore time-variabilities for all estimated
dipoles are plotted over the selected time period
(see figure 4).

6 Results

The brainstorm software was used to analyze EEG
data from three people during epileptic seizure. In
Figures from 4 to 14 possible locations of epileptic
seizures are presented. For calculations the follow-
ing settings of the software was used. The three
anatomical landmarks (nasion, left and right ear)
were used to fit the actual positions for the elec-
trodes. A rank of the covariance matrix of 4 and a
correlation threshold for the result of 0.80 was used.
As regularization method Tikhonov condition was
used. Tikhonov regularization is the most com-
monly used method of regularization of ill-posed
problems.

! MRI Viewer
MRIFile Image Coordinates View MEG-EEG FMRI

Coronal

Sagittal
T

Fig. 4 Most probable position of dipole for the first
person

7 Conclusions

Localization of electrical field sources in brain as
an ill-posed problem, therefore, it cannot be solved
directly. Although the algorithm for source calcula-
tion is generally simple, many additional conditions
must be fullfiled in practice to obtain sustainable
results. In this study, a simple systems of con-
centrically placed cubes as approximation for the
head, was built first, understand the basic problems
that can be encountered when solving such prob-
lems. Next, Brainstorm software was used to solve
real source identification problem during epileptic
seizures. Data from three persons was used in the
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Fig. 9 Second most probable position of dipole for

Fig. 5 Improbable position of dipole for the first
the second person
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the first person the second person

Timeseries Fig 3

Fie Edt Vew Inert Took Desitop Window Help ~

Tools_Desktop Window Help

830007 Am
T

Fig. 7 Time-variability of both sources for the first ~ Fig. 11 Time-variability of both sources for the sec-
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Fig. 8 Most probable position of dipole for the sec- Fig. 12 Most probable position of dipole for the
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ISBN 978-3-901608-32-2 6 Copyright © 2007 EUROSIM / SLOSIM



Proc. EUROSIM 2007 (B. Zupancic, R. Karba, S. Blazic) 9-13 Sept. 2007, Ljubljana, Slovenia

study and the following can be concluded. Nor-
mally, more than one dipole is estimated by the
software, and the selectivity can be controlled by
the selection correlation threshold. The higher the
rank of the covariance matrix and the lower the
correlation threshold, the more dipoles are found.
The rank of the covariance matrix can indicate two
thins, either there is a lot of noise in the system,
a large number of active dipoles or too few elec-
trodes were used for EEG measurements to obtain
reliable results. In the most cases not all estimated
dipoles are realistic. Sometimes estimated dipoles
are outside the brain, which is not sensible in reality
(see figure 4). In spite of the fact, that concentric-
spheres model was used and that only 32 electrodes
were used for EEG measurements and that general
electrode positions were used, the system provided
very realistic results. Nevertheless, it can occur
that real source location is not the most probable-
one suggested by the program, therefore, only the
specialist can decide at the end what is most prob-
Fig. 13 Second most probable position of dipole for  aple location of the source. Brainstorm provides a
the third person relatively fast tool for identification of sources un-
der Matlab environment.
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