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Abstract
We shall discuss the effects of conductor geometry on source localization for applications in epilepsy
studies. The most popular conductor model for clinical MEG studies is a homogeneous sphere; its
popularity is due primarily to its simplicity. The geometry of a sphere is simple to describc, and the
magnetic field due to a dipole is straightforward to calculate. However, several studies [1, 2, 3, 4] have
indicated that a sphere is a poor model for the head when the sources are deep, as is the case for
epileptic foci in tim mesial temporal lobe. We believe that replacing the spherical model with a more
realistic one in the inverse fitting procedure will improve the accuracy of localizing epileptic sources.
In order to include a realistic head model in the inverse problem, we must first solve tile forward
problem for the realistic conductor geometry. Analytic solutions do not exist for calculating the magnetic
field due to current sources in a realistic head model, so it is necessary to compute the electric potential
numerically.
We create a conductor geometry model from MR images, and then solve the forward
problem via a boundary integral equation for the electric potential due to a specified primary source.
Once the electric potential is known, the magnetic field can be calculated directly. The most timeintensive part of the problem is generating the conductor model; fortunately, this needs to be done only
once for each patient. It takes little time to change the primary current and calculate a new magnetic
field for use in the inverse fitting procedure.
We present the results of a series of computer simulations in which we investigate the localization
accuracy due to replacing the spherical model with the realistic head model in the inverse fitting procedure. The data to be fit consist of a computer generated magnetic field due to a known current dipole
in a realistic head model, with added noise. We compare the localization errors when this field is fit
using a spherical model to the fit using a realistic head model. Using a spherical model is comparable
to what is usually done when localizing epileptic sources in humans, where the conductor model used
in the inverse fitting procedure does not correspond to the actual head.

1

Procedure

1.1

Magnetic

Field

Calculation

In a spherical model, analytic solutions for the electric potential and maglmtic field exist. In a realistic
head model, on the other hand, analytic solutions do not exist and it is necessary to compute the electric
potential numerically. Only after the electric potential has been calculated, can the magnetic field be
found.
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The electroencephalography
(EEG) forward problem consists of computing the electric potential
that is produced by any assumed primary current, JP. Iu the brain the primary current flows within
neurons, and is the quantity of interest in neuroscience. This current flows across the cell membrane and
tl_roughout the electrically conducting extracellular medium, where it is called the "return" current.
The total current J is the sum of these two parts, and in tile quasistatic approximation can be written
J =JP-aVV

(1)

where a is the electric conductivity and V is the electric potential.
For a head model in which the poteutial is a (different) constant in each of several compartments,
the condition that J be continuous, X7. J = 0, cau be transformed into an integral equation for V [5]

°7 +
2

where Vp is the potential

=
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due to JP in a conductor

V' ]r- 1 r' I V(r'),

(2)

of infinite extent and unit conductivity

Vp = 4-'_
1 /dartJP(ri)

"V' ir_ 1 r_[.

(3)

The sum in Equation 2 runs over all the surfaces at which a changes value; r is a point on surface Si
and n(r') is a unit outward normal vector at the point r'.
The main task in obtaining a numerical solution of Equation 2 is to find a good approximation to
the integral on the right hand side in terms of the values of the unknown function V at some discrete
set of points. We use the approach for solving the boundary integral equation proposed by de Munck
[6], in which the electric potential varies linearly across each plane triangle of the mesh. We have found
[7, 8] that this approach gives accurate and reliable results for spherical conductor geometries.
The Boundary Element Method suffers from poor accuracy on the outer two surfaces when the skull
conductivity is much smaller than the scalp and brain conductivities. _Ib overcome the loss of numerical
significance, we employ the isolated-problem approach developed by H_irn_il_iinenand Sarvas [4].
After solving Equation 2 for V a further numerical integration yields the magnetic field at any point
outside the head [9]

B(r) = B p-

#._.o0
_-_(a_47r
j

-a +) _s j

dS'n(r') ×

Irr --- r'

(4)

is the magnetic field due to the primary current.

where

B p

1.2

Mesh

Generation

Practical applications of the procedures we propose require efficient procedures for segmentation of
volumetric MR] or CT data. Obtaining a mesh representation of a head surface (Figure l) from an
MRI data volume requires setting a voxel (3-D pixel) intensity threshold corresponding to scalp, and
"shrinkwrapping"
an icosahedral mcsh to voxeis having values above this thrcshohl.
The inner and
outer skull sm'faces are more difficult to obtain, requiring segmentation of the appropriate objects in
the MR/data
volume before a mesh shrinkwrapping is done.

2

Methods

We present a series of computer simulations in which we generate magnetic fields for a particular forward
model, add noise, then fit the noisy data using a variety of conductor xnodels. We consider only single
time slices, and only one dipole at a time.

Figure 1: Meshes representing the scalp (left hand side), skull (upper right), and brain (lower right)
surfaces. Each mesh is made up of 1280 plane triangles.
Tile data to be fit is generated by calculating the magnetic field due to a single dipole in a 3-layer
(brain, skull, and scalp) model of a human head. The conductivity ratios are a_ai,., = ¢:rscatp= 100 ¢:rskutt.
Gaussian random noise is added to tile magnetic field to make the Signal to Noise Ratio (SNR) 10:1,
where SNR is defined as the ratio of the peak signal to the standard deviation of the noise.
Tile sensor geometry consists of 127 sensors on a sphere of radius 12 cm which is centered at (0, 0, 2 cm)
(Figure 2). This sensor arrangement covers most of the area of interest, although it does not capture
both magnetic field peaks for the deepest dipole. Each sensor is a first-order gradiometer with baseline
of 5.1 cm, and coil radius 1 cm. Figure 2 shows the sensors as disks surrounding the inner skull surface.
The dark shading on the inner skull surface represents the best fitting sphere surface.
A total of seven different dipole locations (Table 1) aa'e considered, one at a time. All dipole orientations are tangential with respect to the best fitting sphere. The magnitude of the deepest dipole is
240 nA-m, all other dipoles have magnitude of 200 nA-m.

Table 1- True dipole locations in cm.
DIPOLE
X
Y
Z
R = Vf(-x2 + y2 + z 2)
a
1.0 2.4 2.4
3.53
b
1.0 3.6 2.4
4.44
c
-0.7 2.4 3.7
4.46
d
-1.7 2.4 4.9
5.71
e
1.0 5.6 2.4
6.17
f
-3.1 2.4 6.8
7.84
g

-4.5

2.4

8.6

3

9.99

Figure 2: Sensor geometry, mesh on inner skull, and best fitting sphere.
Tile noisy data is fit using 3 different inverse models: 1) a 3 layer model of the head (the same
geometry that was used to generate the original data), 2) a single surface representing tile inner skull
surface, and 3) a sphere that best fits, in a least-squares sense, the inner skull surface. The best fitting
sphere has a radius of 6.8 cm, and is centered at (0.25, 0, 5.26 cm). Each surface is approximated by
1280 plane triangles, and the conductivities of the brain and best-fitting sphere are the same as the
brain conductivity in the 3-layer head model.

3

Results

We use a non-linear least squares fitting routine to find tile location, strength and orientation of each
dipole in turn. We input the true dipole location as a starting value for tile inverse procedure. Tile
results of the fits are shown in Table 2. When tile inverse model was tile 3-layer head, the dipole fits
were better than using either the inner skull or tile best fitting sphere. The poor fits for the deeper
dipoles (dipoles a through d) indicate that the conductivity geometry used to fit data is important.
The error in location can be over 2 cm for deep dipoles, if tile best fitting sphere is used for the inverse
model. In contrast, the location error is less than 0.5 cm (for all dipoles studied) when the 3-layer head
model is used. Using only the inner skull for the inverse model results in better dipole fits than with
tile best fitting sl)here , but worse fits than with the 3-layer head. The inverse model is not as critical
for the shallower dipoles (dipoles e through g). For the shallower dipoles, the average location error was
0.23 cm for the 3-layer head model, 0.4 cm for the inner skull model, and 0.5 cm for the best fitting
sphere.
The disadvantage of using a realistically shaped conductor model, either a 3-layer head model or just
the inner skull, is an increase in ci)u time for the dipole fitting routine. For example, it took about 20
minutes of ct)u time on a HP 735 to fit the deepest dipole using the 3-layer head, 10 minutes using the

Table 2: Error in dipole fit locations in cm for tile three inverse models used in this study.
DIPOLE
a
b
c
d
e
f

Inner SkullMODEL
Best Fitting Sphere
II 3-Layer Head INVERSE
0.22
0.59
2.59
0.21
0.97
1.44
0.21
0.36
2.19
0.07
0.25
1.57
0.34
0.71
0.93
0.07
0.14
0.55

g

0.25

0.30

0.13

inner skull, and about 30 seconds using the analytic equations for a sphere. Tile cpu time to create the
realistic conductor model, which needs to be done only once for each patient, is around 5 to l0 minutes,
depending on the complexity of the model. We consider the increase in time to be worth tile increase
in localization accuracy.

4

Acknowledgments

We are indebted to A. van Oosterom for providing us with a computer program for calculating the
electric potential that we subsequently modified. Wc also thank C.C. Wood and J. Lewine for many
useful discussions.
This work was supported by Los Alamos National Laboratory
under contract W-7405-ENG-36.

and by the U.S. Department

of Energy

References
[1] G.B. Ricci, R. Leoni, G.L. Romani, F. Campitelli, S. Buonomo, and I. Modeno, "3-D neuromagnetic
localization of sources of interictal activity in cases of focal epilepsy," in Biomagnetism: Applications
and Theory, H. Weinberg, G. Stroink, and T. Katila, (Eds.), Pergamon Press, 1984
[2] Meijs, J.W.H, Bosch, F.G.C, Peters, M.J., and Lopes da Silva, F.It., (1987), "On the magnetic field
distribution generated by a dipolar current source situated in a realistically shaped compartment
model of tile head," Electroencephalography
and clinical Neuroi)hysiology , 66:286-298
[3] J.W.H. Meijs, M.J. Peters, H.B.K. Boom, and F.H. Lopes da Silva, "Relative Influence of Model
Assumptions and Measurement Procedures in the Analysis of the MEG," Med. 8_ Biol. Eng. _4
Comput. Vol. 26, pp. 136-142, 1988.
[4] M.S. H_im_il_iinen and J. Sarvas, "Reali.,;tic Conductivity Geometry Model of the Human Head for
Interpretation
of Neuromagnetic Data," IEEE Transactions on Biomedical Engineering, Vol.36,
No.2, pp. 165-171, 1989.
[5] D.B. Geselowitz, "On Bioelectric
J., Vol. 7, pp. 1-11, 1967

Potentials

[6] J.C. de Munck, "A Linear Discretization
using Analytically Integrated Elements,"
No. 9, pp. 986-990, 1992.

in an Inhomogeneous

Volume Conductor,"

Biophys.

of the Volume Conductor Boundary Integral Equation
IEEE Transactions on Biomedical Engineering, Vol. 39,

[7] L. Heller, R.. Aaron, E.D. Best, H.A. Schlitt, and D.M. Ranken, "Mesh Generation Issues in the
EEG and MEG Forward Problems," Recent Advances in BiomagneLism, Book of Abstracts for the
9th International Conference on Biomagnetism, L. Deecke, C. Baumgartner, G. Stroink, and S.J.
Williamson (Editors), 1993
[8] Schlitt, H.A., Heller, L., Aaron, R., Best, E., and Ranken, D., "Evaluation
Methods for the EEG Forward Problem: Effect of Linear Interpolation,"
Transactions on Biomedical Engineering, Dec. 1993

of Boundary Element
Submitted to IEEE

[9] D.B. Geselowitz, "On the Magnetic Field Generated Outside an Inhomogeneous Volume Conductor
by Internal Current Sources," IEEE Trans. Magn., Vol. MAG-6, pp. 346-347, 1970.

H

_

tb

D

LL/ /.L/

I

II

illlll

,,,,

....

,........

OO

Wmr_wlmmml
L

II

II

I

-

