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Abstract—The effect of white matter orthotropic conductivity
on scalp potentials was investigated with a detailed finite-
difference head model of an adult female subject. The head
model was generated from segmented slices of a T1 weighted
magnetic resonance image. We segmented the head into six
different tissue types using a dynamic edge tracing method and
assigned appropriate conductivity values to each tissue. The
resolution of the head model was 1 x 1 x 1 mm and the total
number of elements in the model was over two million. We
computed the scalp potential for a dipole placed in the cortex
using a preconditioned conjugate gradient method. It was
found that the topography and magnitude (strength) of the
scalp potential was affected by the orthotropic conductivity of
white matter.
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[. INTRODUCTION

The earliest head models used for EEG source analysis
were spherical volume conductors, with concentric shells
representing the gray matter, skull and scalp boundaries [1].
It is now widely agreed that this model is too simplistic for
most clinical applications, especially for more critical
situations such as EEG source localization for epilepsy
research [2], [3]. The conductivity and geometry of the
various tissue types in the head affect the scalp potential
measured by EEGs [4]-[7]. Thus, a more realistic head
model that includes this information from magnetic
resonance images (MRI) is recommended for EEG source
analysis.

There are different techniques available for creating
realistic head models from MRI data. One approach is the
boundary element method (BEM), where the tissue
boundaries are formed from discrete triangular elements [2].
The disadvantage of the BEM is that the surfaces are closed,
so realistic tissue inhomogeneities and anisotropy cannot be
taken into account. Another approach that incorporates these
tissue complexities is the finite element method (FEM),
which models the head as an irregular mesh of finite
volumetric elements of various shapes and sizes [8]. The
difficulty with this method is in generating a mesh of
elements with similar tissue characteristics on an irregular
grid.

We use the finite-difference head model, which is
composed of cubic voxels centered on nodes placed on a
regular Cartesian grid [9]. Since the elements are the same
size as the voxels, mesh generation is simpler than for the
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FEM model. In addition, eventually segmentation of MRI
can be avoided since volume elements (voxels) from the
image can be mapped directly to the elements of the head
model.

The finite-difference model is equivalent to a three
dimensional mesh circuit with Kirchoff’s Current Law
applied to each node [9]. As shown in Fig. 1, each voxel is
characterized by a node linked to six neighboring nodes by
resistors. Thus, the effective conductivity (o.¢) between two
nodes is simply the series combination of the conductivity
of the two adjacent half-voxels [9]. For example, the
effective conductivity between the nodes centered at voxels
0 and 1 from Fig. 1 is:
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It has also been shown that white matter tissue
anisotropy should be included in realistic head models [10].
This information can be obtained from diffusion tensor
magnetic resonance images [11]. Currently, our finite-
difference head model cannot incorporate generalized
anisotropic information. Thus, we analyzed the effect of
increasing white matter conductivity in orthotropic
directions on scalp potentials. Our results show that
including white matter orthotropic conductivity has a
significant affect on the scalp potential distributions.

II. METHODS

We constructed a finite-difference head model from
segmented MRI slices of an adult female subject. The slices
were T1-weighted with 1 x 1 x Imm size volume elements
(voxels) and 228 x 171 in-plane resolution. We used 176
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Fig. 1. A set of adjacent voxels modeled as nodes in a 3D
mesh circuit; taken from [9].
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Fig. 2. Segmentation example of slice from magnetic resonance image. The origin of the coordinate system is at the lower left corner at
the top of the head. (a) Raw MRI slice and (b) corresponding segmented MRI slice showing different tissue types. The dipole is located
in the cortex of the head, oriented in the y direction.

continuous slices. The total number of elements used for the
finite-difference head model was 2,021,364.

Before assigning conductivity values to the head model,
we segmented the head into six different tissue types: scalp,
skull, CSF (cerebrospinal fluid), gray matter, cerebellum
and pons, and white matter. The slices were segmented
using a Dynamic Edge Tracing method [12], a semi-
automatic technique that identifies the boundaries of
different types of tissue. It is a statistically based edge
tracing method that utilizes the Kalman filter [12]. Refer to
Fig. 2 for an example of a horizontal slice segmented from a
raw magnetic resonance image. The resistivity values
assigned to the segmented tissues are given in Table 1.
These values were derived from literature [13-16]. The scalp
value was taken from [13] and [15], and the skull from [16].
Brain tissue was derived from [14] and [15], while CSF and
white matter were taken from [15].

We constructed four different models to study the
effect of orthotropic conductivity. Model 1 had isotropic
conductivity for all tissue types. Model 2 used the same
conductivity properties as model 1, except white matter
conductivity was increased tenfold in the y direction (y
coordinate from posterior to anterior, X coordinate from left

Table 1. Resistivity values assigned to segmented tissue

Tissue Resistivity (2m)
Scalp 2.3

Skull 76

CSF 0.65

Gray matter 3
Cerebellum and pons 3

White matter 5
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to right, z coordinate from superior to inferior). The
conductivity of white matter was increased in the X direction
for model 3 and in the z direction for model 4.

The forward solution for this head model was solved by
a preconditioned conjugate gradient method [9].
Preconditioning facilitates the convergence of the conjugate
gradient method by changing the distribution of the
eigenvalues of the forward problem system matrix [9]. The
preconditioner we used was a Jacobi followed by a
Chebyshev polynomial [9]. The order of the Chebyshev
polynomial was set to eight, while the lower spectral bound
was set to 0.01.

Current and potential distribution in the finite-
difference head model was computed for a tangential unit
dipolar source in the cortex. The dipole was five pixels long
and approximately 3.5 cm from the scalp surface. The
position of the dipole is shown in Fig. 2. The scalp
potentials were directly taken from the voxels of the head
model that were defined as scalp tissue.

We performed all forward problem computations on
Intel Pentium 3, 1 GHz processors with 2 GB memory. The
calculation of the current distribution for each model took
approximately 225 iterations within 35 minutes. Post-
processing and visualizations were done using Matlab 7.0
software on an Intel Pentium 4, 3.2 GHz processor with 70
GB memory.

IIT. RESULTS
The contour plots of scalp potentials for the four

different conductivity models are shown in Fig. 3. The
shapes of the contours vary with the change in orthotropic
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Fig. 3. Contour plots of surface potentials. (a) Contour plot of scalp
potential with isotropic tissue, (b) orthotropic conductivity increased
in y direction, (c) x direction, and (d) z direction.

properties of the white matter. An increase in white matter
conductivity in one direction causes the scalp potentials to
stretch in the same direction. For example, the contour of
Fig. 3c is spread in the X direction, which matches the
conductivity increase in the same direction.

The minimum and maximum peak potentials for the
isotropic model are -6.2 and 0.89 V, respectively. Refer to
Table 2 for details. In comparison to model 1, the maximum
scalp potential in model 2 increases, while for model 3 and 4
the value decreases. All three orthotropic models show an
increase in the minimum scalp potential value in comparison
to the isotropic model. Model 2, in which the orthotropic
conductivity of white matter increased in the y direction,
shows the largest change in distribution of values.

We computed the correlation coefficients of the scalp
potentials between the isotropic and other models. The value
for model 2 and 4 is 0.98, as shown in Table 2. A correlation
coefficient of 0.98 has been observed to yield localization
errors of 0.5-1.5cm [17].

Fig. 4 shows the locations of the minimum and
maximum peak values of the scalp potential for the four
models. The locations for model 1 and 2 are almost
identical, so for simplicity we show it as one location on the

Table 2. Minimum and maximum scalp potentials and
calculated correlation coefficients between model 1 and
the rest of the models

Model Min (V) Max (V) Corr. Coeff.
1 -6.2 0.89

2 -5.3 14 0.98

3 -5.8 0.67 0.99

4 -5.2 0.75 0.98
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Model 1 & 2

Fig. 4. Locations of minimum and maximum scalp potentials for
(a) model 1 and 2, (b) model 3, and (c¢) model 4.

figure. The position of the minimum value was affected
more by orthotropic conductivity changes. The greatest
difference in location is from model 1 to model 4, which is
an increase in white matter conductivity in the z direction.

IV. DISCUSSION

The contour plots show that the scalp potentials vary
for each model. The orthotropic conductivity changes in
white matter affect the topography of the potentials,
especially conductivity changes orthogonal to the dipole
direction. Alterations in potential topography are linked to
alterations in source localization. The locations of the
minimum and maximum scalp potentials were shifted by the
conductivity changes, especially the location of the
minimum value. Including orthotropic conductivity in the
white matter had a minor influence of the magnitudes of the
scalp potentials, which is linked to the estimation of source
strength estimation for the forward problem. Increasing the
conductivity in the same direction as the dipole had a more
significant affect on the magnitude of the scalp potential
than increasing the conductivity orthogonal to the dipole.

V. CONCLUSION

This study shows the importance of including
directional conductivity changes for white matter tissue.
These changes could be included in the finite-difference
head model by utilizing anisotropic conductivity
information from MR diffusion tensor imaging [10], [11].

The skull has also been shown to have directional
changes in conductivity [18]. The resistivity in soft bone is
lower than hard bone, which causes the skull to be more
conductive in the tangential direction. The effect of these
changes on the scalp potential should also be considered.



[JBEM

Vol. 7, No. 1, 2005

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

REFERENCES

R. N. Kavanagh, T. M. Darcey, D. Lehmann, and D. H. Fender,
“Evaluation of methods for three-dimensional localization of
electrical sources in the human brain,” IEEE Trans. Biomed.
Eng., vol. 25, no. 5, pp. 421-429, Sept. 1978.

B. N. Cuffin, D. L. Schomer, J. R. Ives, and H. Blume,
“Experimental tests of EEG source localization accuracy in
realistically shaped head models,” Clin Neurophysiol., vol. 112,
no. 12, pp. 2288-92, Dec. 2001.

J. S. Ebersole, “Defining epileptogenic foci: past, present,
future,” J. Clin. Neurophysiol., vol. 14, no. 6, pp. 470-83, Nov.
1997.

K. A. Awada, D. R. Jackson, S. B. Baumann, J. T. Williams, D.
R. Wilton, P. W. Fink, and B. R. Prasky, “Effect of conductivity
uncertainties and modeling errors on EEG source localization
using a 2-D model,” IEEE Trans. Biomed. Eng., vol. 45, no. 9,
Sept. 1998

B. N. Cuffin, “Effects of local variations in skull and scalp
thickness on EEG’s and MEG’s,” IEEE Trans. Biomed. Eng.,
vol. 40, no. 1, Jan. 1993

J. Haueisen, C. Ramon, M Eiselt, H. Brauer, and H. Nowak,
“Influence of tissue resistivities on neuromagnetic fields and
electric potentials studied with a finite element model of the
head,” IEEE Tran. Biomed. Eng., vol. 44, no. 8, Aug. 1997.

C. Ramon, P. Schimpf, J. Haueisen, M. Holmes, and A.
Ishimaru, “Role of soft bone, CSF, and gray matter in EEG
simulations,” Brain Topogr., vol. 16, no. 4, pp. 245-8, Summer
2004.

M. Rosenfield, R. Tanami, and S. Abboud, “Numerical solution
of the potential due to dipole sources in volume conductors with
arbitrary geometry and conductivity,” IEEE Trans. Biomed.
Eng., vol. 43, no. 7, pp. 679-89, Jul. 1996.

L. A. Neilson, M. Kovalyov, and Z. J. Koles, “Accurate solution
of the forward problem in EEG using a high resolution finite-
differences head model,” unpublished.

J. Haueisen, D. S. Tuch, C. Ramon, P. H. Schimpf, V. J.
Wedeen, J. S. George, and J. W. Belliveau, “The influence of
brain tissue anisotropy on human EEG and MEG,” Neurolmage,
vol. 15, pp. 159-166, 2002.

D. S. Tuch, V. J. Wedeen, A. M. Dale, J. S. George, and J. W.
Bellieveau, “Conductivity tensor mapping of the human brain
using diffusion tensor MRL” Proc. Natl. Acad. Sci. U. S. A,
vol. 98, no. 20, pp. 11697-11701, Sept. 2001.

D. J. Withey, W. Pedrycz, and Z. J. Koles, “Dynamic edge
tracing for boundary identification in medical images,”
unpublished.

T. C. Ferree, K. J. Eriksen, and D. M. Tucker, “Regional head
tissue conductivity estimation for improved EEG analysis,”
IEEE Trans. Biomed. Eng., vol. 47, no. 12, pp. 1584-1592. Dec.
2000

K. R. Foster and H. P. Schwan, “Dielectric permittivity and
electrical conductivity of biological materials, in CRC
Handbook of Biological Effects of Electromagnetic Fields, C.
Polk and E. Postow, Boca Raton, FL: CRC Press, 1986, ch. 1,
pp. 25-96.

L. A. Geddes and L. E. Baker, “The specific resistance of
biological material — a compendium of data for the biomedical
engineer and physiologist,” Med. & Biol. Eng., vol. 5, pp. 271-
293, 1967.

S. K. Law, “Thickness and resistivity variations over the upper
surface of the human skull,” Brain Topogr., vol. 6, no. 2, pp. 99-
109, Winter 1993.

J. Haueisen, A. Bottner, H. Nowak, H. Brauer, and C. Weiller,
“The influence of conductivity changes in boundary element
compartments on the forward and inverse problem in
electroencephalography and magnetoencephalography,”
Biomed. Tech. (Berl)., vol. 44, no. 6, pp. 150-7, Jun 1999.

130

[18] J. O. Ollikainen, M. Vauhkonen, P. A. Karjalainen, J. P. Kaipio,

“Effects of local skull inhomogeneities on EEG source
estimation,” Med. Eng. Phys., vol. 21, no. 3, pp. 143-54, Apr.
1999.



	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print

	header01: IJBEM
Vol. 7, No. 1, 2005
	01: 127
	header02: IJBEM
Vol. 7, No. 1, 2005
	02: 128
	header03: IJBEM
Vol. 7, No. 1, 2005
	03: 129
	header04: IJBEM
Vol. 7, No. 1, 2005
	04: 130


