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Mathematical Dipoles are Adequate to Describe
Realistic Generators of Human Brain Activity

JAN C. DE MUNCK, BOB W. VAN DIJK, anp HENK SPEKREISE

Abstract—It is investigated whether a mathematical dipole descrip-
tion is adequate for the localization of brain activity on the basis of
VEP’s. Extended sources (dipole disks and dipole annuli) are simulated
and fitted with a mathematical dipole. It is found that the deviation
between the positions of the disks and annuli and the equivalent dipole
is very small. Also the differences in the direction and amplitude may
be neglected. The position of the extended source with respect to the
electrode grid does not much influence these conclusions.

I. INTRODUCTION

OST mathematical models for the determination of

the location, orientation, and strength of electrical
brain activity from potential recordings at the scalp use
the assumption that the cortical source can be described
by a current dipole. Different volume conductor models
have been proposed and compared like the homogeneous
model [1], the three-sphere model [2], the four-sphere
model [3], ‘‘realistic’” models [4], and, recently, the an-
isotropic multisphere model [5]. Much attention has also
been paid to the influence that deviating volume conduc-
tor model parameters have on the parameters that define
an equivalent dipole [6], [7].

Since most of the cortex is layered and locally homo-
geneous, current flows radially through the cortical sur-
face. Extended cortical sources can therefore likely be de-
scribed by sheets with a homogeneous distribution of
dipoles which are normally oriented to the sheet. Little
attention, however, has been given to the assumption
whether such an extended cortical generator can indeed
be described by a single dipole.

The visual field is projected retinotopically to a number
of cortical areas and generally a substantial part of the
visual cortex will be activated in visually-evoked poten-
tial (VEP) studies. Subdural recordings from the Rhesus
monkey have shown that even under stringent conditions
to restrict stimulus field, eye movements, and stray light,
the amount of activated cortical area is substantial [8].
Moreover, reduction of stimulus field size will always be
at the cost of signal-to-noise ratio and thus will affect the
accuracy of the location procedure.

Manuscript received November 9, 1987; revised June 13, 1988. The
work of J. C. de Munck was supported by the Netherlands Organization
for Scientific Research (N.W.QO.) through the Foundation for Biophysics.

The authors are with the Department of Visual System Analysis, The
Netherlands Ophthalmic Research Institute, 1100 AC Amsterdam-Zui-
doost, The Netherlands.

IEEE Log Number 8823296.

To our knowledge Cuffin [9] is the only paper which
analyzes the effect of source configuration on the param-
eters of an equivalent dipole. However, Cuffin used line
sources and sheets with nonradial dipole distributions
which we consider not to represent physiological sources
adequately. Furthermore, Cuffin positioned the source al-
ways such that it was completely covered by the electrode
grid, which is not realistic considering the occipital layout
of the visual cortex.

The purpose of the present study is to investigate the
influence of source extension on the position, orientation,
and strength of an equivalent point dipole. We have sim-
ulated the potential fields of extended sources with disk-
or annulus-like shapes, and we have calculated the equiv-
alent dipoles for these potential fields. These fields and
the dipole fields were calculated in the three-sphere vol-
ume conductor model (see Fig. 1) with the same model
parameters as have been used by Ary and Klein [2] ( f; =
0.92; /, = 0.87; £ = 0.0125 where £ is the ratio of the
conductivity of the skull and the brain).

The choice of an ‘‘electrode grid’’ might influence the
dependence of the equivalent dipole parameters on the di-
mensions of the source. With each electrode, two param-
eters (not three as every electrode is at the scalp) are cho-
sen which influence the position of the equivalent dipole.
The effects from the electrode grid will be the largest when
a small number of electrodes is used, and when the source
does not lie under the electrode grid. The latter is, for
instance, the case when the source studied is ‘‘out of
reach.”” An example are the lower parts of the striate and
prestriate visual cortexes, which receive input from the
upper visual half field; the heavy neck musculature hind-
ers electrode placement above such sources. We used two
different approaches to quantify the effect of the electrode
grid: 1) we have simulated potential fields due to extended
sources which are either right below the center of the elec-
trode grid or at the border of the grid, and the equivalent
dipoles for these two situations were determined and 2)
we have calculated equivalent dipoles when all possible
electrode positions are taken into account by integrating
over the entire surface of the head; this is analogous to an
infinite number of electrodes and yields the optimal
equivalent dipole fit of the potential field of the extended
source.

Some preliminary results of the latter simulations have
been presented [10].
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Fig. 1. Definition of the symbols. f; and f, denote the inner and the outer
skull radius, respectively.

II. METHODS

We define an equivalent dipole by the set of parameters
p (three for position, and three for strength and orienta-
tion) for which the difference H between the potential dis-
tribution of the dipole [denoted by V,(x)] and a given
potential distribution is minimal. The equivalent dipole
can thus be obtained by solving the equation

dH /dp = 0. (1)

A. Analytic Simulation

Equation (1) has been solved analytically [11], using
spherical harmonics, for circle symmetry situations such
as a dipole layer on a disk or annulus in a three-sphere
volume conductor. The difference function H(p) is found
by integrating the difference between the dipole potential
distribution V,,(x) and the potential distribution due to the
disk or annulus V; (x) over the entire outer surface of the
head:

i = P w - nele @

B. Discrete Simulation

In practice, potential values will only be recorded at a
limited number of electrode positions and often with re-
spect to a reference electrode. In that case, the difference
function can be defined by

H(p) = Zl: [{VL(xi) - VL(fef)}
~ V(%) = Vo (re)}]

in which x; denotes the position of the ith electrode and

(3)

ref represents the position of the reference electrode. The
values V; (x) were calculated by summation of the poten-
tial values due to a set of dipoles homogeneously distrib-
uted over the surface of the disk or annulus and radial to
the surface of the dipole sheet (most times about 30 di-
poles were used). The solution of (1) with H(p) as in (3)
was achieved with a computer program that follows the
algorithm described by Powell [12].

C. Coordinate System

The position of the center of the extended source is
given in polar coordinates ry, 8y, and ¢, and the direction
of the normal to the surface of the source in local polar
coordinates 8, and ¢,. The size of the disk or annulus
representing the source is specified by the radius a. The
position of the equivalent dipole is given in the polar co-
ordinates r), 6), and ¢}, and its direction ir local polar
coordinates 0{ and ¢; (see Fig. 1).

Since application of the results for VEP studies was one
of the intents of the present study, the electrode grid was
chosen on the occiput, covering 6 values in the range 50-
100°. Larger values would not be realistic considering the
neck muscles. The coordinate system and the electrode
grid used in the simulations are depicted in Figs. 2 and 3,
respectively. An almost identical electrode grid is rou-
tinely used in our laboratory for dipole location measure-
ments of VEP recording [13]. In the coordinate system of
Fig. 2, the primary visual cortex lies at or close to the
X axis at ¢ values below 10°. The prestriate cortexes lie
between the second and third row of the electrode grid at
¢ values between —40 and —10° or between +10 and
+40°. In the remainder of this text, angles will be ex-
pressed in degrees and the radius of the head will have
unit length.

To describe the parameter deviation between the real
source and the equivalent dipole, we have determined the
following parameters:

—Depth deviation Ary, which is defined by

Arg =1y — 1. (4)
—Amplitude deviation AA4
AA = (Amp’ — Amp)/Amp. (5)

—The position error, which is defined as the angle be-
tween the vector pointing to the center of the extended
source and the position vector of the equivalent dipole in
degrees.

—The orientation error, which is defined as the angle
between the vector normal to the surface of the extended
source and the dipole vector.

In the Appendix, the position error and the orientation
error are derived formally.

III. RESuLTS

A. Analytic Simulation

Since H(p) is taken over the entire surface, (1) will be
invariant for rotations around the center of the coordinate
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Fig. 2. The definition of the spherical coordinates with respect to the head.
The positive x axis is through the inion, the y axis runs parallel to the
line through both earholes and the positive x axis is through the top of
the head. On the left side, it is shown where the striate and prestriate
cortex are located with respect to this frame.
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Fig. 3. The electrode grid. Every row is formed by measuring steps of 2.5
cm from the inion in a horizontal plane. The rows are 2.5 cm apart when
measured from the inion over the head in a vertical plane.

frame. For that reason, 6, ¢o, and ¢; may be chosen to
be zero without loss of generality. As a consequence, ¢
and ¢q will always be zero as well [11]. The remaining
parameters have been so chosen that the disk or annulus
always touches the outer surface of the compartment rep-
resenting brain tissue. Results for disk-shaped sources are
presented graphically in Figs. 4 and 5. In Fig. 4, the ori-
entation of the disk was chosen parallel to the skull, i.e.,
6, = 0°, and depth of the disk and its size were varied.
In Fig. 5, the size was fixed at a = 0.3 while the orien-
tation 6, and the depth were varied. From Figs. 4 and 5
it is evident that even for the most extended source the
errors in amplitude, depth, position, and orientation are
very small; the depth deviation is less than 0.05 of the
radius of the head for a disk with a radius of 30 percent
of the head.

Results for annularly-shaped sources are also depicted
in Fig. 4. We have fixed 6, at 0° and have varied the depth
and size of the annulus. The errors are larger than found
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Fig. 4. Analytic simulation 6, = 0°. The parameter deviations are plotted
as function of a, which varies from 0 to 0.3. The deviation in the angles
0, and 6, are zero because of the symmetry present. The ‘stars’’ repre-
sent the disks and the ‘0"’ ’s represent the annuli.

for disk-shaped sources, yet they are still smaller than 0.1
for an annulus with radius 0.3.

B. Discrete Simulation

1) Striate Cortex: In discrete simulation, the function
H(p) will not be invariant for rotations around the center
of the coordinate frame. Realistic positions have been
chosen for the center of the source: either close to the
center of the electrode grid, i.e., ¢, = 0° and 6, = 80°
or just under the lower border of the electrode grid, i.e.,
at oo = 0° and 6, = 100°. These positions correspond
to, respectively, the projection of the lower visual half
field and the upper visual half field in the striate visual
cortex. As for the analytic simulations the sources have
been so chosen that the edge of the disk or annulus just
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Fig. 5. Analytic simulation, @ = 0.3. The parameter deviations are plotted
as func_:tion 8,.

touches the outer surface of the compartment representing
brain tissue.

The discrete simulation results for disk-shaped sources
located right below the center of the electrode grid are
presented in Figs. 6 and 7. In Fig. 6, the parameters 6,
and ¢, have been chosen equal to 0° since at the projec-
tion from the fovea the cortical field runs parallel to the
scalp. As can be seen, the errors in position, orientation,
and strength are of the same order of magnitude as found
for the analytic simulations. This indicates that the num-
ber of electrodes and the electrode spacing used in our
laboratory routinely are sufficient for localization proce-
dures.

In the second set of simulations for lower visual field
stimulation of striate cortex, we have studied the effect of
a cortical generator which lies partly at the medial wall of
the hemisphere. This corresponds to stimulation of the pe-
ripheral visual field. We have chosen a fixed value for the
extension a = 0.3 and ¢, = —90°, while we have varied
the depth r; and the orientation 6,. The results are pre-
sented in Fig. 7. As can be seen, the errors in depth and
amplitude are smaller than for purely radial sources, while
the errors in position and orientation are slightly larger.
The largest error in the orientation is-still smaller than
12°.

The results for disk-shaped sources located at the lower
border of area 17 are presented in Fig. (8). At this pro-
jection site, the cortical surface bends strongly inward.
For that reason, we have varied the parameters 6, and r,
instead of a and ry. The size of the disk was chosen equal
to 0.3 the parameter ¢, equal to 0°. Again, we have cho-
sen the parameters such that the disk just touches the outer
surface of the compartment representing brain tissue. As
expected, the errors in depth and strength are larger than
for the projection of the lower visual field. The largest
error found in the amplitude of the dipole is a.12.5 percent
underestimation, when the disk is oriented radially. If the
disk is tangentially oriented, a 7 percent underestimation
of the amplitude occurs. The errors in position and ori-
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Fig. 6. Discrete simulation of the projection of the lower visual field. 8,
= 80°, ¢o = 6, = ¢, = 0°, a varies.
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Fig. 7. Discrete simulation of the projection of the lower visual field. 6,
= 80°, ¢ = 0° ¢, = —90°, a = 0.3, 4, varies.
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Fig. 8. Discrete simulation of the projection of the upper visual field. 6,
= 100°, ¢ = ¢, = 0°, @ = 0.3, 6, varies.
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Fig. 10. As in Fig. 9, but now the extended source consists of a dipole
ring.

entation are not much larger than for the lower visual field
simulation.

2) Prestriate Cortex: We have mimicked an extended
prestriate cortical source in the right hemisphere by a disk-
shaped source at §, = 75° and ¢, = 20°. We have varied
the size and depth r, such that each disk just touches the
outer surface of the volume conductor compartment which
represents the brain. The orientation of the disk was cho-
sen parallel to the skull, which is the most likely orien-
tation considering the anatomy of the prestriate cortex.
Results are given in Fig. 9. Errors are approximately of
the same magnitude as for the projection of lower fovea
on the striate cortex.

3) Annular Shaped Sources: To obtain a worst case es-
timate of the effects of the modeling errors involved, we
have used annular-shaped instead of disk-shaped sources.
These annuli were chosen in the prestriate region. Results
are shown in Fig. 10; the parameters were chosen as in

- 120

Fig. 11. Equipotential lines of the potential distribution on the scalp. Con-
tinuous lines: annulus source ( parameters a = 0.3, 8, = 75°, ¢, = 20°,
6, = 8, = 0°); broken lines: equivalent dipole.

Fig. 9. As expected, the errors are larger, yet they can be
considered small when compared to the errors that de-
viating volume conductances can introduce [6].

4) Contour Plots: Fig. 11 shows two sets of equipo-
tential maps obtained by linear triangular extrapolation on
the electrode grid. The map, represented by the continu-
ous lines, belongs to a simulated extended annularly-
shaped source with radius 0.3, parallel to the skull, im-
mediately underneath the center of the electrode grid. The
other map, represented by dashed lines, belongs to the
equivalent dipole field. From Fig. 11 it is evident, that
not only the location and amplitude are adequately de-
scribed by a single equivalent dipole, but that also the
potential fields due to both types of sources are highly
similar.

IV. DiscussioN

The results of this simulation study show clearly that
the assumption of electric brain activity represented by an
equivalent point dipole does not yield large errors in the
position, orientation, and strength parameters.

The small deviations found are not specific for the vol-
ume conductor model used or the integrative properties of
the skull. For the analytic simulations, we have observed
that the errors obtained when the head is modeled by a
homogeneous sphere are almost identical.

Although the depth deviations are small, they are sys-
tematic. For 6; = 0°, the equivalent dipole always lies
deeper than the dipole layer and for 8; = 90° the location
is more superficial. This could be expected because for 6,
= 0° the simulated potential distribution on the scalp will
be broad, which corresponds to a relatively deep dipole.
On the other hand, for §; = 90°, the dipoles in the sheet
which are nearest to the scalp will contribute more to the
scalp potential distribution than the deeper dipoles.
Therefore, the equivalent dipole will be shallower than
the gravity point of the sheet. It is striking, however, that
these effects are small.

It should be noticed that in source localization studies
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the visual cortex is most sensitive to modeling errors. It
lies very close to the skull and a large part of the visual
cortex is covered by the neck musculature. The deeper the
cortical sources lie, the less prone to modeling errors of
the type discussed in this paper they will be. Our data
show, however, that even in an unfavorable situation (a
superficial annular-shaped source) the errors are not large
at all.

This study intended to analyze the consequences of
modeling a realistic source by a dipole. It will be evident
that realistic sources are not identical to disks or annuli.
However, we believe that the conclusions drawn in this
paper may be generalized. For a homogeneous source
layer, only the contour of the source determines the re-
sulting potential field; therefore, our data are not re-
stricted to disks or annuli but also cover other sources
with a circular contour.

We may assume that our data cover more than the phys-
iological range of sizes of active regions. When the entire
visual cortex would be homdgeneously active, the size of
the active layer in human would be 2300 mm?. This is
equivalent to a radius of approximately 25 percent of the
head radius.

A direct conclusion from the present study is that it is
not necessary to restrict the activated cortex to a small
region for obtaining a good description by one equivalent
dipole. Even when the cortical source is large and when
the source is not entirely covered by the electrode grid,
this will not result in large errors. Of course a malalign-
ment or a strongly restricted stimulus field will have con-
sequences for the amplitude of the recorded signal and
thus on the accuracy of the localization procedure.

On the other hand, the data make clear that it will not
be possible in practice to estimate the size of the activated
cortical region even when the depth and the strength of
the cortical source are known precisely. Not only are the
parameters of the equivalent dipole accurately estimated,
also the obtained potential field over the scalp upon a sin-
gle dipole mimics closely the potential field due to an ex-
tended source (see Fig. 11). To determine the form and
size of a cortical source, subdural recordings or current
source density techniques seem indicated.

APPENDIX A

The error in position is defined as the angle w, between
the position vectors x; and x; of the extended source and
the equivalent dipole, respectively. In a formula

cos w, = sin O, sin 65 cos (¢ — @) + cos G, cos 6.
(A.1)

The determination of the error in orientation w, is some-
what more involved because the direction vectors x, and
x; are defined in different coordinate frames. First, x} is
rotated such that xj and x, are on the same axis and then
the inverse of this rotation is applied on x|. The angle
between the result and x, is the required orientation error.

The rotation to be found is the rotation R(n, w,) about
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the axis n over the angle w,. For n we find

sin 6, cos ¢,
Xy " X
=2-"0 = |sin6, sing, (A.2)
|x6 " xol
cos 0,
where " is the cross product.
We can write for R(n, w,)
R(n, w,) = RR(z, w,)R,; (A.3)

where R, is a rotation which depicts the n axis on the z

axis. So we find w, from
riri cos (w,) = (RR (2, w,)Ry'x}) - x; (A.4)

where - denotes the inner product.
The matrices R,, and R(z, w,) are given by

cos 0, cos ¢, —sin ¢, sin 6, cos ¢,
R, = cos 6, sin ¢, cos ¢, sin 8, sin ¢,
—sin 0, 0 cos 8,
(A.5)
cos w, —sinw, 0
R(z, w,) = | sinw, cosw, O]. (A.6)
0 0 1
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