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Abstract 

As an equivalent source localisation technique, the radial dipole source has been chosen as the equivalent source of the actual neural 
source in the recently developed cortical imaging technique (CIT). In this short paper, the point current source is numerically tested as a 
new kind of equivalent source for implementing CIT. The results confirm the efficiency of the new equivalent source. 
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1. Introduction 

In recent years, a method for simulating the electric 
potentials on the surface of  the brain has been introduced 
(Sidman et al., 1990; Sidman, 1991; Kearfott et al., 1991). 
This method consists of  the construction of  a layer of  
radially oriented current dipoles in a conducting sphere 
that simulates the head so that the voltages generated by 
the layer would take the values measured on the surface 
of  the medium (the scalp). The harmonic potential func- 
tion for this layer is then evaluated in the interior of  the 
medium in an attempt to approximate the potentials that 
would be generated by the actual neural sources but 
which could not be observed without recourse to invasive 
recording techniques (Sidman et al., 1992). Numerical 
and experimental tests have been completed for this 
technique (CIT), and the results are very encouraging 
(Kearfott et al., 1991; Sidman et al., 1991, 1992; Ford et 
al., 1993; Wang et al., 1993). 

Physically, CIT is an equivalent source technique 
(Dampney, 1969), the potential produced by the con- 
structed radial dipole layer is assumed to be approxi- 
mately equivalent to the actual potential produced by the 
actual neural source (Sidman et al., 1990; Kearfott et al., 
1991). In this short paper, a new kind of  equivalent 
source, the point current source, is numerically tested and 
compared with the current dipole source in implementing 
CIT ,and the results confirm the efficiency of  the point 
current as an alternative equivalent source in cortical im- 
aging. 

2. Outline of the equivalent source cortical imaging 
technique 

Here we outline the CIT developed by Sidman et al. 
using the equivalent source technique. Let the head be 
simulated by a homogeneous sphere of  radius 1.0 as in 
Fig. I. Also suppose that N equivalent sources of  unit 
strength are placed on a spherical shell, the 'test'  surface, 
of  radius r T. This test surface is within and concentric to 
the surface of  the head. A typical equivalent s o u r c e  D i is 
located at Cartesian coordinates xi, = rT COS 0 i sin ~0 i, Yi = 

rT sin 0 i sin ~0 i, Zi = rT COS IPi,with respect to the coordinate 
axes. 

Fig. 1. The 'head' is simulated by a sphere of radius 1.0. Test equivalent 
sources of unit strength are distributed on a hemispheric shell of radius 
r T. Contur plots of the potential generated by the test layer are con- 
structed on a hemispheric shell radius r I. 
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The potential generated by any such equivalent source 

can be calculated in the closed form V(Di,Pi) given in 

Appendix A, where Pi ]ties within or on the unit sphere 

simulating the head. If D'I . . . . .  VM are voltages measured at 
scalp recording sites A 1 .... AM, it is certainly possible to 
calculate weighting numbers ul . . . . .  Us to satisfy the M 
equations 

N 

Z u i V ( D i , A j ) = V j ,  
i=1 

fo r j  = 1 . . . . .  M (1) 

Generally, M < N, so that Eq. (1) is an under-determined 

system of equations with an infinite number of solutions. 
However, there is a unique solution that minimises 
(ul 2 + ' - ' +  UN2) t/2, which is the/-,2 norm of (ul ..... UN)- The 
singular value decomposition (SVD) is used to compute 
the unique solution of Eq. (1) of min imum norm. In this 

work, all the singular values are remaindered for no noise 
existence in the artificial data except for rounding-off 

error. 
In the following numerical tests, the equivalent sources 

of unit  strength were placed on the surface of the spheri- 

cal shell with radius r-r, at positions whose angles in 
the standard spherical coordinate system were 0 k and %n, 

where Ok = (k - 1)(2at/10), 1 < k < 10 and ~Pm = m(zH2)l 
16, 1 < m < 1 6 .  Hence N =  160. The number of scalp 
electrode sites in the following tests was 33, and they 
were distributed uniformly on the surface of the upper 
hemisphere (in order to avoid any effect of prior informa- 

tion about the actual sources on the imaging quality, the 
uniform distribution is the best choice as noted in Wang 

et al. (1993)). 
Once the values u 1 .. . . .  Us have been calculated one can 

use the principle of superposition and formulae in Ap- 
pendix A to compute an approximate image of the poten- 

tial field on any intermediate spherical shell of radius q. 

Note that ra- < q < 1.0. This image surface can include a 
shell simulating the surface of the brain. As the formulae 

can be used to calculate theoretical potentials at any point 
of the shell r =  r t, the subsequent scalp topographical 
maps are constructed by interpolating 160 potential val- 
ues on the grid on r = q corresponding to the grid on 
r = r T on which the test equivalent sources D 1 .. . . .  D16o are 
placed. 

In the present CIT (Sidman et al., 1990), only the 

radial dipole was used as the equivalent source (referred 
to as DCIT below), in the following tests, the point 
current (referred to as CCIT below) is tested as a new 

kind of equivalent source for implementing cortical imag- 
ing. 

3. Numer ica l  tests 

3.1. Test 1: imaging pair of dipoles 

Let us assume that a pair of dipole sources are located 
at Cartesian coordinates (x,y,z) = (__.0.3 sin(~/6),0.0, 

0.3 cos(zt/6)) and that their dipole moments are (Px,Py,Pz) 
= (_+0.5 sin(at/6),0.0,0.5 cos(~/6)). The maximum relative 

imaging errors of the CCIT and DCIT, shown in Table 1, 
suggest that the best rT for CC1T may be between 0.35 

and 0.45, and that for DCIT rT had better be smaller than 
0.45 for the case tested here although 0.45 has been cho- 
sen empirically as the most effective depth to place the 
test dipoles in previous publications (Kearfott et al., 1991; 
Wang et al., 1993). Besides, the imaging error of the 
DCIT increases more quickly than CCIT when the differ- 

ence of ri and rT tends to zero. Fig. 2 shows a few imag- 
ing maps of the CCIT and DCIT for r T = 0.35, they dem- 
onstrate that both CCIT and DCIT may produce accept- 

able imaging results for a pair of actual dipoles if the r T is 
chosen properly. 

Table 1 

The maximum relative imaging errors 

ri rT 

0.55 0.45 0.35 

(1) (2) (1) (2) (1) (2) 

1.0 5.84 X 10 -3 6.21 X 10 -3 3.43 X 10 -3 3.04 X 10 -3 1.86 X 10 -3 6.32 x 14 -3 
0.8 3.81 x 10 -2 4.14 × 10 -3 1.0 x 10 -2 1.90 X 10 -3 2.92 X 10 -3 2.83 X 10 -3 
0.7 1.36 X 10 -1 1.41 × 10 -2 2.7 × 10 -2 8.78 x 10 -3 9.13 x 10 -3 8.81 X 10 -3 
0.6 7.38 x 10 -1 6.32 × 10 -2 8.50 × 10 -2 1.77 x 10 -2 '2.27 X 10 -2 2.20 × 10 -2 
0.5 4.24 4.6 X 10 -1 7.46 x 10 -1 6.23 x 10 -2 5.47 × 10 -2  5.35 × 10 -2  

0.4 1.75 8.83 x 10 -I 2.32 6.56 x 10 -1 4.68 x 10 -1 1.14 x 10 -1 

The maximum relative error is the absolute value of the maximum difference between the true potential and imaging potential on the intermediate 
shell, divided by the maximura absolute value of the true potential on the intermediate shell, over the grid points used for plotting (Kearfott et al., 
1991). Values in cobamn 1 are l¥om DCIT, and those in column 2 are from CCIT. The true data are produced by Eq. (A.2) in Appendix A for the known 
pair of dipoles, the imgging dztta (r I < R) of the DCIT are computed by Eq. (A.2), while the imaging data (r I < R) of the CCIT are computed by Eq. 
(A. 1) in Appendix A. r I is the radius of the imaging spherical shell, r T is the radius of the test surface on which equivalent sources are placed. 
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3.2. Test 2: imaging a pair o f  point currents 

Let us assume that a pair of  point current sources are 
located at Cartesian coordinates (x,y,z)= (_+0.3 sin(:t/6), 
0.0,0.3 cos(:d6))  and that their current strengths are _+1.0 
(keeping an overall neutrality of  the source for the brain). 
The imaging errors of  the CCIT and DCIT are shown in 
Table 2, and these errors suggest that the r T for CCIT 
should be between 0.35 and 0.45, while for DCIT it had 
also better be smaller than 0.45. The results suggest that 

the CCIT is superior to the DCIT for imaging of  current 
sources. The imaging maps, shown in Fig. 3, also suggest 
that CCIT is better than DCIT for the imaging of  current 
sources. According to the theory in Amir  (1994), the 
moment of  the general equivalent dipole source is not 
necessarily normal to the surface and thus the radial 
equivalent dipole used in DCIT is not always an appro- 
priate equivalent source for implementing CIT. However,  
the current sources/sinks are fundamental components  of  
the arbitrary current dipoles, and proper current source/ 
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Fig. 2. The first row is the true data; the second row shows the imaging results produced by DCIT (r T = 0.35); the third row shows the imaging maps 
produced by CCIT (r T = 0.35). The imaging radius r I is 1.0 (the surface of the 'head') for the left column and 0.5 for the right column. 
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Table 2 

The maximumrelative errors 

rl rT 

0.55 0.45 0.35 

(1) (2) (i) (2) (1) (2) 

1.0 6.03 x 10 -3 3.15 x 10 -3 5.27 x 10 -3 2.29 x 10 -3 3.29 x 10 -3 4.59 x 10 -4 
0.8 1.04 x 10 -1 1.34 x 10 -3 2.23 x 10 -2 1.02 x 10 -3 4.29 x 10 -3 6.19 x 10-4 
0.7 3.67 x l0 - I  5.62 x l0 -3 7.94 x 10 -2 2.63 × 10 -3 1.68 x 10 -2 1.74 x 10 -3 
0.6 1.81 4.11 x 10 -2 2.46 x 10 -1 6.29 x 10 -3 4.13 x 10 -2 3.76 x 10 -3 
0.5 2.98 3.87 x 10 -1 1.16 4.64 × 10 -2 1.04 × 10 -1 1.14 x 10 -2 
0.4 2.87 8.14 x 10 - I  3.50 5.34 x 10 -1 4.49 × 10 -1 5.32 x 10 -2 

The meanings of the symbols used here are same as for Table 1, however, the true data here are computed by Eq. (A.1) for the known pair of point 
currents. 

sink combinations may provide a valid explanation of 
both the potentials generated by current sources and those 
generated by dipoles. Thus, the CCIT may be used for 
both dipole and point current imaging problem, whereas 
the DCIT is more efficient for the radial dipole problem 
as that in test 1 above than for the point current problem 
such as that in test 2. 

4. Conclusion and discussion 

The point current source is suggested as a new kind of 
equivalent source in CIT. Numerical tests and comparison 
with the original CIT have been performed, and the re- 
sults show that both equivalent dipole and equivalent 
point current are effective for imaging a pair of dipoles, 
while for imaging a pair of point current sources, 
the equivalent point current source is superior to the 
equivalent dipole source. However, both the original 
CIT (noted DCIT abow~) and the suggested CIT (noted 
CCIT above) still suffer form lack of proper theory which 
justifies the equivalent source techniques in the form of 
either equivalent radial dipoles or point sources. This 
poses an interesting problem for investigation in the fu- 
ture. 

Appendix A 

According to Frank (1952), the expression of the elec- 
tric potential ~0 o produced by a point current source in a 
homogenous conducting sphere is 

I ( 1  r I R 1 1 rqi+R 2-s.'~ 
~Po = - - / - - + - - £ T +  In / (A.1) 

4xt6 ~ rq R rqi R R 2R 2 

and the field point ar  rl(Xil,Xi2,xi3), then the other quanti- 
ties in Eq. (A.1) may be defined as 

rq = (Xik _ Xq k )2 

X 2)1/2 rl = (Xil2 d-Xi22 d- i3 

rT = (Xqi) 2 

( r2rff 2 s )  1/2 
rqi = R  2 1-1- R4 R 2 )  

3 

s -~ Z XikXqk 
k=l 

6 is the conductivity of the sphere. If a radial dipole with 
unit strength is located at point Xq on the surface of the 
test sphere with radius rx, then the potential produced by 
the radial dipole at point ri on the imaging spherical sur- 
face with radius r I is (Kearfott et al., 1991) 

1 [ q c o s 0 - r  r 
V(xq'rI)~"4"~ (r 2 .rT--2----~TqCOSO) 3`2 

r I cosO-ri2rT 
4 

(1 +(rifT) 2 --2rTq COS0) 3/2 

1 .+ 

rT(l+ (qrT) 2 --2r~r I cos0) u2 

1] 
~- (A.2) 

where I is the strength of current, R is the radius of the 
sphere. Let the point current source locate a Xq(Xql,Xq2,Xq3 ) 

where 0 is the angle between r 1 and Xq. 
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Fig. 3. The first row shows the true data; the second row shows the imaging results form DCIT (r T = 0.35); and the third row shows the imaging maps 
from CCIT (r T = 0.35). The imaging radius r I is 1.0 for the left column and 0.4 for the right column. 
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