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dbstract-The recent developments of SQUID flux meters make it
possible to measure the wmagnetic field caused by the neural
activity in a human brain. The field distribution measured on
the human bead surface provides highly important information
of the human brain activities. The problem of obtaining the
current signal flowv in the brain reduces to the inverse
problem, the governing equation of which is written in an
integral form. We propose a generalized correlative analysis
method based on the Cauchy-Schwarz relation in order to solve
the system equation derived from the governing equation. As a
result, we have succeeded in estimating current signal flows
in the human brain

1. INTRODUCTION

One of the most interesting and important investigations on
biological systems is to clarify the neural behavior of the
human brain. Studies based on the analysis of blood flow
distribution in the brain and electroencephalogram (EEG) have
clarified the role of each part of the brain. such as
somatosensory area for eyes, motor area for hands, memory and
so forth. On the other hand, the recent developments of high
sensitive superconducting quantum interference device (SQUID)
[1] enable us to measure a flux density ranging in tesla from
10°'% to 10°'? The magnetic field measured on a human head
surface by a SQUID flux meter is called a magnetoencephalogram
(MEG) [2]. Many studies have been done based on the MEG [3-§]
and are expected to obtain new information for the functional
and operational roles of the brain in addition to the
conventional medical diagnosis

With the development of modern digital computers, forward
problems of obtaining electromagretic fields from their source
distributions have been solved by general purpose software
packages using, for example, the finite element method (FEM)
[7.8]. In contrast, the inverse problem of obtaining the
electromagnetic source distribution from its field or poten-
tial distribution is now studied actively with numerical
methods [9,10]. Most of the inverse problems are mathematical-
ly reduced to solving integral equations [11). The MEG
analysis leads to the inverse problem in which the magneto-
static governing equation is also written in an integral form
Most of the conventional MEG analyses are reduced to searching
for a single current dipole using least squares or statistical
methods such as the variance and the correlative coefficient
[4-6]. However. in these methods, it is difficult to obtain
plural current dipoles

In this paper, we propose one of the promising approaches
for MEG analysis. The authors have succeeded in solving some
inverse problems for the current dipole searching in the human
eye s magnetic field, for two dimensional shape identification
of metallic materials and for magnetocardiogram (MCG) analy-
sis, using the sampled pattern matching (SPM) method based on
the Cauchy-Schwarz relation [12,13). We derive a generalized
correlative analysis method from the SPM method. The MEG
analyzed in this paper is obtained from reference [4] where a
healthy man's right ankle is electrically stimulated. The
generalized correlative analysis method successfully provides
the distribution of the plural current dipoles corresponding
to current signals in the human brain

II.GENERALIZED CORRELATIVE ANALYSIS
System Equation for MEG Aralysis

MEG analysis is basically reduced to a magnetostatic field
problem with the open boundary condition because the permea-
bility in the human brain may be approximately assumed to be
the permeabiiity of vacuum, «e.

The Helmholtz theorem states that any magnetic field inten-
sity vector H consists of the rotation of a vector potential A
and the gradient of a magnetic scalar potential ¢ [14]:

H=1(1/ue) 9 xA- 9 (1)
By taking the rotation of (1), we have
VxH=9x{(l/u)VxA- Vg
= (1 / ) 7 x9 x4, (2)

because V x V¢ = 0 for any scalar function ¢. For homogeneous
materials, the vector potential A in (2) is given by

A=ua 5G9 xHdy, (%)

where G denotes the Green function. The Green function for

three dimensional static fields is

1
G = - , {4)
dmr

where r is the distance between the source point where H is
evaluated and the field point at which A is given. The current
density J is related to the magnetic field H by

v xH=J (8)

where J is the current density at the same position as H
Therefore, (3) is modified into

(1/w) A= § G Jdv, (6)
where the current density J satisfies
V-3 =0, (1)
because
V-9 xH =0, (8)

for any vector function H

In (1), if we assume that the magnetic field is only
composed of the current density J of (6), then (1) without the
term V¢ becomes

=
"

(1/ 1e) V9 x A
=9 x § ¢ Jdv, (%)

where the current density J satisfies the condition of its
spatial continuity. Equation (9) is the governing equation of
the inverse problem for the MEG analysis with homogeneous open
boundary condition

In order to solve the integral equation {(9) numerically, let
us discretize a target volume in the brain into the subdivi-
sions AV, j=1,---.m, as shown in Fig. 1. Denoting n as the
number of magnetic field measurement points on the head
suxoace, the magnetic field intensity at the sampled point i
becomes
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Fig. 1. Mode! for analysis.
nJd; x a.j AV,
H =X —. i=l,*'",n, (10)
3=l 4‘"1.”2

where r., and a., are the distance between the field point i
and the source point j: and unit space vector in the direction
of r ,, respectively (see Fig. 1). The discretized form of (9)
has been derived by assuming that the current density J; takes
a constant value in the subdivision &V;, viz.

J; aij
) = Jdp x —, (11)

4 mri?

9 x

4drr

Using unit space vector e; in the direction of J;, (10) is
revritten in the form:

m eJ Xa'J
Ho= = |3, 47|
1=1 4erj2

el (12)

Equation (12) corresponds in essence to the Biot-Savart law
The current dipole (J; 4&V;) Am is equivalent to the current
element obtained by the product of current and its path
length.

The system equation (12) for the MEG analysis is expressed
by

U= a, d;. (13)
=1

where the vectors U and d; are n dimensional column vectors.
From (12)., U, d; and a; are respectively given by

U= [H, Hz, <+, Ha)T, (14)
1 e, X & e, X az; e, X anj
d, = [ B . P ]Tv (195)
i ri,é rz;? rn;?
a; = | J; AV, . (16)
In (13). the number of equations, n, is generally fewer than

the number of the unknowns, m:
n<m, (1

because the magnetic field is measured on a surface whereas
the field source searching region is a volume as seen in Fig
1. Therefore, the system matrix composed of the column vectors
d;, j=1,---.m, 1is not a square matrix but a rectangular matrix
so that the inverse matrix cannot be obtained. This point is
the mathematical difficulty of the inverse problem

Sampled Pattern Matching Method

In order to overcome the difficulty in solving the system
equation (13), we have previously proposed the SPM method
[12,13). In this paper, we suggest a modified SPM method
leading to a generalized correlative analysis method.

Let the magnetic field pattern vector U decompose into a
space variable component U and a mean component Ue:

U=10U + U, (18)

The elements of the mean component vector Us have the same
value obtained by integrating the magnetic field intensity on
the measurement surface in Fig. ! and then dividing the
integrated result by the surface area. The column vector d,,
j=1,---.m, can be regarded as a magnetic field pattern vector
on the measurement surface depending on the field source
position j and the spatial angle of J,, so that d, can be
similarly decomposed into

di = d;° + de, j=1,---.m (19)
where d;° and d;o are the space variable and mean components
respectively. From (13), (18) and (19), we have

v = > o, d’ ,

=t

(20a)

U = X a; doe. (20b)
=1

The derived system equation {20a) is solved by the SPM method
for MEG analysis because the vectors Us and d o have no
spatial pattern.

From (18), (19) and (20a), it is obvious that the Cauchy-
Schwarz relation used in the SPM method:
Ur-d,’
———, j=l e, (21a)
Hw i d |

is equivalent to a coefficient of correlation between the
measured magnetic field pattern U and the field pattern d,
due to the current dipole (J, 4V,) located at the point j in
Fig. 1. Evaluation of (21a) should be done by taking account
of the spatial angle of the current dipole. The correlative
analysis is carried out by searching for the field source
point k where 7. takes the maximum value in (2la)

In the SPM method, the following procedure is added to the
correlative analysis. After finding the source position k
which is called a pilot point in the SPM method. a second
pilot point can be found by searching for the maximum of

U'-(d’ + di")

jrkoj=l o em (21b)

i d +d U

Similar procedures are continued up to the peak value of 7
in order to obtain the field source distribution pattern
consisting of plural field source positions. The result of the
procedures provides the solution of a modified form of (20a):

Ve g = (8,04 v )
e ey

m

+ 2 (B4 d)]

Vi W

The 1st, 2nd and 3rd terms on the right hand side of (22)
correspond to one, two and three pairs of the north and south

+ )+ e )b (22)

magnetic field patterns on the measurement surface
respectively
The generalized correlative analysis provides the

correlative coefficient distribution 7", j=1, -+, m:
g1 [y vyt e 1/, (23a)
vo x[ye+ yret er ]/ W, (23b)

41480 Tasses T rttsassssssenens
'

PRI PR S B B SRR RVAY B (23¢)

R R R R RN

(23d)

where m' denotes the number of repeated procedures similar to
(21a) or (21b) and also corresponds to the number of found
pairs of the north-south poles. Equations (23a)-(23d) give an
averaged correlative coefficient distribution corresponding to
a normalized current dipole distribution. Because (23a)-(23d)
can be rewritten by
[} di" |i 1 u’ 4’ 4 + d

r — — + +oeee),

e n 1101l. ldi i || d” + & |

7o 2 [rnt yint 0 ) /0

(24a)
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code 1 v’ d: 4 + de
a - r = + o), (24b)
] n Ul ide | il d + do' !
d.’ 1
a. x — LR U B N ). (24¢)
) m Hd
d- 1 U dn’ d’' + dn
Q- = — + +oeee). (24d)
u [ | ldn' 1] id' + dn |
Obvicusly, this method has assumed that the angle between
the vectors 4 ' and d,", i#j, is always smaller than n/2, i.e.
d +d," > d 0 or lid+d >0 4. Also,  (24a)-(24d)
give a unique solution pattern, not the exact solutions
(12, 13].
I.EXAMPLES
Before we practically apply the generalized correlative
anaiysis to MEG analysis, we examine the validity of the

method by applying it to typical test examples.

In the first test example as shown in Fig. 2, a straight
current flows from the top to bottom corners in a cubic
problem region. The currently available SQUID flux meter is
capabie of measuring only the magnetic fields normal to the
brain surface. Therefore, we only consider the z components of
the magnetic field vector H., i=1,---,n in Fig. 1. This means
that the current density J can be evaluated only by its x and
y components in the cube because of (5). In other words, the z

Current
current. (b)
surface. (c¢)

Fig. 2. flowing diagonally in the cube. (a) Exact
The magnetic field pattern normal to the top
Current dipole obtained by the conventional
single dipole model. (d)-(f) Current dipole distribution
obtained by generalized correlative analysis for m=395352,
64152 and 12600.

component current density can be represented in a stepwise
form as shown in Fig. 2(a). Figure 2(b) shows the magnetic
field pattern of the 2z component obtained from the field

source distribution pattern in Fig. 2{a). The number of the
measurement points is n = 6x§ = 36 on the top surface of the
cube. The conventional single dipole model using least! sgquares
[4-8) gives a most dominant single current dipole position as
shown in Fig. 2(c). However, generalized correlative analysis
provides multiple current dipole distributions as shown in
Fig. 2(d)-(f) in which over 90% of the results obtained by
(24a)-(24d) are shown in order to get a higher contrast. To

verify the uniqueness of the solution patterns obtained by
generalized correlative analysis on the different system
conditions, the number of the unknowns, m in the system

equation (20a) has been changed. The number m includes not
only the subdivisions in space but also the angle divisions of
current dipoles at the same position. The target volume has
been discretized uniformly in space and the number of angle
division on the x-y plane is 72. The number of total unknowns
in Figs. 2(d)-2(f) is m = 395352, m = 64152 and m = 12600,
respectively. From Figs. 2(d)-2(f), it is observed that the
solution patterns are unique. Moreover, the soluticn pattern
obtained by a fine mesh tends to reach the exact current flow
distribution as shown in Fig. 2(a). Comparing Fig. 2{d) with
Fig. 2(c) obtained using the same spatial subdivision, it is
obvious that the generalized correlative analysis is far

superior to the conventional single dipole model using leas
pilot

squares. The number of points found for different

Hz

(f)

Fig. 3. Current flowing in a loop shape in parallel to the x-y
plane. {a) Exact current. (b) The magnetic field pattern
normal to the top surface. (c¢) Current dipole obtained by the
conventional single dipole model. (d)-{(f) Current dipoie
distribution obtained by generatized correlative analysis for
n=395352, 64152 and 12600
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Table 1. Coefficients of correlation for the examples

Figure | 2(c) 2(d) 2(e} 2(f) 3(c) 3(d) 3(e) 3(f)

|
Number of i |
found pilot i 1 3 3 5 [ 10 5 4
points. | :
7 i 0.98 0.99 0.99 0.98 j 0.78 0.99 0.95 0.97
7 iotar +  -— 0.88 0.88 0.88 j -- 0.98 0.97 0.93

subdivisions is listed in Table 1 where 7 and 7 tots denote
the correlative coefficients due to the pilot points and due
to the entire current dipoles in the ‘target volume
respectively

In the loop shaped current shown in Fig. 3(a), the superior-
ity of the generalized correlative analysis is very clearly
demonstrated compared with the previous one. The magnetic
field pattern composed of the z component shown in Fig. 3(b)
is caused by the field source distribution shown in Fig. 3(a)
Applying the conventional single dipole model to the field
pattern of Fig. 3(b) gives a most dominant single current
dipole as shown in Fig. 3(c). It is obviously impossible to
reproduce the loop shape current distribution by the conven-
tional single dipole model. However, the generalized correla-
tive analysis can provide the loop shaped current dipole
distributions as shown in Figs. 3(d)-3(f) where the number of
the unknowns in Figs. 3(d)-3(f) is respectively equivalent to
that in Figs. 2(d)-2{(f). Figures 3(d)-3(f) show over 90% of
the results obtained by (24a)-(24d). The uniqueness of the
solution patterns is again confirmed from Figs. 3(d)-3(f). The
correlative coefficients are listed in Table 1. Comparing 7
given by the single current dipole in Fig. 3(c) with others
given by the plural current dipoles in Figs. 3(d)-3(f), it is
obvious that the field source distributions obtained by
generalized correlative analysis yield the more accurate
results compared with the single dipole model

IV.CURRENT SIGNAL ESTIMATION IN THE HUMAN BRAIN

From past studies on the human brain functions, it has been
well-known that the nerves of a human's ankle are related with
a particular region of the brain enclosed by the square solid
line in Fig. 4 [3]. Hence the MEG obtained while a healthy
human's right ankle has been electrically stimulated by a
rectangular pulse of 0.2 ms with the period of 0.5 s, was
measured on the head surface shown in Fig. 4(b) by Uchikawa
and Kotani [4]. Only the magnetic field normal to the head
surface was measured. The head surface is not a flat plane
however the measurement surface has been assumed to be a plane
surface in the following MEG analysis

Generalized correlative analysis is now applied to the MEGs
measured at five different times, 40 ms, 80 ms, 90 ms, 100 ms
and 120 ms after the pulse was impressed. Figures 5-9 show the
MEGs measured at n = 5x5 = 25 points and estimated current
dipole distributions where the number of unknowns m = 1125000
includes the angle division of 72 in the target volume. To get
a much higher contrast, over 95% of the results obtained by
(24a)-{24d) are shown in Figs. 5-9 because the number of the
found pilot points is much larger than that of the test
exanples. The number of found pilot points. 7 and 7 tstsr of

Fig. 4. Target area for searching for current dipoles in the
human brain. (a)Profile. (b)Top view

Fig. 5. Estimated current dipole distribution (40ms). {a)MEG
(b)Profile. (c)Top view. Some currents are flowing locally in
different directions

Fig. 6. Estimated current dipole distribution (80ms). (a)MEG
(b)Profile. (c)Top view. The major currents are flowing from
left to right (positive x direction).
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(a)MEG
flowing

Fig. 7. Estimated current dipole distribution (90ms).
(b)Profile. (c)Top view. The major currents are
backward (negative y direction).

Hz

Fig. 8. (a)MEG.
(b)Profile. (c)Top view. The major currents are flowing toward
-135 degree referred to the positive x direction. The depth of
the currents become maximum

Estimated current dipole distribution (100ms).

1393

(b)

Fig. 9. Estimated current dipole distribution (120ms). (a)MEG
(b)Profile. (c)Top view. The major currents are flowing from
right to left (negative x direction) with some other local
currents.
Table 2. Coefficients of correlation for the MEG analysis
Figure | 5(40ms) 6(80ms) 7(90ms) 8(100ms) 3(120ms)
Number of |
found pilot | 21 11 9 12 15
points. | i
y | 0.97 098 0.95  0.33 0.9
7iotar | 0.85 0. 85 0.88 0. 85 0. 81
7sieaie | - 0. 86 0.71 0. 68 -

¥ The coefficients of correlation for a single current
dipole were obtained from the paper [4].

the results in Figs. 5-9 are listed in Table 2. In addition to
the computed correlative coefficients, the coefficients 7
obtained by the conventional single dipole model analysis (4]
are also listed in Table 2 for reference. From Table 2, it is
clarified that the nmultiple current dipoles result in far
accurate magnetic field patterns corresponding to the measured
MEGs.

From a sequential flow of the current dipoles shown in Figs
5-9, the following current signal pattern changes are ob-
served. The major currents start to flow in the positive x
direction at 80 ms (see Fig. 6) after some different local
currents are observed at 40 ms (see Fig. §). At 30 ms (see
Fig. 7). the currents change their direction toward the
negative y direction. At 100 ms (see Fig. 8). the major
currents flow toward -135 degree referred to the x axis. Then
the depth of the major current flow becomes the maximum, which
coincides with the result of (4). Finally. some local currents
occur again at 120 ms (see Fig. 9).
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V.CONCLUSION

As shown above, a formulation of the magnetostatic field for
MEC analysis has been proposed. This formulation suggests that
the governing equation for MEG analysis reduces to an integral
equation. Further, we have proposed a generalized correlative
analysis method based on the SPM method [12,13] in order to
obtain a unique solution pattern.

The comparison between the conventional single dipole model
and generalized correlative analyses has demonstrated that the
proposed method is far superior to the conventional one. As a
resuylt. it has been shown that the generalized correlative
analysis makes it possible to search for plural current dipole
distributions corresponding to the current signals in the
human brain. Thus, we have succeeded in obtaining the sequen-
tia! current flows in the human brain with high accuracy.

REFERENCES

[114.Y. Carr, E.M. Purcell, Phys. Rev., 94, p630, 1954
(2 ]7.Ohmori,

Editor, 'Title: Sensor-Jitsuyou-Jiten," Fuyi
Techno System, Nov. 1986, Tokyo, in Japanese, pp.1365-
1394.

"3)S.J. Williamson and L.Kaufman, “Application of SQUID sen-
sors to the investigation of neural activity in the human
brain, " IEEE Trars. Magn. vol.MAG-19, No.3, pp.835-844.
May 1983.

[4)Y Uchikawa and M.Kotani, "Tracing of the equivalent source
localization in the brain to somatosensory evoked magnetic
field using equivalent current dipole technique.” Trens
1EE, Japan, vol.112-A, No.2, Feb. 1992, pp.127-132.

{51)S. Kuriki. M.Mukai and F.Takeuchi, "Simulation study of the
multichannel measurement of neuromagnetic fields,” Trans.
TEE, Japan, vol.111-4, No.9, Sep. 1991, pp.823-827

[6]T.Katila, "Functional localization studies in
magnetocardiography, " Int. J. dAppl. Electromagnetics in

Materials. Elsevier, vol.1, Nos.2-4, Dec. 1990, pp.179-187.

{7]P.P.Silvester and R.L.Ferrari, "Finite efements for elec-
trice! engineers,” Cambridge University Press, 1983.

{8]Y.Saito, K.Takahashi and S.Hayano, "Finite element solu-
tion of unbounded magnetic field problem containing ferro-
magnetic materials,” [IEEE Trans. Magn., vol. MAG-24
No. 6. pp.2946-2948, Nov. 1988

{9])S.R. H Hoole, S.Subramaniam, R.Saldanha, J.-L.Coulomb and
J.-C. Sabonnadiere, " Inverse problem methodology and fi-
nite elements in the identification of <cracks, sources
materials and their geometory in inaccessible locations,”
{EFE Trans. Magn., vol. MAG-27, No.3, pp.3433-3443, May
1991,

[10]S.R. H. Hoole, "Inverse problems: Finite
stepping to speed up,” [nt. J. Appl. Electromag

elements in hop-
Matrls.

IEEE TRANSACTIONS ON MAGNETICS, VOL. 29, NO. 2, MARCH 1993

vol. 1. pp.285-261, 1990
[11]G. Anger. " flnverse probdlem in differenticl
Plenum Press, 1990, New York and London
[12]Y.Saito, E.ltagaki and S.Hayano, ~A formulation of the

equations,”

inverse problems in magnetostatic fields and its applica-
tion to a source position searching of the human eve
fields, " 4. Appl. Phys.. vol.67, No. 9, May 1390, pp. 5830-
5832.

Inverse prob-

ta

vol. 112-A,

[13]H. Saotome, K.Kitsuta, S.Hayano and Y.Saito
lem in biomagnetic fields, ™ Trans. TEE, Jepan
No. 4, April 1992, pp.279-286.

[14]B.D. Popovic. “lntroductory engineering eieciromegnefics,’
Addison-Wesley Publishing Co., 197!

ACKNOWLEDGMENT: We are grateful that we could use the MEC data
measured by Profs. Kotani and Uchikawa of Tokyo Denk
University [4]

Bideo Saotome was born in Tokyo. Japan, on December 13, 13958
He received the B.E. and M.E. degrees in electrical
engineering from Hosei University, Tokyo in 1981 and 1383
respectively., In 1981, he was a visiting postgraduate student
at McGill University, Montreal.

Since 1983, he has worked for Fuji Electric Co., Ltd. at the
power electronics department. He is currently studying for a
doctorate on inverse problems at Hosei University.

on April 17, 1857,
engineering from

Kazuyasu Kitsuta was born in Tokyo, Japan
He received the B.E. degree in electrical
Hosei Unmiversity, Tokyo in 1991.

In 1991, he entered the Graduate School of Hosei University
as a master s degree course student and his main interest is
biomagnetics

Seiji Bayano was born in Tokyo. Japan, on July 6. 1947 He
received the B.E. degree in electrical communication angineer-

ing from Tokai University., Tokyo in 1972 and the M. L. cegree
in electrical engineering from Hosei University, Tokyo in
1977,

He is currently an Instructor in the Department of

Electrical Engineering at Hosei University. His main interest

is magnetic field analysis.

Yoshifuru Saito was born in Fukuoka, Japan, on July 24, 1346.
He received the B.E., M E. -and Ph.D degrees in electrical
engineering from Hosei University, Tokyo in 196%. 1971 and
1975, respectively. In 1981, Dr. Saito was a visiting
researcher at McGill University, Montreal

He is currently a Professor in the Department of Electrical
Engineering at Hosei University. His present interests are
electromagnetodynamics, inverse problems, and biomagnetics



