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dbstrect-Previously, we have proposed the saspled pattern
matching (SPM) method to amalyze the inverse problems in
magnetostatic fields. Because of current dipole angle subdivi-
sions, our SPN method essentially requmires a considerable CPU
time. In order to resove the current dipole angle subdivi-
sions, we propose here a novel formulation of the SPM method
esploying the cylindrical and spherical coordinate systems.
Applications of this faster SPM method to the magnetocardio—
gram (MCG) and magnetoencephalogram (MEG) identify the heart
defect and brain activated parts, respectively.

1. INTRODUCTION

With the development of the high sensitive superconducting
quantum interference device (SQUID) (1], MCG and MEG analyses
have been vigorously carried out [2-6). There is no doubt that
the MCG and MEG include extremely important information for
sedical diagnosis. Nevertheless, diagnosis utilizing MCGs and
MEGs is not yet established. In order to elicit the diagnostic
information in the MCGs and MEGs effectively, it is. in
essence, required to solve the inverse problems which give
nagnetic field sources, i.e. current distribution, from the
locally measured magnetic fields

We have previously proposed the sampled pattern matching
(SPM) method in order to analyze the inverse problem and
applied it to biomagnetics, such as magneto-oculogram (MOG),
MCG and MEG analyses [7-11]. Moreover, the proposed algorithm
has been successively applied to non-destructive testing [12]
The most outstanding merit of the SPM method is that it is
possible to provide plural source positions vhereas the least
squares and the conventional correlative analysis give the
nost dominant single source [10]. Some conventional linear
algebraic approaches to the inverse problem have been carried
out and give plural current dipoles [13,14]. TWhile their
approaches are based on a distance between tvo vectors which
express measured and computed magnetic fields, the SPM method
evaluates an angle of the vectors

In the previous our studies, the Cartesian coordinate system
vas used to estimate current dipole (or element) vectors from
a measured magnetic field pattern. Identifying the spatial
angle of a current dipole vector requires a considerable CPU
time in the Cartesian coordinate system [9~12]. In this paper
the locally orthogonal coordinate systems, such as cylindrical
and spherical coordinate systems shown in Figs. 1 and 2, are
proposed for MCG and MEG analyses, respectively. Employing the
proposed coordinate systems can remove the repetitive process
vhich vas inevitably necessary for the current dipole angle
determination in the Cartesian coordinate systes. As a result,
it provides a faster SPM algorithm, vhich has implications for
the optimal SQUID sensor configurations.

I. SYSTEM EQUATIONS FOR MCG AND MEG ANALYSES

The governing equation for MCG and MEC anpalyses can be
expressed by the relation between the measured magnetic field
intensity H and its source, i.e. the current density J. The
neasurement of the magnetic field is not carried out in the
source region, i.e. the heart and brain, but on a limited
surface outside the body. Therefore, the governing equation is
expressed by the following volume integral: .

H=V><§JGJdv, (1)

vhere G is the Green's function expressed by the distance
betveen J and K The volume V contains all of the current
density J. The product J dv in (1) corresponds to the current
dipole vector « shown in Figs. 1 and 2.

Except for a fev cases, most of presently available MCGs and
MEGs are respectively composed of only the magnetic field
conponents Hz and Hr normal to the measurement surfaces as
shown in Figs. 1 and 2. Because of these measurement condi-
tions and the rotational relation in (1); only the r and @
components of the current dipole vector « can be estimated in
the heart. Similarly, only the 8 and ¢ components of a can be
estimated in MEG analysis.

Employing a cylindrical coordinate system for the MCG
analysis, the magnetic field intensity H: can be divided into
tvo components Hzr and Hzo:

Hz = Hzr + Hza, (2)

vhere Hzr_and Bzo are caused by the r and 6 components of a
current dipole vector, ar and a8, respectively. With er, eg
and ez denoting unit space vectors of the cylindrical coordi-
nates, each of the magnetic fields Hzr and Hzs in (2) are
expressed by

(dr er)Xs
i lsl?

(a X
—ﬁ",—ilgi - e, (3b)

vhere the distance vector s between H: and « is depictsd in
Fig. 1. In the crlindrical coordinate system, the following
orthogonal relationship holds:

Sp Hzr Hze dS = 0, (4

vhere P refers to a circular measurement surface area shown in
Fig. 1. This is because the magnetic field patterns of Hzr and
Hzt are respectively odd and even symmetrical functions with
respect to the r axis shown in Fig. 1. In the commonly used
Cartesian coordinate system, a similar orthogonality cannot be
established:

Her = . ez, (3a)

Hew =

Sp Hzx Hzy dS 2 0, (5)

vhere H:x and H:y are the z components of the mnagnetic field
intensities caused by the x and y components of a current
dipole vector, respectively.

_In the spherical coordinate system, the following formula-
tion can be carried out similar to the cylindrical coordinate
system. The magnetic field intensity Hr normal to the measure-
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Fig. 1. The cylindrical coordinate system for the MCG analysis.
d denotes a current dipole vector.
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Fig.2. The spherical coordinate system for the MEG analysis.
a denotes a current dipole vector.
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ment surface P shown in Fig. 2 is decomposed into two
orthogonal components Hre and Hro:

He = Hew + Hro, (6)
and

Sp Beo Bro dS = 0, (1

is established, vhere Hrs and Hre are caused by the & and ¢

components of a current dipole vector, ize. a8 and d»,
respectively. With er, es and es denoting unit space vectors
of the spherical coordinates, Hrs and Hre are given by
(a8 _es) X §
= T . L 8
Hes e ’SI3 e ( a)
Sdo eo!xs
= - er, 8b
Heeo i |‘|3 er ( )

vhere the distance vector s is depicted in Fig. 2.

The system equations for the MCG and MEG analyses are
derived from (1) with these locally orthogonal coordinate
systems. By discretizing a target volume V into m subdivi-
sions, ve have

(%2)

In 9(a). the vector u is a measured MCG .or MEG pattern: the
subscripts p and q are p=r, ¢=@ for the cylindrical coordinate
system and p=8, q=¢ for the spherical coordinate systes,
respectively: @oj and @&; are the p and q components of a
current dipole vector at the point j; and the vectors d»; and
do; are the magnetic field patterns caused by @ ; and daj,
respectively. Vhen ve have n measurement points, u, do; and
dqj become the n dimensional coluan vectors written as

‘o= [Hur. Buz, -+, Bunl’, (3b)
do; = {1/(4m)} [leni X s} ent/lo 13, (eoiXs32;) eu2/ls2;l3,

cee, (epX 8nj)-eun/l8n; 317, (3¢)
dij = {1/(4m)) [(eaj X 81;) et/Is1 1%, (eaj X 82;) eu2/ls2;l3,

ver, (eqiX8n;)-eun/l8n; 31T, (9d)

In (3b), (9¢) and (9d), the subscript v refers to the z and r
coordinates for the MCG and MEG analyses, respectively

o= é} (ap; do; + €aj daj).

T. THE SPM METHOD BASED ON SPACE DOMAIN SPECTRUM THEORY

In (8a), the unknowns are 6p; and & ;. do; and daj are
determined by the geometrical relationship between the mea-
surement and source points, as described in (8c) and (8d). u
is obtained by the measurement. Hovever, it is difficult to
obtain unique solutions of @ j and & ; (j=1,2,---.m), since
the following condition generally holds for MCGs and MEGs:

n<dm, (10)

vhich means the number of equations (equal to the number of
the measurement points), n, is less than the number of the
unknowns, ®. In order to surmount this difficulty, ve have
developed the SPM method to obtain a solution pattern composed
of current dipole spectrums in the target space domain [9,11].

Regarding doj and de; in (92) as basis vectors, dp; and G
can be interpreted as the current dipole spectrums correspond-
ing to the basis vectors. In order to clarify this theoretical

approach, let us consider the well-known Fourier series of
vhich the bases are the sinusoidal functions:

f(t) = ae/2 + iA:Y{ {ai cos(iwt) + bi sin(iot)), (11a)

vhere

a0 = (/1) {1(1) dt, (11b)

ai = (/1) ;f(t) cos(iot) dt, (11¢)

bi = (2/) {1(t) sinCiot) dt. (11d)

o = 2n/T. (11e)

Comparing (9a) with (11a), it is obvious that @ and @ in
the space (source) domain correspond to the spectrums a; and
b:; in the frequency domain. In the Fourier series, the basis
functions cos(iet) and sin(iet) are orthogonal each other:

Sr,_cos(iot) sin(iot) dt = 0, (12)
even if i variesas 1, 1.1, 1.2, *--, ®
The most notable point of our formulations is the
orthogonality: i

(13)

Therefore, the
and Yq; can be

do;" - daj = 0; p=r, q=@ or p=8, q=¢;

due to (4) or (7) corresponding to (12).
normalized current dipole spectruas Y»;
independently obtained by

for j=1,2,---,m.

Yoi = w0 - doi / (Hull hdesll). (14a)
Yai = u" - doj / (Hlull Ndaill), (14b)

since the inner products of (14a) and (14b) in the discretized
system correspond to the integrations of (1l¢) and (11d) in
the analytical system. The magnitude of a normalized current
dipole spectrum, Yj, and its spatial angle ¢; on the p-q plane
are given by

Yi = V1052 ¥ Yail, (14c)
®; = tan ' (ya; / Yoi). (14d)

vhere ¥; is determined by taking account of the signs of Yo;
and 7Yaj. In the Cartesian coordinate system, noraalized

current dipole spectrum components are not independently
evaluated because of js). As a result, discretizing ¥; into
subdivisions is required to determine the optimum current

dipole angle
After the process of (14a)-(14d) for j=1,2,:--.m is coa-

pleted, the following procedures are subsequently carried out
in the SPM method [7-12]:
Yoki = uf + (doi *+ doj) / Cllull Hdox + doiif), (152)
Yokj = 0+ (dax + daj) / (lloll lldax + daj if). (15b)

vhere j=1,2,°--,n and v« vas the maximum value among 7. Y2,
«««,vn in (14c). The evaluation of (15a) and (15b) is based on
the assumption that the measured field pattern u has two N-§
magnetic pole pairs due to the current dipoles located at the
points k and j (#k). Then, we find out the maximum value of

vei =+ YoxiZ + Yakil, (15¢)

Based on the assumption of wmultiple N-§
magnetic pole pairs, we continue the process similar to (14)
and (15) up to the peak value of v«---;. Finally, we get

7' =S {¥et + Yokt + =)2 # (Yot * Yokt + -+0)%,  (16a)
ve' = (Yoz + Yokz + *+)2 + (Yaz + vax2 + +=-)%,  (16b)
7 = (Yok + Tokk t )2 + (Yax + Yakk + ---)%,  (l16¢)
Yo' =¥ (Yon + Youm + +-)Z + (Tom + Yokm + ---)2.  (16d)

Yhen h is the number of repeated procedures similar to (14)
and (15), we can conclude that the wmeasured field u is
conposed of h pairs of N-S magnetic poles

Each amplitude of o and da;j (j=1,2,-:-,m) in (%9a) cannot
be determined uniquely because of (10). Hovever, the normal-
ized current dipole spectrum pattern is uniquely obtained from
(16). Since the basis vectors do; and da; at different points
are not generally orthogonal each other, the computed spectrum
pattern has some spreading bands corresponding to the frequen-—
¢y bands obtained by the Fourier transformation where the
basis functions are not orthogonal, but the basis frequency
varies continuously

Iv. CURRERT DIPOLE SPECTRUM DISTRIBUTION IN TBE HEART AND BRAIN

It is well-known that the P wave in an electrocardiogram
(ECG) is mainly caused by right atrial excitation. Nakaya e!
al. measured MCGs of a normal subject and a patient with right
atrial overloading (RAO) during the P wave [4]. Figs. 3(a) and
{(a) are the MCGs at 33 ws and 55 ms of the normal subject.
Fig. 5(a) shows the MCG at 40 ms for the RAO patient. The
circles @ and indicate N and S regions, respectively. Ap-
plying the proposed SPM method with the cylindrical coordinate
system to these MCGs provides the current dipole spectrum
patterns shown in Figs. 3(b). 4(b) and 5(b). These are
visualized top 10¥ results obtained from (16), where m=10250
and n=21 in -(9a3). In these figures, the needles of the
obtained current dipole spectrums indicate their positive
directions; the boldface solid line denotes the heart as well
as the aorta and vena cava; also the dotted line shovs the
ribs. As previously mentioned, the obtained spectrum patterns
have spreading bands because of (10). In the normal subject,
the current dipole spectrums are distributed in tvo regions:
strongly in the vicinity of the sinoatrial node and veakly in
the vicinity of the atrioventricular node. From 33 ms to 55 ms
in the'P vave, the obtained current dipole spectrum patterns
shown in Figs. 3(b) and 4(b) have no significant difference
vhich coincides with the medical opinion of [4]. Howvever., the
current dipole spectrum pattern of the RAO at 40 ms, shown in
Fig. 5(b), is quite different from the normal ones. In this
case, the current dipole spectrums located in the right ven-
tricular region are observed in addition to the current dipole
spectrums at the sinoatrial node. Moreover. the direction of
the current dipole vectors at the sinoatrial node faces the
lover part compared with those of the normal ones. The
strongest spectruas of Figs. 3(b) and 5(b) are located at
depths of 69 mm and 30 mm from the measurement surface
respectively.



a (b)
Fig.3. Atrial excitation of the normal heart at 33 ms in the P
vave. (a) MCG. (b) Current dipole spectrum distribution

Y,

&2

(a (b)
Fig. 4. Atrial excitation of the normal heart at §5 ns in the P
vave. (a) MCG. (b) Current dipole spectrua distribution

(a) :
Fig.$. Atrial excitation of the right atrial overloaded (RAO)
heart with the pulmonary hypertension at 40 ms in the P wave

)]

(a) NCG. (b) Estimated current dipole spectrum distribution.

Using a 37-channel SQUID of which the sensors are mounted on
a spherical surface, Kuriki et al. measured MEGs normal to the
measurement surface, shown in Figs. 6(a) and 7(a), at 110 =s
and 160 ms after a person heard the sound "ha" [6]. From the
MEGs, the proposed SPM method with the spherical coordinate
system produces the current dipole spectrum patterns in the
brain. Figs. 6(b) and T(b) show the top 10% results obtained
from (16), where m=9843 and n=37 in (9a). The folloving neural
activities can be observed from Figs. 6(b) and 7(b): 1) The
region from the primary auditory cortex to the Wernicke's area
is activated at 110 ms. 2) The angular gyrus is mainly acti-
vated at 160 ms. The results in Figs. E(b¥ and 7(b) show that
the activated regions play important roles for auditory
functions. The strongest spectrums of Figs. 5(b) and T(b) are
located at depths of 87 mm and 57 amm from.the measurement
surface, respectively.

Required CPU times for the computation of the heart and
E;;xn are respectively 40 seconds and 330 seconds with HP730

V. CONCLUSION

¥e have proposed the faster SPM method utilizing the locally
orthogonal coordinate systems, i.e. the cylindrical and spher-
ical coordinate systems, and applied it to MCGs as well as
MEGs. The demonstrations, presented in this paper. of obtain-
ing the current dipole spectrums in the heart and brain have
succeeded in clarifying the activated and defect parts in the
body. Thus, our faster SPM method suggests that SQUID sensors
should be mounted on a circular or spherical surface, rather
than in a square or rectangular grid.
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(a) v (b)
6. Neural activity at 110 ms after hearing "ha

Fig. ng b (a) MEG
(b) Estimated current dipole spectrum distribution

®)

(a) !
ig. 7. Neural activity at 160 as after hearing "ha

Fi ) h
(b) Estimated current dipole spectrum distribution
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