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i ABSTRACT 9
‘ We analyze the forward problem in the case of the spherical model, introd B
;' For the inverse problem, Wwe present an alternative to the use of s &
' models, namely the construction of best estimates which are based, in gen :

H both on the results of measurements and on some prior knowledge.
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I 3 simple ways of dealing with the tangential components of the magnetic f
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i best estimate; minimum norm estimate.
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‘| ' INTRODUCTION
|

Traditionally in magnetoencephalography, the magnetic field component nor

“ to the scalp is measured. Wigx single channel magnetometers, this may well

L the best approach. However, the designer of multichannel instruments

i seriously consider whether the measurement of tangential components,

selected points would improve the precision of locating brain events. Ano

tradition, widely believed to be the only possibility in the determinatio

l sources of biomagnetic fields, is the use of source models. The followi!

i cussion attempts to challenge these traditions. For more extensive trea

» of pertinent concepts, see, e.g., Cuffin and Cohen (1977) and Tripp (198
{

THE FORWARD PROBLEM IN THE SPHERICAL MODEL

the conductivi_t)y of the head is spherically symmetri
some origin of coordinates: o(r) = o(r). Then tl}e r‘ad_j;al cor_r)lponent of
magnetic field, produced by the current dipole = Qe_at r, = ae (Fig.

ipole expressiony(Cufon andzCohen, 1

|

L We assume that
; can be calculated directly from the d
|

> UO > =+ -3 > > ¥ =3 i
Br(r‘) =T |r—aez| ﬁx(r—aez)-er = -AG °sinécos¢ , :v
where A = y Q/Uma®, G = (1—2p0038+p2)1/2, and p = r/a. In the guasls’
approximation, yxB=0 outside the head, which leads to rB, = mf (BBr/
and rsineB,k = sF(sB_/3¢)dr. Inserting the derivatives, obtained from Eq.

| and integrgting, we l”get the tangential components of the magnetic field:
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measurement 2

measurement 1

Fig. 1. (a) The coordinate system for the spherical
model. (b) The choice of the origin should bé based
on the local curvature of the skull's inner surface.

B, =._:§99§2_ [1+pcose(pcose—1-cosze-Gz)+G3] :

pG’sin?8

B = As%n
¢ pGsin

7 (p-cos6-G) . (3)

apply the spherical model it suffices that o(F)=0(r) in the region of

jable current flow. Figure 1b’ jllustrates this important point: the

nt flow patterns produced by the dipoles and a are influenced mainly

¢ nearest parts of skull's inner surface wilh local radii of curvature R

respectively. Thus, the appropriate origins for the analysis o}

ments 1 and 2 are 0, and 0,. The assertion that the

be based on the skull's infier surface relies on the

ption that the currents flowing in the poorly conducting skull and in the
are not important as far as magnetic fields are concerned.

stated correctly that the effect of volume currents in a
cally symmetric head is zero on the radial field component and nonzero
e tangential part of the field. From this, one is tempted to draw the

conclusion that volume currents complicate the analysis of

tial components. We emphasize that it is not necessary to consider the
e currents explicitly when calculating any of the magnetic field
onents in the spherical model. The situation is ijllustrated in Fig. 2. The
component B is produced solely by the source curren%

which also gives rise to the volume current J ; both Jand J

bute to the tangential part of the field B, . Bt' however, can be
n above. How can it be tha% Jv Sffects the value of

can be calculated from Br? The answer is simple: the

independent of any details of conductivity as long as

s maintained. Therefore, although the volume currents are

ted by the conductivity profile, their effect on Bt depends only on J.

er insight to the spherical model can be obtained from the diagrammatic
Each circle with a subscript B is a symbol for the

etic field outside a spherically symmetric head. The arrows denote primary
prent elements. According to Eq. a, an inversion of current changes the sign
the magnetic field. Eq. b is an assertion of linearity, while

. ¢ states that the magnetic field produced by a radial current source is
In Eq. d, two zeros are added to the magnetic field of a current element
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Fig. 2. The radial component of the magnetic field
is produced by the source current alone, while both
k! and  volume currents contribute to the
tangentlal component The rangential part of the field
can be calculated from the radial component.

(arbitrary 1ength). Applying Eqs. b, we 3ee that the pesult is an
alent current loo The volume current has peen replaced py the radial

of this 100p. ice immediately that the source can roughly be
approximt.ed by magnetic dipole jocated ab the center of mass of the
triangle, i.€ f the distance from the origin L0 the current
element. The calculatb on of higher multipole moments from the loop 183
simple matter, OO (%) produced by the loop can be caloulated simply from

the magnetic scalar potential o defined by B = “Voy'
L =
o, = = Inagnﬁ-ﬁ.')i_ﬁ-?'l 3, )

where I 18 the current eirculating in the 100P) and adt s 8 surface element

of the triangle. The resulting magnetic giald for a short current elements
{,@8., fTor @ eurrent dipole ﬁ.‘ aooat.ed at ro can Dbe LB ressed as & 1inear
combination of the vectors i = FTqt g -ty and V = T

Q

. y .
B(P) = oo VA7) 2 el t(gh +nd)] (5)

ag2-(R+8)%, ¢ = Fl, f= p-2e+(R-3)/R, 0 = 2(#-8-1*

where d = R 3
and g ™= z(ﬁ-é-sﬂm-u;rmam—ﬁ-ﬁ/a'. The effect of volume

plicit: vhe origin must

In applying Eqs. !

functions and gransform between

with Eg. 5 we have been able to spee

factor of tWO-
Eq ol ©B = - ®B
Eq b ©B+ OB = ©B
Eq ¢) ®B = 0
s OB - C-)B+ ®B— ®B ; ®B

rig. 3- gquat lons with symbols that denoteé the mag-
tic field outside 8 spnurmauy symmetric source area.
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The vector notation of Eq. 5 shows that there {s no profound complexity in Lhe
analysis of the tangential components of the magnetic field. Thls encourages
us to consider possible advantages of measuring tangential components of the
nsuromagnetic field. First, restricting the possible analysis to the radial
‘component would require one to orient the magnetometer normal to the inner
surface of the skull (Fig. 1b). With a fixed multichannel magnetometer array
‘this may be Iimposaible for all the channels simultaneously. Second, for a
miltichannel magnetometer In a dewar of fixed size, the ability to obtain
information about the magnetic field can be improved by making some channels
tangential. We have demonstrated by computer simulations that dipole fitting
from tangential field data is as accurate as from radial field data.

THE INVERSE PROBLEM - MINIMUM NORM CURRENT ESTIMATES

The inverse problem is easy to state: Calculate the primary current
distributlon in the brain [from the magnetic field outside the head., The
splution 1s not unigue: an infinity of different current distributions can
gxplain  a given magnetic field. Which of the distributions should we choose?
Or should the information be expressed in some other form, e.g., by multipole
expansions (Katila and Karp, 1983) of the field or of the current? The answer
depends on the purpose of the experiment. Multipole coefficlents, except for
‘the dipole term in the multipole expansion of the current, seem useful only as
tools for mathematlical analysis and perhaps for the classification of normal
md abnormal heart acgtivity. Our goal is to express the neuromagnetic data in
the Torm of estimates of primary currents in the brain., The neurcscientist is
not interested in multipole moments, equivalent current loops, not even in the
pagnetic  field or the field gradient. These are mere tools in the
getermination of the iocation and other characteristics of brain activity.

‘We present the inverse problem in the framework of estimation theory: from
peasured magnetie fleld values and some prior knowledge, wWe want to construct
the best estimate for the primary current distribution. 1t is necessary to
define expliecitly what is meant by "best". We have studied the application of
yest estimates to MEG in the hope that, eventually, current density maps will
te routinely avallable far the neurosclentist. We have only taken the first
step (HZm4ldinen and Ilmoniemi, 1984), demonstrating by simulations and by
analyses of measured data that brain activity can be located without using

source models.

For our discussion, a few definitions are needed., The lead field of the ith
magnetometer, designated by L,, describes the sensitivity of the magnetometer
to primary currents. It {5  convenient to consider L, as a vector In an
[nrinite—digengional function space; the uorrgspgndi- _.bhree-d_i.menaional
function, thrJ, is defined by the gqgahion Bi- J L (F)+dP(r)dv , where Bj is
the output of magnetometer i and 3 (r) is the pr‘imér‘y currgnt_.der‘;aigy at” r.
3y defining the Inner product of L, and L, (Li.LJ} =J Li(r)-LJ(P3dV. we
gbtain the norm of I.i: ||L1[| = (Li.L*)V‘?. Similarly, the norm of the current
distribution JP is |[JP|[| = (4P,dP) /2 unere (JP,dP) = [ IP(#)-IP(F)av. The
norm of JP is a measure for the amplitude of the current distributlion.

Of all the current distributions that explain the measured magnetic field, the
minimum norm estimate 1s the one with the smallest norm. If no prior knowledge
of the primary current distribution is available, except that it is confined
ta a known volume of space, e.g. the head, the minimum norm estimate is the
pest in the sense that the expectation value of 4P -JP‘U‘ is minimized.

Here, JP., i3 the estimate for the primary curfike JP. Fig. 4 shows an
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example: the left median nerve was stimulated at the wrist, and the magnetic
field was recorded successively from the locations indicated by crosses. The
rectangles on the left contain isocontour maps for the magnetic field 30 and
150 ms after the stimulus. On the right, corresponding minimum norm estimates
are shown 35 mm below the plane defined by the magnetometer locations. It was
assumed, for convenience, that the primary current is confined to the
rectangle. Of all the current distributions in this rectangle that can explain
the measured signals, the one shown has the minimum norm. The measured signals
provide no information about the difference between the original current and
this estimate. Thus, to improve the estimate, additional information about the
source current has to be used. Systematic methods to do this should be the
goal of future research on the neuromagnetic inverse problem.
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Fig. 4. Isofield maps and minimum norm current
estimates, The continuous (positive) and dashed
(negative) 1lines denote flux out of and into the
skull, respectively. The crosses show the magnetometer
locations, 20 mm apart from each other.
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