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On the Calculation of Magnetic Fields Based on Multipole Modeling of
Focal Biological Current Sources

Guido Nolte and Gabriel Curio
Neurophysics Group, Department of Neurology, Klinikum Benjamin Franklin, Freie Universitét Berlin, 12200 Berlin, Germany

ABSTRACT Spatially restricted biological current distributions, like the primary neuronal response in the human somato-
sensory cortex evoked by electric nerve stimulation, can be described adequately by a current multipole expansion. Here
analytic formulas are derived for computing magnetic fields induced by current multipoles in terms of an nth-order derivative
of the dipole field. The required differential operators are given in closed form for arbitrary order. The concept is realized in
different forms for an expansion of the scalar as well as the dyadic Green’s function, the latter allowing for separation of those
multipolar source components that are electrically silent but magnetically detectable. The resulting formulas are generally
applicable for current sources embedded in arbitrarily shaped volume conductors. By using neurophysiologically relevant
source parameters, examples are provided for a spherical volume conductor with an analytically given dipole field. An analysis
of the signal-to-noise ratio for multipole coefficients up to the octapolar term indicates that the lateral extent of cortical current

sources can be detected by magnetoencephalographic recordings.

INTRODUCTION

Magnetoencephalography (MEG) uses superconducting
quantum interference devices (SQUIDs) to measure the
minute magnetic fields generated by currents in cortical
neurons with a high signal-to-noise ratio. The “primary” (or
“impressed”) intraneuronal currents are accompanied by
extracellular (“volume” or “return”) currents that extend
throughout the volume conductor (i.e., the head) and com-
plete the current circuit. Commonly, the magnetic fields
measured outside the volume conductor are explained by
modeling the primary neuronal current distribution by an
equivalent current dipole that indicates in particular the
“center of mass” of the activated neuron population. The
information content of high-precision MEG measurements,
however, may allow for an even more detailed description
of spatial features of the underlying current source distribution.

Depending on the expected source configuration, differ-
ent source models are adequate, e.g., a sum of few dipoles,
a dipole field (Mosher et al., 1992; Liitkenhoner et al.,
1995), or a multipole expansion. While a sum of a few
dipoles is appropriate for a small number of spatially well-
separated sources consisting of essentially pointlike regions
of activity, both the dipole field approach and the multipole
expansion intend to describe a distributed source current
density with an essential finite extent (Fig. 1). The crucial
difference between these two approaches is found in the
number of degrees of freedom: in a dipole field reconstruc-
tion, the measured data do not contain sufficient informa-
tion to uniquely determine all of the dipole moments to be

Received for publication 20 September 1996 and in final form 19 May
1997.

Address reprint requests to Dr. Guido Nolte, Neurophysics Group, Depart-
ment of Neurology, Klinikum Benjamin Franklin, Freie Universitit Berlin,
Hindenburgdamm 30, 12200 Berlin, Germany. Tel: +49-30-8445-2002;
Fax: +49-30-8445-4264; E-mail: nolte @jonathan.ukbf.fu-berlin.de.

© 1997 by the Biophysical Society

0006-3495/97/09/1253/10  $2.00

estimated. Hence the introduction of regularization terms
(like minimum norm) is inherently necessary; accordingly,
the reconstructed current density depends critically on the
choice of the regularization parameter. In contrast, multi-
pole coefficients can be uniquely determined if they are
used to model those source components that produce a
nonvanishing field outside the volume conductor (Sarvas,
1987). Thus, in view of reconstruction algorithms, the mul-
tipole approximation is mathematically close to the approx-
imation of a few dipoles, but it describes extended sources,
as does the dipole field approach.

Up to now, magnetic fields induced by current multipoles
were calculated only for those cases for which the contri-
butions from volume currents vanish, e.g., for the radial
component of the magnetic field in the case of a spherical
volume conductor (Nenonen et al., 1985) or for the normal
component in the case of an infinite half-space (Emé et al.,
1988; Haberkorn, 1994). Volume contributions of current
quadrupoles for a spherical volume conductor were in-
cluded only in Fieseler (1995).

In this paper we present a method for calculating the
magnetic field, induced by a current multipole of arbitrary
order embedded in arbitrarily shaped volume conductors,
from a given dipole field. The method is rooted in the
well-known observation (in the case of a scalar multipole
expansion) that, for example, the magnetic field of a current
quadrupole can be expressed as the difference between the
fields of two identical current dipoles with opposite sign and
with origins slightly shifted against each other. Because it is
understood to take the limit of zero distance and infinite
dipole strength, the resulting magnetic field is given by the
derivative of a dipole field with respect to the dipole’s
origin.

This relation seems to be almost unexploited in the liter-
ature. Exceptions are the calculation of the electric potential
of a current dipole as the derivative of the potential due to
a charge monopole (de Munck, 1988; Zhang and Jewett,
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FIGURE 1 Multipolar description of brain current sources. The case of
a focal neuronal activity can be studied in the hand respresentation area of
the primary somatosensory cortex located in the anterior wall of the
postcentral gyrus, where a circumscript neuronal response is evoked in
Brodman area 3b pyramidal cells at ~20 ms after electric stimulation of the
contralateral median nerve at the wrist. Because of the neuroanatomy of the
activated cell population (with elongated parallel apical dendrites, which
are oriented tangentially to the skull and orthogonally to the central sulcus),
this focal current source may be reasonably approximated as a laterally
extended, one-dimensional current distribution that can be modeled by a
dipolar plus octapolar term of the multipole expansion (the quadrupolar
term vanishes in the case of source symmetry). The octapole coefficient is
related to the standard deviation o of the source distribution.

1993) and the calculation of the magnetic field induced by
the volume current of a current dipole as a derivative of a
“monopole field” (Ferguson and Durand, 1991, 1992; Du-
rand and Lin, 1997). Here we develop a theory valid for
multipoles of arbitrary order as well as for arbitary volume
conductors.

The multipole expansion of the scalar Green’s function is
conceptually simpler, and we present in the second section
the general formalism for this representation. In the third
section a modified version, consisting of an expansion of the
dyadic Green’s function, is deduced; this expansion is in-
trinsically free of redundancies and allows for a separation
of electrically silent components. In the fourth section we
elaborate on the physical interpretation of multipolar source
descriptions, and in the fifth section we show fields for two
instructive examples using neurophysiologically relevant
current source parameters. We finally discuss the results
from the perspective of biophysical applications in the sixth
section.

SCALAR EXPANSION
General scalar multipole expansion

Using the common splitting of a total current 7 into a
volume and a primary part, J = J¥ + J', the magnetic field
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B¢ induced by J' in an infinite homogeneous volume con-
ductor can be written as

PR ) , JH(#)

Bi(F) = 417V deV T3 1)
and a multipole expansion is defined through the expansion
of the Green’s function:

7 =71

= 2 fom® o )

—n—1

where f, () is a functlon of order r ,and f, () is a
function of order r'" m,(r) can now be wntten as

Bud?) = —%; 3, i X Voml?) 3)

where

= f AV I (7) fum(F) @

are the multipole coefficients of i

The magnetic field outside a volume conductor is com-
puted by applying a solution operator L to J. For example,
if the volume conductor is a homogeneous sphere, the
volume currents do not generate a radial magnetic field
component, and thus L consists of the following procedure:
compute the radial component of B, integrate from a given
point 7 along the radial direction to infinity (which gives the
magnetic scalar_potential), and take the gradient to get the
magnetic field B(r) (Sarvas, 1987). In short: B= L(J')

It is important to note that 1) L is linear and 2) L does not
depend on J' (it is applied to JY), particularly not on a
multipole’s position. These properties are generally valid
and are not restricted to the spherical volume conductor.

Here we apply L to a “pure” mulitipole current, i.c., a
current with a single nonvanishing multipole coefficient
placed at 7,, which is defined by the property

J AV I' ) fanlF = 7o) = @Bum®un, Vm,n  (5)

for some fixed m, and n,.

Example: magnetic field of a quadrupolar
current source

As a first step beyond the dipole we take the term containing
fi_; from the quadrupole (Katila, 1983; Fieseler, 1995),
which is defined through f,_,(» = y, fio(F) = z, and f;,(PH) =
x, and we let @,_, point in the x direction with magnitude a.
Because the dipole is defined through foo(7) = 1 and all
other multipoles contain higher order polynomials, partial
integration in Eq. 5 shows that the quadrupole current can
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be given explicitly by
a\ o a\
TNy = -0l — 833 —3)= +[0)| — 833 — 7
J'(7) 0 ay&(r Fo) =+ 0 ayoﬁ(r 7o) 6)

The magnetic field can now be calculated as

. T -3 g
Byu=LU)=L F 8 8(F — o)
o . “ )
=-—L 83(1' - rO) Bdlp
% " \\o

where L is now applied to a pure current dipole in the x
direction at position 7, with a solution that is well known in
the case of a spherical volume conductor (Ilmoniemi et al.,
1985; Sarvas, 1987). (We emphasize*that the notions “cur-
rent dipole” and its “magnetic field” By, in this context are
only formal, because these expressions do not have the
dimensions of a current dipole or a magnetic field, respec-
tively. The reason is that the “dipole moment” a is physi-
cally a quadrupole moment. However, mathematically the
argument of L is proportional to a current dipole with a
dimensionful proportionality constant. Because of the lin-
earity of L, the resulting “magnetic” field will also be
proportional to a “real” magnetic field with the same pro-
portionality constant. Differentiation with respect to y, at
the end of the calculation will result in a field with proper
dimensions; this kind of formal notion occurs throughout

the paper.)

)

General case: magnetic field of multipolar
current sources

To express the magnetic fields in general as (more complex)
derivatives of a dipole field, one must find the “dual”
differential operators f,.(3/ax, 3/dy, 3/3z), which fulfill the
“‘orthonormality relation”

NI s
f;lm axa ay, 6z ﬁrﬁ(x’ )’, Z)lx=y=z=0 ™ OUmtVni (8)

This notion of “orthogonality” is equivalent to the usage
by Wikswo and Swinney (1984), in which multipole
charges up to octapole order were constructed as a limit of
differences of charge monopoles.

Because f,,, is a polynomial of degree n with the general
form

S, y,2) =

2 apm xkylgn k! )
ki
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f..n must be a sum of nth-order partial derivatives. As a trial
ansatz for the operators, we choose

s [0 O O d 8 9
fnm == o) =Sl 30 30 5
ax’ dy’ 9z ax’ dy’ 9z
i.e., the Cartesian coordinates are replaced by the respective

derivatives. Inserting the general form (Eq. 9) into Eq. 8
gives

mal a 9 9
ax ay az nm(x Y, z)lx y=x=z=0

=>k(n—k

kl

(10)

- D' a™m?>0 (11)
and

d 9 9
tnal
(ax ay’ az)fﬁm(x’y’Z)lx =y=2=0 =0 Vn#7
(12)

Equation 11 also holds if one takes linear combinations of
fum (and £,.,) into account with new coefficients @ ™™, show-
ing the independence of the set of operators. Thus the trial
operators form a basis in the operator space. According to
Eq. 12, the final £, can in general be expressed as linear
combinations of those /2! that are of the same order, and in
the worst case for a glven order, one is left with a finite
algebraic problem.

Once these dual operators are found, partial integration in
Eq. 5 shows that a pure multipole current at position 7, can
be written as

TV G, 7o) = (= 1) afsgme (V&G — 7o)
= Brmo(VO) & (F = 7o)

and analogously to the quadrupolar example above, the
corresponding magnetic field is

B#) = Foumo(Vo)Bap(@, 7o, 7)

The operators V and V,, differentiate with respect to the
coordinates 7 and 7,, respectively.

(13)

a4

Expansion in spherical harmonics

Here we study the expansion of the scalar Green’s function
in spherical harmonics (Yy') (Geselowitz, 1965; Burghoff et
al., 1991)

fnm(‘ fnm(*)

|r = 2 2 |7 |2n+lfnm( )+, |2n+lfnm( ) (15)
n=0 m=0
with fR + ift . = r,Y™. Getting the form of Eq. 2 is a

matter of notation.
It is shown in Appendix A that this representation is
already orthogonal in the sense of Eq. 8 (with f = f"#!), and
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the properly normalized dual operators can be given in

closed form (2n — ! =1-3-5-...-@2n — 1)) as
fcR.l(i 9 2)2(2—6,,,0) (- m)! rif0 9 9
"\ dx’ 3y’ 9z (n+ m)!2n — D! 7™ \3x’ 9y’ 9z
(16)
or, equivalently, as
” d 9 d " Jd 9 o
ooy ae) * e 2y 21
y oz v o an

_(2—8,,,0)(6 _am(a)"'m
T (n+m) 8x+18_y 9z
Summary

We can express the magnetic field B(r) due to an arbitrary
current J' with multipole coefficients 4, + zbnm at position
o,

anm + iBnm = fdv"l(r)(f (r - rO) + lf (r - ;0)) (18)

as the sum of all multipole fields,

2 — 8,0) o\ [a\
BG#) = Re(nzo mEO n+m)! (axo 1ay0) (50)

19

(Baip(@nms 7, Fo) + iByip(boms T, To))

where édip(énm, 7, 7o) is the magnetic field at point 7 due to
a current dipole of magnitude ¢, at position 7. Note that
the differential operator is complex conjugated to give pos-
itive contributions from the imaginary parts. (Again, By,
does not have the dimension of a magnetic field; only the
final result has.)

This scalar representation, however, is flawed by redun-
dancies. For example, a current with coefficients a,, = Jé,,
a,, = Jé, and b11 = Jé, produces no field. This is usually
cured by taking only a reduced number of linear combina-
tions of multipole coefficients into account (Wikswo and
Swinney, 1984), which is a basis transformation and can in
general spoil the orthogonality relation (Eq. 8). If one de-
scribes the basis transformation f,,,, — g, With 2n + 1) X
(2n + 1) block matrices A" (gnm 3,AN [, then the
operators transform with B" : =@ Gom = 2By fo)-
Now those coefficients with zero magnetic field can be
omitted.

DYADIC EXPANSION
Formulation of the expansion

An alternative multipole representation, which makes it
possible to separate electrically silent source components, is
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given by the expansion of the dyadic Green’s function
(Grynszpan and Geselowitz, 1973; Haberkorn et al., 1992)

P RN g N ¢
B = E_‘_Re(Z E(Anm + anm)r XV W)

n=! m=0
- (20
Mo : ) -rm . -
+ ZERC( E Z(anm + anm)V F) = BElf + Bﬁ:r
n={ m=0
with “electric” multipole coefficients
Ay + iByy = g,,mf davyj - vyrmee 21)

and “magnetic”’ multipole coefficients

, 8nm
anm+1Bnm=n+1

f dVGEXT) - VY™ (22)

where g, = (2 = 8,9[(n — m)¥(n + m)!].

B¢ is again the magnetic field for an infinite homoge-
neous conductor. The “magnetic” components are already
written as a gradient of a scalar function. They are always
curl free are not affected by the volume conductor (hence

mf) and cannot be observed electrically. The notion
magnetlc refers to this property, and we will only have to
analyze the “electric” components.

Notably, the magnetic fields generated by the “electric”
multipole components cannot be written as derivatives of
dipole fields as in the second section, above. For example,
a difference between two current dipoles will in general
contain a “magnetic” source component wherever we put
the expansion point. Partial integration in Eq. 21 shows that
the expansion is not based on J* but on V7, but neither J nor
the magnetic field is uniquely determined by the knowledge
of VJ'. We thus have to formulate the theory solely in terms
of V7% this can be done by splitting the total magnetic field
into a primary current part and a volume current part, where
the latter depends only on V7 but not on V X J%. The magnetic
field induced by a volume current can then generally be
expressed analogously to the previous section as LV,
where L is the linear solution operator for this problem.

Monopole field

In principle one could now compute the volume contribu-
tion for a current dipole, and the volume contribution of a
current multipole (“multipole volume field”) could then be
expressed as a derivative of the former. However, this can
be simplified significantly because for the dipole volume
fields, according to the nonzero coefficients A, + iB, =
Jav(- V7Y™, where rY$ = zand rY} = x + iy, the source
—VJ (now evaluated at position 7;) is itself given as a
derivative:

] o a 0\ e .
_VJ= - Aloa_Z+A“a+B“a_y 8(r—r0) (23)
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By applying the same reasoning as in the second section
above, the magnetic dipole field can now be written as a
derivative of a “monopole field” B, €.8.,

L( VJI)— (All—S(r—rO))

boy, 9 (24)
11

47 Ix,

d - -
= All a_xo L(Ss(; - ;0)) - Bmon
However, L cannot be applied to a charge monopole,
because a net charge different from zero implies a net flux
of the electric field out of the volume conductor different
from zero, which is inconsistent with the boundary condi-
tions. Thus here we will define L(83(r — Fp)) (and hence
mon) by the property that its derivatives give the respective
dipole volume fields. The existence follows from the fact
that each component of L( VJ') is “curl free,” e.g.,

J J
6_ < 8 @G- ro)) 6y (ax 8 (- ro)) 25)

We found the monopole field defined above to be iden-
tical to the one introduced by Ferguson and Durand (Fer-
guson and Durand, 1991, 1992; Durand and Lin, 1997);
there are, however, formal differences. First, the monopole
field appeared here naturally in the context of multipole
fields used in the expansion of the dyadic Green’s function.
Second, its existence is shown formally, which is more
compact than the physical approach of Ferguson and Du-
rand (1992). Third, the final formula for the monopole field
in a spherical volume conductor (Eq. BS) includes rotations
to arbitrary monopole positions explicitly showing its
symmetry.

The monopole field was defined through its derivatives
with respect to 7, and hence it is unique only up to an
additive function of 7. A convenient way to fix this function
is to choose Bmon(r RO) = 0 for an arbitrary reference point
R0 mon(r, 7o) then corresponds to the magnetic field of the
volume current induced by a monopole with positive charge
at 7y and a monopole with negative charge at R, (Ferguson
and Durand, 1992). .

In Appendix B we show that B, for the spherical
volume conductor with the reference point placed in the
center of the sphere is given by

Fo X 7 (;-;0—7%,

; . ;0
— (; . ;0)2 - r ) (26)

Bmon(ra rO) = r2r2 |-': _ ;Ol

Summary

For multipole coefficients A, + iB,,,, the source —-Vitis
given by

-vJ' = PWMW+"WMW%%—W Q27
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The operators f2(V,) can be drawn in front of L, which
itself is (formally) applied to a monopole source 8*(F — 7).
The result is the volume current contribution to which the
primary current contribution has to be added, finally ending
up with

é =T RC(E E(Anm + anm)( :

n=1 m=0 (n - m)'
m n—m (28)
o 3\ [o . .
o Loyl (o Boon(7 7o) || + B
where
L -y
Bi,.=rX \Y) W

PHYSICAL INTERPRETATION OF MULTIPOLAR
SOURCE DESCRIPTIONS

It is the central feature of the multipolar source description
to reconstruct only those aspects that are backed by data: by
setting an upper bound for the order of multipole expansion,
it does not try to reconstruct a priori unresolvable details of
the current distribution.

For illustration, we will consider a primary current with
fixed direction distributed on a straight line with coordinate
§ The primary current can be written most generally as
J(&) = ag(®) with fixed vector a and a scalar function g.
Because the current distribution, and accordingly also the
expansion, is one-dimensional, there is only one multipole
for each order. After omission of the index m, the polyno-
mials £, (see Eq. 2) and the respective dual operators 7, are
given by

fH=¢€ (29)
and
[0 19
Hag) = e G0

Choosing the coordinate £ such that the expansion point
is at ¢ = 0, the multipole coefficients are

= fdﬁg(é)?' (3D

The full magnetic field can be calculated with Eq. 14:

2 n|a§anlp(a r, ‘f)lg =0 (32)

where Edip is the dipole magnetic field due to the dipole
moment 4.

This example may be regarded as a special case of the
three-dimensional Taylor expansion of the Green’s function
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(Wikswo and Swinney, 1984), with a coordinate system that
includes the straight line as one axis. All terms that contain
the two coordinates orthogonal to £ may be ignored because
the respective multipole coefficients vanish identically.

Assuming in a first approximation that g(£) does not
change sign and that it is symmetrical around ¢ = O, the
multipole coefficients (Eq. 31) can be interpreted as statis-
tical moments of the stochastic variable £ with (nonnormal-
ized) probability density g(£). Accordingly, the dipole mo-
ment corresponds to the normalization, the quadrupole
moment vanishes (because of the symmetry), and the octa-
pole moment is related to the variance (cf. Fig. 1). The
lateral spatial extent of the current density may reasonably
defined by the standard deviance of &

ag= \/;ar(§) = Jada, (33)

Hence the multipole expansion can provide a meaningful
expression for the spatial source extent, which does not
explicitly refer to eventually unresolvable details of the
current distribution.

If the symmetry requirement is relaxed, the expansion
point must be put at the “center of mass” of g(§) to keep Eq.
33 valid. This corresponds to the vanishing of the quadru-
pole coefficient. In principle, the center of mass can be
found by a multipole fit with omission of the quadrupole
term. Up to octapole order, the procedure will then be
identical to the symmetrical case.

As long as the multipole expansion is cut at some fixed
order, only an approximate reconstruction can be obtained.
The reason is that higher order corrections are in general n6t
orthogonal to the low-order fields. Their parallel compo-
nents are erroneously ascribed to the respective recon-
structed low-order coefficients. For example, the result of a
dipole fit is not the true equivalent current dipole but an
approximation, which is necessarily distorted by higher
order source terms. Similarly, a fit up to octapolar order will
not provide the true spatial extent, even for noiseless data.
However, the approximation can be expected to be very
good; e.g., given the brain source model of the next section,
the estimated spatial extent would be only 1.5% too small.

Restricting the source model, like cutting a multipole
series, is adequate when an inverse calculation does not
have a unique solution. For example, this occurs for a finite
number of sensors, but can also occur for an infinite number
of sensors with finite size, as in Wikswo and Roth (1988),
Roth et al. (1989), and Tan et al. (1990). To make the
inverse calculation stable, the authors introduced spatial
low-pass filtering, which can be related to the multipole
expansion. To see this, the current density g(§) can be
rewritten as a sum of pure current multipoles (see Eq. 13):

® _1 n ., an
s®=3 (—nf—“a—gaa (34)

n=0
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The Fourier transform g(k) = f[dée *¢g(§) is given by

0

k)= 2 = (- (35)

n=0

which is the Taylor series of g(k) around k = 0.

In correspondence to a low-pass filter, which keeps only
low-frequency components, the lower terms of a Taylor
expansion provide information on the low-frequency behav-
ior. It should be pointed out that a Taylor expansion of a
function g(k) to finite order is generally a bad approxima-
tion for large k: an integrable function g(k) will be approx-
imated by a function that diverges for k — . Analogously,
cutting the expansion in Eq. 34 at arbitrary but finite order
always results in an approximation of g(£) that is strictly
local and cannot be square integrable, although the original
2(&€) might be.

The truncated multipole expansion is not supposed to
approxiﬁiate the current density as a whole function. The
multipole (or Taylor) coefficients only describe bulk prop-
ertigs of the current density as discussed above. It is useful
to visualize pure multipoles, as was done quite generally for
electric potentials in (Wikswo and Swinney, 1984) and for
magnetic fields and electric potentials in (Wikswo and
Swinney, 1985). An expansion of the Green’s function in
spherical harmonics was used in the latter paper, where an
effective theory for the forward calculation of magnetic
fields was used. Formally speaking, this multipole expan-
sion is “purely magnetic” or “purely electric” in the sense
that the fields only depend on sources and sinks of 7 X Jor
I respectively. Thjs led to the possibility of alternative
configurations (A and B) as illustrated in Fig. 2. The qua-
drupole currents of A and B have the same sources and
sinks; thus they have the'same electric quadrupole moments
of the dyadic multipole expansion. In the dyadic expansion
presented in the third section above (Dyadic Expansion),
configurations A and B are not pure multipoles, because
both configurations have, in addition, nonvanishing mag-
netic multipole moments with opposite signs. Only for the
average of A and B (i.e., configuration C) do all magnetic
multipole coefficients vanish.

A B C
=) 19 (11
O—D © @ O—D

FIGURE 2 Current configurations representing a quadrupole in the ex-
pansion of the dyadic Green’s function. If only electric coefficients are
taken into account, A and B are alternative configurations with the same
multipole coefficients. However, only averaging A and B, leading to
configuration C, results in a pure electric current quadrupole, a configu-
ration with vanishing magnetic multipole components.
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EXAMPLES

All example fields presented here were calculated using a
spherical volume conductor as a first-order approximation
for the head for which the dipole (and monopole) field is
analytically given. Calculation of the derivatives is straight-
forward. However, the resulting expressions, computed
with the program Maple, are in general too lengthy to be
presented explicitly. We checked the found formulas for the
case of a spherical volume conductor. The magnetic field
must fulfill two conditions: 1) it must be curl free, and 2) the
radial component must be equal to the corresponding field
component in the case of an infinite homogeneous volume
conductor.

For the scalar expansion in the second section above
(Scalar Expansion), the first condition is fulfilled, because
the magnetic field was derived from a curl-free field by
application of a differential operator that commutes with the
curl. In fact, the whole derivation could have been done
equally well with the magnetic scalar potentials. The second
condition was checked explicitly for the quadrupolar exam-
ple field above.

The situation is quite the opposite for the dyadic expan-
sion. The second condition is fulfilled, because the volume
contribution was separated, and, because of the cross-prod-
uct with 7 in Eq. 26, it cannot generate a radial component.
We checked the first condition for all multipoles up to the
octapole.

For a first illustration we plotted the z component of
magnetic fields induced by three current multipoles in a
spherical volume conductor and compared them to the re-
sults in a half-space (Fig. 3). The effect of the spherical
volume conductor is mainly a scale and magnitude trans-
formation; this is expected because the sphere is an axially
symmetrical deformation of the half-space. However, in

A11 Half—Space
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case of the octapole field (A5,), where the two side extrema
are larger, whereas all other extrema are smaller for the
spherical volume conductor than for the half-space conduc-
tor, it becomes evident that the magnitude transformation
does not follow a simple rule.

As a second example we discuss a “realistic” case in
some detail. Similar computations were made by Okada
(1985) and Pelizzone and Hari (1986), however, without
describing corrections to a dipole field as higher order
multipole fields. We numerically calculated the magnetic
field of a “typical” neocortical source with finite lateral
extent, which was constructed as a model for the current
distribution in the hand area of the primary somatosensory
cortex evoked 20 ms after electric median nerve stimulation
(N20, Fig. 1; cf. Hari et al., 1993); it was approximated by
400 parallel dipoles (pointing in the x direction) with a total
dipole moment J = 10 nAm, uniformly distributed along a
line (elongated in the y direction) of length d = 2 cm with
its center at the point x = y = 0 and z = 6.5 cm (the center
of the spherical volume conductor is the origin of the
coordinate system), and compared the result to the multi-
pole expansion (Fig. 4). We assumed a sensor configuration
measuring the z component of the magnetic field, again in
the plane z = 10.5 cm.

The octapole coefficients for the dyadic product expan-
sion read A;, = —Jd*/48, Ay; = —Jd?/96, and B,, =
—Jd?36, where J = A, is (the x component of) the dipole
moment. However, for this case it is easier to use the
expansion of the scalar Green’s function as in the preceding
section, with @, = 27"d" * YY(n + 1) forevennand a, = 0
for odd n.

Fig. 4 shows that the convergence of the multipole series
is very fast: the first nonvanishing (the octapolar) correction
term to the dipolar approximation reduces the relative field

A22 Half—Space A31 Half—Space

20 20

10f 10¢
FIGURE 3 Contour maps of the z = —
component of magnetic fields in the _i o} 5 0
plane z = 10.5 cm generated by cur- > =
rent multipoles embedded in a half- —10 —10t
space (upper row) and a spherical
volume conductor (lower row). The et N -20 \ s s —20 \ i X
dipolar, quadrupolar, or octapolar -20 —-10 © 10 20 -20 -10 O 10 20 -20 —-10 © 10 20
current sources were placed at posi- x[em] x[em] x{em]
tionx =y = 0and z = 6.5 cm (center
of sphere at x = y = z = 0). The A22 Sphere A31 Sphere
multipole moments are arbitrary but ' ' 20 ) ' i
are equal for sphere and half-space.
Starting with the first nonzero con- 10¢
tour level, which was chosen to be i T T
equal for the two volume conductors, L, 0, 5 0
values of adjacent isofield lines in- > > >
crease by a factor of 2. —10F

L i -20 L A -20 . L L
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FIGURE 4 A scalar multipole expansion was used to calculate the z component of magnetic fields generated by multipole components of a current source
with a 2 cm lateral extent located 4 cm below the measurement plane in a spherical volume conductor (cf. Fig. 3). The lower row of the figure shows contour
maps of the individual contributions of the zeroth-, second-, and fourth-order multipoles to the z component of the magnetic field; they can be compared
to the total (numerically calculated) field, with multipole fields subtracted as indicated in the titles (upper row). Adjacent nonzero contour levels differ by
a factor of 2, where the first nonzero level has value 1 fT, 0.1 fT, and 0.01 fT for order 0, 2, and 4, respectively.

deviance (rms of differences between the numerically cal-
culated total field and its approximation divided by rms of
total field) by a factor of 25 from 4.4% (total, dipole) to
0.17% (total, dipole-octapole). Values for a source extent d
that is not too large can be estimated from scaling argu-
ments to 4.4% - d*/4 cm* and 0.17% - d*/16 cm®. One reason
for the high convergence rate is that because of the sym-
metry of the current distribution, the sum in Eq. 32 does not
contain odd terms; for a comparable asymmetrical current
distribution, one can expect an error reduction by factor of
~35 for each additional multipole order.

Finally, we estimate whether an octapole coefficient can
be measured for idealized geometric but realistic noise
conditions. We assume that the true current distribution has
the form described above, with the extent d being the only
unknown parameter. By inspection of Fig. 4 one can rec-
ognize that the octapole field component might be difficult
to detect because it shares structural features with the dipole
field. In fact, only the part of the octapole field orthogonal
to the dipole field can be used to discriminate it from the
dipole, where “orthogonality” of two measured fields B(n)
and B,(n) (n = 1, ..., number of channels) is defined by
the scalar product (B,, B,) = Z.B,(n)B,(n). Denotmg the
normalized, orthogonal part of the octapole field as Bok,, we
estimate the “effective” octapole field from the projection of
the measured data B onto BOkt For a realistic sensor con-
figuration consisting of 49 planar channels (as used, e.g., in
Curio et al., 1995), the amplitude A of this projected field,
A = (B, BX,), has a value of 8 fT (for d = 2 cm) with a noise

level equal to that of an individual channel; generally, A is
proportional to d*. Notably, a peak-to-peak noise level of 4
fT is already attainable in measurements of the somatosen-
sory evoked magnetic fields for appropriately bandpassed
data (Curio et al., 1994a,b).

DISCUSSION

We presented explicit formulas to calculate a magnetic field
generated by an arbitrary multipole current embedded in an
arbitrarily shaped volume conductor as the derivative of
either a dipole or a monopole field. This allows for a
detailed analysis of magnetic fields induced by multipole
currents in the brain, which is tedious to compute by con-
ventional integration techniques, which, moreover, are ap-
plicable only when assuming a highly symmetrical (e.g.,
spherical or half-space) volume conductor. In contrast, dif-
ferentiation is computationally straightforward and can be
easily implemented in a computer program for either ana-
lytically given or numerically approximated dipole fields in
the case of arbitrarily shaped volume conductors. If the
expansion of the dyadic Green’s function is used for the
numerical case, it is not necessary to compute the monopole
field explicitly, because all multipole volume fields may be
expressed as derivatives of dipole volume fields. The for-
mulas can be derived directly from Eq. 28. For the examples
demonstrated here, we assumed a spherical volume conduc-
tor; in the case of a realistic head model, derivatives are
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taken of fields known only numerically. This must be
checked for numerical validity when going to increasingly
higher order.

We formulated the theory to compute magnetic fields
induced by current multipoles. Application to electric po-
tentials, however, is straightforward; one merely has to
replace the magnetic dipole fields in Eq. 19 and the mag-
netic monopole field in Eq. 28 with the respective electric
potentials. The contributions from the primary parts in Eq.
28 can be set to zero. Analytical solutions for monopole and
dipole potentials can be found in de Munck (1988).

Considering applications of the formulas derived here, a
description in terms of current multipoles appears adequate
if the brain activity under study is restricted to very few
focal regions, as is the case, for example, for the primary
somatosensory evoked brain response. In that case the num-
ber of degrees of freedom is reasonably small (there is only
one expansion point for all multipoles per focal activity),
and the series can be expected to converge fast. Using a
neurophysiologically plausible model, the measured values
of multipole coefficients can finally be used to describe
geometric source parameters such as lateral spatial extent;
this will be of interest for the comparison of animal results
on cerebral neuroplasticity in the somatotopic body repre-
sentation in the postcentral gyrus (Merzenich et al., 1983;
Kaas, 1991) with noninvasive neuroplasticity studies in

humans (Mogilner et al., 1993).
APPENDIX A
Here we show that for

( mO) (n - m)'

w ") = G mian - /=
with fR (7 + ifL.(7) being the Cartesian form of the polynomial r"Y T,

the orthonormality relation in Eq. 8 is fulfilled.
The polynomials are given by (z = r cos ©),

'Yy = (x+iy)"r"m

) (cos?® — 1)"
(A1)

d
2"n! \dcos®

= (x + iy)"du(r, 2)

‘where d,,, is a polynomial in /* and z. To get the operators we substitute
the Cartesian coordinates by the respective derivatives, and because > — A
and Ar"Y T = 0, it is sufficient to keep only the highest exponent of z in d.

Now first of all we have fR1fRI| _ y=z=0 for n # fi, because the order
of derivatives in f does not match the order of the polynomials in f.

Second, fR4 FRI x=y=z2=0 fOr m < i, because the order of derivatives
with respect to z is higher than the highest order of z in f. For m > i, there
can still be terms left that are of the form (8/3z)%(8/ox = id/
Jy)m~Mypmm+k where m — i + k can only be even. Observing that
(3/8x *+ id/ay)r® = 2Ir*'~2(x + iy) and that (8/3x % i3/3y)(x = iy) = 0, the
operator can only increase the power of x * iy and the term must vanish
at the origin.

Third, note that /R _fL |, _ —y=z=0 = FLR o y=2=0 = 0, because if the
derivatives with respect to x are odd, f will contain only even exponents of
x and vice versa.

Finally, we compute the normalization N for the real parts (the imagi-
nary parts are identical). For the relevant operator f R = (112N)((9/ax +
i9/3y)™ + (d/9x — id/dy)™)(9/dz)"~™, we have
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aen _ L ({3, O\ (3 8
f""f““‘_g\l ax lay dx lay
1 . .
X5 (Gt iy)" + (e — iy)7)
J "_mrn_m 1 d n+m
X 9z 2" 1\ 9 cos O

_l mi2™ [(a\"™" m 1 d n+m
TN2-8,\02 " i\ cos ©

(COSZ 0 - 1)n|c058=l

(cos?® — 1)"

1 omm 1 '( )2,,.,,
_N2‘—5mo(n_m) 2 '(n+m)
1(n+ m)

!

=—o— =1 A2
N 2 - 8m0 ( )

which is the second formulation of the operators (Eq. 16). The first

formulation (Eq. 15) can be computed by evaluating only the highest

exponent of z in d(r, z) and comparing the prefactors.

APPENDIX B

To compute Bmm for the spherical volume conductor, we place a radial
dipole on the z axis at point z,. Because the total field vanishes, the volume
contribution is equal to the negative primary contribution,

J X (F— 7o)
7 — 7l°

vol (r ZOez) 411_ (B 1)

with J= Jé, and 7y = z4é,. Because the dipole points in the z direction,
B, is found by integrating with respect to z,. After setting uo//47 to 1 for
proper normalization, as defined in Eq. 24, we find

B G ag) = _xy 1 z— 2 B z)
mon(r, ZOez) - 0 /xz ¥ yz\(xz + y2 + (z - z0)2)1/2 ;
(B2)

Here we have added an integration constant so that Emon is zero if the
monopole is located in the center of the sphere. Formally it only has to be
radially symmetrical, and one could also add a radially symmetrical field
that does not depend on z, This field, however, would vanish upon
differentiation in any case. Our choice corresponds to taking a reference
point located in the center of the sphere. Because the reference point will
be unchanged, monopole fields for arbitrary position of the monopole can
then be safely found by rotation, using

Bon(F, o) = U™ BuponlUF, Uto) (B3)
for an arbitrary rotation matrix U. We choose U to be
wilro(% + 39" zylro(o + )" =+ ¥5) i
U=| W& +31®)"  x/05+y))" 0 (B4)
Xolro yoro 2/n

which has the property U?, = (0,0,r,)". Note that the choice of U is not
unique because rotations around the axis monopole to the center of the
sphere do not affect B, .
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Explicit calculation of Eq. B3 results in the final form of the monopole
field,
;0 X ; { ; M ;0 -

rPri—(F - R\ IF— Tl

mon(r’ rO)

'%) 7"""0
- r) (BS)
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