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Abstract

In magnetoencephalography (MEG) a primary current is activated within a bounded
conductive medium, i.e., the head. The primary current excites an induction current and
the total (primary plus induction) current generates a magnetic field which, outside the
conductor, is irrotational and solenoidal. Consequently, the exterior magnetic field can be
expressed as the gradient of a harmonic function, known as the magnetic potential. We
show that for the case of a triaxial ellipsoidal conductor this potential is obtained by using
integration along a specific path which is dictated by the geometrical characteristics of the
ellipsoidal system as well as by utilizing special properties of ellipsoidal harmonics. The
vector potential representation of the magnetic field is also obtained.
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1. Introduction

As Plonsey and Heppner [7] have demonstrated, in studying Bioelectromagnetic problems,
the values of the physical parameters of the human body justify the replacement of Maxwell’s
equations with the equations of quasi-static theory of electromagnetism. This means that
the time derivative terms of the magnetic induction and of the electric displacement fields in
Maxwell’s equations can be omitted. That renders the rotation of the magnetic field propor-
tional to the current. Hence, in regions free of current the magnetic field becomes irrotational
and since, due to the lack of magnetic monopoles, it is also solenoidal, it can be represented
by the gradient of a harmonic function. This function was first obtained by Bronzan [1] via
path integration in appropriate regions that avoid the support of the current. But the actual
meaning of the scalar magnetic potential in MEG was demonstrated by Sarvas [8] in a cele-
brated paper where he showed that for a spherical conductor the exterior magnetic potential
can be obtained from the radial component of the primary current alone. In particular, he
obtained in closed form the potential and therefore the magnetic field as well, for the case of
a homogeneous spherical conductor with a dipole source anywhere in its interior. His solution
coincides with the one Bronzan gave for the general case. It is of interest to see though that
this property of recovering the exterior magnetic field from the radial component of the primary
current is not shared by any other geometry besides the spherical one. In other words, for non
spherical conductors the geometry of the conductor influences directly the exterior magnetic
field. The ellipsoidal geometry has the advantage of being a genuine three dimensional shape
that can be well adjusted in any convex body, and in particular to the brain which anatomicaly
is considered to be an ellipsoid with average semiaxes 6, 6.5 and 9 centimeters. On the other
hand, it is exactly this freedom of adaptation to any convex body that makes the mathematics
much more elaborate than the spherical (1-D) or even the spheroidal (2-D) geometries.
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Obviously, any attempt to calculate the magnetic potential for an ellipsoidal conductor has to
incorporate the contribution from the surface distribution of dipoles as given by the Geselowitz
formula [5]. Therefore, the direct electroencephalography (EEG) problem has to be solved
as well, in order to determine the dipole density function on the boundary of the ellipsoidal
conductor. The crucial part of the present work is to determine the path of integration that
will allow the calculation of the line integral which provides the magnetic potential. We show
that such a path is given by the non planar curve which is defined by the intersection of
the one-sheet hyperboloid and the two-sheet hyperboloid that correspond to the “angular”
ellipsoidal coordinates of the point where the potential is evaluated. It seams that this choice
of integration path is the unique choice which allows for the integration of the ellipsoidal fields.
It is the ellipsoidal analogue of the radial direction for the case of a sphere. Following this
approach we were able to obtain the exterior magnetic field as a series solution in terms of
multipole fields. The leading term of this series, which is the quadrupolic term, was obtained
analytically by the author and Kariotou in [2].

We mention here that as far as the inverse MEG problem is concerned, it was shown by
Fokas, Kurylev and Marinakis [4] for the sphere and by the author, Fokas and Kariotou [3] for
any star-shape conductor, that from the three scalar functions needed to identify the current
only one can be recovered, and this is true even when a complete knowledge of the magnetic
potential outside the head is provided.

Section 2 states the direct problem of magnetoencephalography for a single dipole in ellip-
soidal geometry and provides the solution to the corresponding problem of electroencephalog-
raphy which concerns the electric potential. Section 3 elaborates a compact expresssion for the
multipole expansion of the exterior magnetic field in dyadic form. The vector potential for the
magnetic field is discussed in Section 4 while the corresponding scalar magnetic potential is
obtained in Section 5.

2. The Ellipsoidal MEG Problem

Consider the ellipsoid

2 2 2
x x x
@y a3 a3
where
O<ag<as <o <+ (2.2)
are the three semiaxes and
hy =+/a3 — a3
hy = /a3 — a3 (2.3)
hy = \/a? — a3
are the three semifocal distances. Since
hi — h% + h% =0, (2.4)
only two out of the three semifocal distances are independent.
Introduce the ellipsoidal coordinates [6] (p,u,v) via
_ 1
1 = hahs pHYV
w3 = gV PR = h3Vi? = hiV/hi — 0?2 (2.5)

T3 hllhz\/pQ—hg\/hg—M\/h%—y?

where
0<v?<hl<p?®<hl<p?<+too. (2.6)
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The p-system forms a family of confocal ellipsoids where the value p = a3 corresponds to the
ellipsoid (2.1). The p-system forms a family of confocal hyperboloids of one-sheet and the v-
system forms a family of confocal hyperboloids of two-sheets. The three families form a confocal
quadric system given by

2 2 2
! ) T3 2 2
— + =1, hy < p® < o0, (2.7)
P2 p2—h2 " p2—h2 2
2 2 2
1 L2 x3 2 2 2
+ =1, hy<p” <h;, 2.8
‘LL2 ,LLQ _ h% ‘LLQ hg 3 2 ( )
and 2 2 2
! T2 3 2 2
+ + =1, 0<v®<h;3, (2.9)
v2 2 — hi h3 ?

which is also orthogonal. From each point (a1, io, vp) on the ellipsoid (2.1) springs a curve that
is the particular intersection of (2.8) and (2.9) on which (aq, o, vo) lies. Parametrizing this
curve by the ellipsoidal coordinate p we obtain its vectorial representation in the form

1 S A
C(p) = ihals [hlp,uolfoxl + hz\/02 - h%\/#% - h%\/h?z, — 3%

oy~ 1808 = 13— ). (2.10)

where p € [ag,+00). From the orthogonality of the ellipsoidal system it follows that the
tangent vector r'(p) of the curve (2.10) at any point p € [y, +00) is normal to the ellipsoid
(2.7). This is the key-property that will be used later to obtain the exterior magnetic potential.
In the ellipsoidal system (p,u,v) the electric potential u that is due to an electric dipole at
ro = (po,po, ) inside the ellipsoid, with moment Q, solves the Neumann boundary value
problem

1
Aulp, p,v) = EQ-V&(r—rO), hy < p < ay, (2.11)

0
%u(p,p,y) =0, p=ay, (212)

where ¢ is the conductivity of the ellipsoidal region. The solution of this problem has been
obtained in [2] and it is equal to

oo 2n+1
1 r— Q- Vi E™(ro) F™' (1)
=—Q — — — n n E™ 2.13
U(I') 471—0—Q |I‘ r0|3 Z Z 2n+ 1 ’an ETT/(OH) n (I‘), ( )

where E*(p) denotes the interior Lamé function of degree n and of order m,

P (p) = 20+ DED () (p) (2.14)
with
i dx
7= | : Ny (2.15)

By (r) = ;' (p) BN (W) By (v), (2.16)
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and
Fo'(r) = F (p) ER' (0) ER' (v) (2.17)

are the interior and the exterior ellipsoidal harmonics, respectively. The ellipsoidal eigensolu-
tions E(r) and F*(r) are also known as Lamé products of the first and of the second kind
respectively.

The primes in (2.13) stand for differentiation whith respect to p and

ds

2
vai -2/} — 12

(2.18)

are the ellipsoidal normalization constants, i.e., the L?-norms of the surface ellipsoidal harmon-
ics with respect to the surface measure

s, v) = (2.19)

1
NN

The Dirichlet values of the electric potential u on the ellipsoid p = a3 provide the exterior
magnetic field via the Geselowitz integral representation [5]

Ho r—ro Moo N ~t r—r ’
B = —QX — - — X ————d , 2.20
()= Qx s = [l x st (2:20)
p=0c
where
3 o
= I — X,; 2.21
P Q003 M v ; a% p/:alx ( )

is the outward unit normal on the ellipsoid p = a3 [2], and g is the magnetic permeability of
the air.
Note that since

r- p(r) = ayazasl(p, v) (2.22)

it follows that the product a;asasl(i, V) is the support function of the ellipsoid (2.1), i.e., the
projection of the position vector r of the surface on the Gaussian image p(r) at the point r.

The electric potential u, as a solution of a Neumann problem, is unique up to an additive
constant. Hence, if u is a solution of (2.11)-(2.12) so is u + ¢ for every ¢ € R. Nevertheless,
since by Gausss theorem

r— 1|3 r—r'f

/ w(®)p x L5 ds(r') = /(Vu(r')) x |r_rldv(r’), (2.23)
\4

p'=a1

where V is the interior of the ellipsoid p = a4, it follows that B is independent of the additive
constant c. Hence, we can always assume that ¢ = 0.

3. The Multipole Expansion
Using the fundamental expansion

oo 2n+1

|r—ro\ Zzzmw B (ro)Fy (r) (3.1)

n=0 m=1
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which holds for p > pg, and the identity

1 _r—rp (3.2)

e o [r—rof’

the solution (2.13), in a left neighborhood of the boundary p = a; (i.e. for p € (po,a1)),
assumes the form

oo 2n+1
Q r0 n ) F,T(P) Fén/(al) m
o Zl 2 @ % {E:r(p) B Eﬁ”’(al)} Erlpay) 39

which holds for p € (pg, @1]. The satisfaction of the boundary condition (2.12) is obvious in the
form (3.3) since

D [y BP0 g [
o e - paere| | o (3.4

In particular, since

F'(on)  F''(oa) "
Erlon) B f(m) T

Em'(aq)Em(ay)asas’
it follows that on the surface of the ellipsoid the electric potential is written as

oo 2n+1

u(on, pv) = Y AT(ro)E () ER(v), (3.6)

n=1m=1

where
A () = — X Ve (o) (3.7)

" oazaz Y En (o)

Next we expand the dipole field in the primed variable. For p > p’ = a3

r—r’ 1
v —r/|3 |, = Ve v —r/| |,
p'=aq p =01
oo 2n+1

-y QHM VL F (1) B2 ()

n=0 m=1

oo 2n+1

=33 BI@E(ENW), (3:5)

n=0 m=1

where
47

(2n + 1)ym

In view of (2.21), (3.6) and (3.8) the integral term assumes the expansion

B (r) =

n

(Vo3 (r) By (o). (3.9)

2k+1

oo 2n+1 oo
- / u(r')p x ;7 =3 Y D> AXro)C x BI(r) (3.10)

2
o=y n=0 m=1 k=1 \=1

where
it = [ ERGOEICOENOEN b sl ). (3.11)

pl=an
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Since

Q1203

3
Acr _ hi % AivS
p(lu’ v ) |p/:a1 - h1h2h3 ; OézE ( )E ( )l(/'l’ yV )X’L (312)

the constants in (3.11) are also written as

m a0 m m X3 7 >
cp = hihjhjza | ERGOER BN BN BB 01 sl )3,
=1 p'=a1

(3.13)

The integral in (3.13) represents the (nm)-coeffiecient of the expansion of the function E}(u/)
EXv') B4 (1) E4(¢') in terms of surface ellipsoidal harmonics. Expansion (3.10) is useful, since
it “separates” the rp-dependence of the source from the r-dependence of the observation. Its
importance is due to the fact that the ro-dependence is not explicit in the integral term but
instead it is implicit within the electric potential u. In the expansion (3.10) this dependence
enters clearly via the expressions Q - V., E} (rp).

If we do the same with the first term on the RHS of (2.20) we obtain

oo 2n+1

n=0 m=1

2n + 17 B (ro)Q x VoM (r).  (3.14)

Inserting (3.14) and (3.10) into (2.20) and using expressions (3.7) and (3.9) we obtain the
following separable (in ry and r) expression which holds true for r outside the ellipsoid

oo 2n+1 v Fm

=3 3 oy < QB

oo 2k+1 m
1 Z Z CmAE ) Q- Vi,ER(ro) (3.15)
042013 =1 A1 e E)\l ) ’YK, ’

where we used the fact that the n = 0 term in (3.15) vanishes.

Indeed, for n = 0 we have the leading term

oo 2k+1

1 ) A
BO(I‘) _ MO Vr-[()l(p) Z Z COH E}\ /1 Q VI‘())I\EK(I‘O)‘| ,

70 a0y k=1 A=1 Tk
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where
100 3 h; ) .
Ch =Py Mgy [ BNOEN) W) BN s
h1h2h3 — O
=1 pl=aq
Qropos hi

= 7 7 % 6n (S’L
h1h2h3; —XiV10k10ix

47
= ?ozlozgozghthth ,»clfsz)\

47 }A(,\
= — hi1hohs—=—0,1. .1
3 Q103N N2 304,\/1,\ 1 (3 6)

Inserting (3.16) in the expression for the n = 0 term of the expansion (3.15) we obtain

Bo(r) = L2V, 11 (p) x -inx M q.v,, (Ml
0 Am OV 2P hihahs N Ty

3
%Vrlé(p) xla-Y Q- &qu] ~0. (3.17)

A=1

The above calculations furnish a proof of the fact that the dipole contribution from the source
at ro and that from the interface at p = a; cancel each other. So, the exterior magnetic field
starts with the quadrupolic contribution

i 1
V. Fi(r) =0 (73) . (3.18)
The explicit form of this leading term has been obtained in [2]. Obviously, C7"* with x > 3
should vanish by orthogonality. Note that the surface ellipsoidal harmonic

B () By (v) By (1) By (v)

lives in the subspace generated by the surface harmonics of degree less or equal to n + 1. So,
by orthgonality
C" =0, k>n+2, (3.19)

nkKk

because any surface harmonic E2(u)EX(v) with k£ > n + 2 lives in the orthogonal complement
of the above subspace. Hence (3.15) is written as

oo 2n+1

V. F™(r .
S5 3) BracL L e
n=1 m=1
n+12k+1
1 Ep (1) Q- Vi E(ro)
cmA—n 0k : 3.20
S 4 B .

which can also be represented by the compact dyadic form

oo 2n+1

=py. Y Q-ID ) x VIF™(r), (3.21)

n=1 m=1
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where the source dependent dyadic is given by

~ m _ 1 m ~
]D"(ro)_(QrH—l)”ylL”{ Ey (ro) I

n+12k+1

1 EXa
ZZ )\ )\/ erEi( ))®Cnm,3\ : (3.22)

1>\1"”~"”~

azas

Expression (3.21) provides the multipole expansion of B outside the ellipsoid.

4. The Vector Potential
The induction field B, being solenoidal, is written as
B(r) =V x A(r) (4.1)

where A(r) is the vector potential of B(r). In fact, it is straightforward to see that (2.20) is
written as

o Q Moo ’ f)l ’

B(r)=V, x |2 _ Ho? : 4.2

() = Vx| P = /u(r)|r_r,ds(r) (4.2)
p'=a1

so that the vector potential is given by

A=t _Q  poo / ()P aster, (4.3)

dr |r —ro| 4w |r — 1’|
p'=a1

or, in separable ellipsoidal coordinates,

oo 2n+1 ~
0= 3 (QD ) ) 7o), (1.0

n=1 m=1
Note that A satisfies the Coulomb gauge

oo 2n+1

V. =~y > (Q D™ () ) - VEF'(r) = 0. (4.5)

n=1 m=1

Indeed, since V x B = 0 outside the ellipsoid and since |r — r/|~! is harmonic for r # r’ the
integral representation (2.20) implies that

Q / u)p' |
VieVe = o] o |r—r’|d$(r )| =0. (4.6)
p'=ay

Equation (4.6) implies that
r—rg ~ r—r
. FEENE =c+o / u(r’)p' - mds(r/) (4.7)

pl=a1

and taking r — oo we obtain ¢ = 0. Consequently, (4.5) is justified.
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Define the dyadics

= r—ro
S(r) = 4.8
M=o (48)
for the source and ,
- - r—r
Cr) = o / u(e)p’ @ [ ds(r) (4.9)
p'=a1
for the conductive medium. Let
r—ry r—TIg
SS(I‘):Q'W, Sv(r) =Q x = roP (4.10)
be the scalar and the vector invariants of S respectively, and
., r—r
Cs(r)=0 / u(r)p' - mds(r'), (4.11)
p'=a1
. r—r
CV(I‘) =0 / U(I'I)p/ X mds(r/) (412)
p'=01
be the scalar and the vector invariants of C, respectively. Then
47
Ss(r) = Cs(r), %B(r) =Sy (r) — Cy(r). (4.13)

In other words, the induction field B outside the conductive medium is the difference between
the vector invariant of the source dyadic and the vector invariant of the conductivity dyadic.

5. The Scalar Magnetic Potential

Since B is irrotational in the current free region outside the ellipsoid it follows that
B(r) = VU (r), (5.1)

where U(r) is the magnetic potential, which has to vanish at infinity.

In order to evaluate this magnetic potential U for the case of the sphere, Sarvas [8] integrated
along a ray, in the direction of ¥, from the position r where the potential is evaluated all the way
to infinity where the potential vanishes. In doing so, he actually used only the radial component
of B and since T was constantly tangent to the path of integrations all the necessary calculations
were possible.

For the case of the ellipsoid though, the radial direction specified by the linear path of
integration is not connected to anyone of the ellipsoidal directions p, fi, 2 and that makes the
calculations impossible. This difficulty can be avoided if we choose an appropriate path of
integration which is dictated by the geometry of the ellipsoidal system itself.

To this end, we consider the ellipsoidal representation (p,u,v) of the point r where the
magnetic field U is to be evaluated. From the point (p,u,v) there passes an ellipsoid specified
by the value of p, a hyperboloid of one sheet specified by the value of u and a hyperboloid
of two sheets specified by the value of v. If we fix the values of p and v and we let the
ellipsoidal coordinate vary from p to infinity we obtain the path (2.10) that is generated from
the intersection of the two hyperboloids corresponding to the constant values of p and v. This
path is a coordinate curve of the ellipsoidal system and its tangent at any point coincides with
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the ellipsoidal direction p at the particular point. Since the system is orthogonal, the tangent
p remains normal to fi and & as we travel along the path C. Hence, integration along this path
for the case of the ellipsoid, corresponds to integration along the ray for the spherical case.

Consequently, we evaluate the value of U at the point r = (p, u,v) by integrating along the
ellipsoidal coordinate curve

C(p') = (x1(p"), z2(p"), x3(p')),  p' € [p,0) (5.2)

given in (2.10). Indeed, since

_ P ® v
V=0t Ot 0 (5.3)

where p, f1, 0 are the orthogonal unit base vectors and h,, h,, h, are the corresponding Lamé
coefficients of the ellipsoidal system, it follows that

0
—Z —hp- 5.4
ap Pp ( )
and we can represent U as follows
o0
Ulr) = /i v)dp'
= Ulp,p,v o (', m,v)dp
P
17 17
- _7/hﬂ’i)’-V(uoU(p’,u,V))dp’=—* hop' - B(p',p,v)dp’,  (5.5)
Ho Ho
P

where po stands for the magnetic permeability. Using the identity

VI (o, s v) = [VER (0BG () B (v) + F (0) [VE () E3 (v)]

=2 (Grrw) BB e+ Fre) [ L S e 60

and (3.21) we obtain

h
—r0) (g - g ) ERWER W) (@D 1) (5.7

since the order of the ellipsoidal base is (p, ¥, ft).
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In order to isolate the p’ dependence in (5.7) we use the identities
. - 21 p .
VZ;%; 2 zxzxu H:?Zm%‘xi

B2 = U)ot 2 _ W= v (p* —p?)
v = W) bR ) — 1)

to obtain

LN, VB WER W) pEr () By (v)
— e S | }

2 _ 24 o2 2 _ 024 o2
vi—ogt o e —ai+og

PR 2B

hlEZ /
h1h2h3(u2—y2) 1(/)7#71])

i=1

1 vER (B (v)  pER(WET'(v)] o
7 ; > _ 2 2 2_ 2 5 | Xi
V2 — 2 p? -2 | v -t pe —aj +a

()
Z VP — \/p’2

= Foi (1, V)%, (5.9)

where

i) = BUBOBWEC, )i )

vE (W E; (V) pE (p)ER (V)
x 2 2 7 T T o D) 7 |-
vi—og o e —ai+ag

(5.10)

Substituting (3.21), (5.7) and (5.9) in (5.5) we obtain the magnetic potential

Ei(p) dy.

n=1m=1 i=1 ‘ . /\/p’2 hZ\/p’2 h3

(5.11)

Note that

vE}(v) ¥ B (1) ¥ :
V2 —al + a2 1), 12—l + a2 1w, ¢ ) 45 ( )

so that (5.10) is also written as

hiE3 (1) E3 (v)

wi (1 V) = Pvhahs (4% — 17) (B () By () ER (B (v) — By (m) B (V) E () By (v)] -

(5.13)

In the expression (5.11), f™(u,v) depends only on the “orientation” (u,r) of the point

r while the dependence on the “distance” p enters via the integral factor. The quantities

Q-ID 7*(rp)-X; are dependent solely on the source. Hence, (5.11) provides a separable expansion
for the magnetic field in terms of “orientation” (u,v) and “distance” (p) variables.
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