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as spherical symmetry holds, the magnetic
field is independent of radial variation in
conductivity; hence, multisphere models
are not as important. In contrast, in EEG,
solution of the forward and inverse prob­
lems depends (to a relatively large extent)
on such a treatment and also requires rea­
sonable estimates of the conductivities.
Theoretical background for this is given by
Sarvas (36), Nunez (26), and Stok (38) and
will not be further discussed here except to
note that if estimates of conductivity are
made, the forward problem may be solved
and again a least-squares search for best pa­
rameter estimates may be made for the in­
verse solution.

4. DipoLar source, reaListic head models.
These methods are still being perfected. In
general, they rely on the use of imaging
studies to define the surfaces of the various
interfaces between regions of differing con­
ductivity. In practice, the surfaces are di­
vided into triangles, and the potential on the
surfaces may be estimated by a finite ele­
ment evaluation of the required surface in­
tegrals. The surface potentials may then be
used to calculate the components of the vol­
ume current that contribute to the magnetic
field, and finally a term is added for the di­
pole in an infinite homogeneous conductor.
This computer-intensive calculation solves
the forward problem for an arbitrary dipole;
once again a minimizing search can be per­
formed to attack the inversp problem, al­
though this requires tremendous computing
power. Descriptions of this technique are
given by HamaHiinen and Sarvas (13). Stok
et ai. (37), and Meijs et al. (24,25). In the
latter paper, some simulations are made and
significant differences between the spheri­
cal model and the realistic model are
shown.

Multiple Dipoles

The principle of superposition allows for
the straightforward solution of the forward
magnetic or electric problem for multiple

dipoles: however, the inverse problem is
limited by nonuniqueness. In model studies.
several investigators have attempted to gain
insight into the circumstances under which
the MEG would be able to discriminate mul­
tiple dipoles from single dipoles. Thus. in a
simulation study. Okada (30) used a statis­
tical technique based on a calculated F ratio
to establish lack of fit to a single-dipole
model. Assuming a single-dipole solution
(when in fact two dipoles are simulated),
Okada (30) was able to estimate the distance
and angular separation of the two simulated
dipoles necessary before a single-dipole
model would demonstrate lack of fit. With
noise levels similar to actual experimental
levels. lack of fit was apparent when the
dipoles were 1-2 cm apart. As the angular
separation of the dipoles increased, lack of
fit was more apparent. Importantly, depth
estimates based on the single-dipole model
worsened as the dipole separation in­
creased. and depth was generally overes­
timated. A similar simulation has been pub­
lished by Hari et al. (14), who also
considered variables relevant to the mea­
suring apparatus. Nunez (28) has also dem­
onstrated simulations in wf-oich the assump­
tion of a single dipole (when, in fact, two
are present) may also underestimate dipole
depth. Barth et al. (I) have recently dem­
onstrated a method of spatiotemporal anal­
ysis using multiple current dipoles which
they have applied in several epileptic pa­
tients; this method holds promise for further
development.

l\,tultipole Treatment

Improvements in the MEG signal-to­
noise ratio have opened opportunities to
analyze the magnetic field with greater so­
phistication (8.20). Since the electrocardi­
ogram and magnetocardiogram have much
higher signal-to-noise ratios. some of these
techniques have already been applied there.
In 1958. Yeh et al. (47) described a theory
for sources in a homogeneous sphere. with
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a demonstration that traditional electrocar­
diographic techniques are approximations
of this general approach. This was recently
reviewed by Katila and Karp (22) and by
Titomir and Kneppo (41). There has also
been some work on the multipolar nature of
magnetic dust loads in lungs (39).

Generally, a distribution of currents will
give rise to a field which can be expressed
as a mathematical series. Wikswo and
Swinney (44) provide a very general theory
deriving and comparing various expansion
series for approximately static fields.
Among the most useful and elegant is _the
so-called scalar spherical harmonic series.
The first term of the series, the monopole,
is a linear term which has not been found
to apply to magnetic fields. However, there
are practical situations which arise that can
approximate a magnetic monopole, and
Ferguson and Durand (9) have recently sug­
gested that there are mathematical simpli­
fications inherent in monopoles which make
them a good model for certain distributed
current sources. The next three terms rep­
resent the dipole, which has been described
above. The next set of terms represents the
quadrupole, which falls off much faster with
distance from the source than does the di­
pole. The series continues ad infinitum,
with successive terms typically contributing
less to the magnitude of the field. Katila and
Karp (22) point out tongue-in-cheek that if
too many terms are included, the number
of coefficients will exceed the number of
measured data and there will be no reduc­
tion. Usually the series is cut off after the
quadrupole or octapole terms.

A mathematical advantage of including
terms higher than the dipole terms is that
the second criterion of well-posed inverses
is more nearly met-namely, the solution
is more nearly unique. However, the third
criterion, stability, might become problem­
atic. Small changes in the measured field
due to noise have the potential to dramat­
ically change the postulated multipole
source_

A potential clinical ad\-antage of the mul-

tipolc technique is that a distinction can bc
made between sources that otherwise ap­
pear to reside in the same location. How­
ever, it is perhaps too soon for clinically
relevant encephalographic distinctions to
be found in the literature. A clinical dis­
advantage is the difficulty in thinking qf a
physiological basis for the multipoles,
whereas a dipole arises naturally at the den­
dritic level and the cortical columnar level.

Distributed Sources

Distributed sources are the most flexible
yet computer-intensive of the postulated
causes. They are often called model-inde­
pendent, because no particular geometry is
assumed for the source.

Ilmoniemi et al. (18) presented the ra­
tionale:

The inverse problem is easy to state: Cal­
culate the primary current distribution in
the brain from the magnetic field outside
the head. The solution is not unique: an
infinity of different current distributions
can explain a given magnetic field. Which
of these should we choose? ... Our goal
is to express the neuromagnetic data in the
form of estimates of primary currents in
the brain. The neuroscientist is not inter­
ested in multipole moments, equivalent
current loops, not even in the magnetic
field or the field gradient. These are mere
tools in the determination of the location
and other characteristics of brain activity.
We present the inverse problem in the
framework of estimation theory: from
measured magnetic field values and some
prior knowledge, we want to construct the
best estimate for the primary current dis­
tribution.

They then go on to formalize the method.
The basic idea is that the source is unknown
but can be guessed. In particular, the source
is considered to be an array of current ele­
ments. Then the measurements that such a
guessed source would yield are compared
to the actual measurements. and the
guessed source is chosen to minimize the
difference between the actual measure-
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ments and the measurements implied by the
guessed source.

This method is very flexible, and various
requirements can be imposed along with the
minimization just described (21,36). For ex­
ample, the postulated source should be bi­
ologically realistic: 20 ampere sources are
unlikely in the human brain. And the
sources should be constrained to lie within
the volume of interest (6). Such modifica­
tions fit naturally into the distributed source
methods.

These methods can also be computer-in­
tensive, often requiring many hours of
mainframe time, or access to parallel su­
percomputers (19).

Simulations have shown that the distrib­
uted source techniques are capable of re­
vealing complex sources. Kullman et al.
(23) and Kado et al. (21) demonstrated the
reconstruction of a vortex source. Simula­
tions by Clarke et al. (3) provide empirical
evidence that the inferred distributed
sources are unique; the inferred sources are
resistant to tricks such as moving dipoles
close together.

How do the distributed source techniques
hold up in experimental conditions? Green­
blatt et al. (II) found agreement between
the distributed source solution and the di­
pole solution for the auditory evoked re­
sponse to 500-Hz tone bursts. Kullmann et
al. (23) used a saline phantom to demon­
strate that the distributed source technique
can distinguish dipoles 3 cm apart, whereas
the dipole fit (by design) guesses just one at
the midpoint.

An exciting application of the distributed
source techniques is dynamic imaging.
Ioannides et al. (19) have obtained dynamic
images of the sources of the measured mag­
netic fields. For real data of visual evoked
responses to reversing checkerboards, they
found a rotating current density pattern.

The dynamic imaging of Ioannides et al.
(19) also provides empirical evidence that
the inferred distributed sources are stable.
A source is inferred from a "snapshot" of
a magnetic field configuration. Another

source is inferred from a snapshot made a
shan time later. This process is repeated,
with no input to the algorithm of the pre­
vious solutions. When the sequence of
sources is viewed, the source appears to
change smoothly. 8y definition, a stable so­
lution is one that changes smoothly as the
input is varied smoothly.

FUTURE DIRECTIONS

There are several lines of pursuit which
appear important to develop further:

I. We have mentioned the attempts by
several groups to use increasingly realistic
head models bas~d on data from imaging
techniques such as MRI. The improvement
in localization from such a treatment may
justify the increased resources in terms of
computer time necessary to utilize such
techniques on a broad scale.

2. We have also mentioned ongoing work
on more distributed sources. These tech­
niques need to be refined and tested, and
they probably are more realistic models of
physiologic events than is the single-dipole
model.

3. It is also quite important to attempt to
utilize the information from both MEG and
EEG together. Simplistic approaches such
as independent localization utilizing each
technique with subsequent averaging of es­
timated dipole locations are clearly subop­
timal (38). A three-step approach has been
suggested by Cohen and Cuffin (5) in which
the MEG map is used in an inverse way to
estimate dipole parameters of the tangential
dipole; then a forward solution of surface
potential is performed based on this first so­
lution. This forward solution is subtracted
from the EEG map to give a residual EEG
map (presumably reflecting predominantly
components of radial sources). An inverse
solution is then performed on this EEG map
to localize the radial sources. In principle,
measurement of EEG and MEG give in­
dependent information about the electrical
activity of the brain (4. 15), and techniques
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which make optimal use of the differences
need to be further developed.

4. Another area in which work needs to
be pursued is in making use of the infor­
mation available in the time dependencies
of the signals. The signals from moment to
moment have some relatedness. and this in­
formation may be useful in visualizing
changes in source currents which may, in
turn, improve our understanding of cerebral
activity. In essence, what can be done is to
incorporate some feedback into the infer­
ence algorithm. That is, the physiological
state is as much a result of the previous state
as it is of the input (16). This is called a
"Markovian process," and although ignor­
ing it has demonstrated the stability of some
inference techniques. it will be important to
incorporate this physiologically vital fea­
ture into future models.
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