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Figure 6. The group of figures on the left (right) show the distributed source solutions for the MEG signals from a single (pair
of) implanted dipole(s). For each experiment reconstructions at two latencies are displayed, 40 ms apart, and occurring
in the middle of each activation phase. The top row shows the current density vector in arrow map form, while the middle
figure shows the corresponding intensity distribution. In allinversions in this figure the value for the regularisation parameter
was §=0.05. The position(s) of the implanted dipole(s) and the rpa, Ipa and nasion triangle are also shown, in the same
way as in previous figures. In the bottom part of the figure the temporal variation of the average intensity within the boxed
areas are displayed for the entire 150 ms interval. In the activation plots in the bottom part of the figure, the time slices
corresponding to the arrow map and intensity contour plots are marked by a dashed vertical line; also, an up (down)

arrow marks the onset (offset) of each 5 ms long activation period for the implanted dipole(s).

Distributed Source Analysis II: In vivo tests

We now turn to the distributed source solutions of the
actual signals generated by the implanted dipole(s). The
estimates for the single implanted dipole activation (left)
and the pair of implanted dipoles (right) are shown in
figure 6. A shaded contour plot (middle row) shows the
spread in the area of high probability estimate, while the
arrow maps (top row) show the direction and relative
magnitude of the local current density vector. For each
case the solutions in the middle of each phase of source
activation is displayed, obtained with regularisation
parameter { = 0.05. In the bottom part of figure 6 the
temporal evolution of the intensity, within the boxed
area(s) above is plotted for the entire 150 ms interval.

At the latencies displayed, the estimates for the pair
activation show two areas of activity with maxima
reasonably close to the locations determined by the
radiographs. The images produced at other latencies are
similar; in some instances one or other of the two sources
appears weak. The direction of the current density is
consistent in all latencies within each activation, revers-
ing during the second phase of the activation as the
polarity of the implanted dipoles is reversed.

Table 1 provides a concise, albeit oversimplified, sum-
mary of the analysis of the implanted dipole data. In this
table estimates for the locations of the two sources are
given, corresponding to the radiograph determination
and the estimate from the single current dipole model. In
addition, we also quote the location of where the dis-
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Table I. Estimates for the coordinates of the implanted dipoles determined from radiographs and single equivalent current
dipole model. The rows marked as DSS max give the coordinates of the centres of regions corresponding to clear maxima
in contour plots of the distributed source intensity probability estimates.

Localisation method Active source Position coordinates (m) error (m)
X y z

Radiograph 1 0.013 0.047 0.012 +0.002
Radiograph 2 -0.013 0.047 0.022 +0.002
Single ECD 1 0.005 0.047 0.019 0.011
Single ECD 1+2 0.000 0.049 0.034
DSS max 1 0.013 0.048 0.018 0.0061
t =54 ms
DSS max 1 0.007 0.047 0.020 0.010
t=95ms
DSS max 1+2 0.007 0.045 0.008 0.007
t = 54ms -0.011 0.047 0.037 0.015
DSS max 142 0.006 0.045 0.08 0.008
t =95ms -0.011 0.047 0.038 0.015

tributed source solution estimate exhibits a pronounced
maximum.

Discussion

There are several limitations in this experiment, in
addition to the inconsistency between filtering
parameters and sampling rate. First, although we have
assumed a spherical conductor, the skull is not truly
spherical and the departure from sphericity is perhaps
most pronounced in the temporal regions where the
sources were placed and measurements performed.
Second, although the source design was carefully con-
sidered, these electrodes were being used to obtain clini-
cal information as well as to serve as current sources. The
interpole distance was finite (5 mm), which is a departure
from an infinitesimal current source. In addition the
silastic support interrupts volume currents although the
size of the support was kept to a minimum and the
platinum contacts were exposed on both sides (Rose et
al. 1989a). Third, since our patient had undergone
craniotomy for placement of electrodes, there was soft
tissue swelling and it was necessary for him to wear a
somewhat cumbersome bandage which kept the probe
up to 2 cm farther from sources than otherwise would
have been the case. Therefore the measured signal was
reduced. In addition there may have been some contribu-
tion to noise from sources such as the implanted
electrodes (125 over the left hemisphere), associated
wires, connectors and recording equipment used to
monitor the patient and the stainless steel staples used to
close skin incision.

Despite these limitations, the distributed source solu-
tions have produced good descriptions of the activity,
with accuracy almost as good as the one obtained from
simulated data. The probability estimates exhibit
pronounced maxima close to highly localised activity,
and the direction of the current flow was constant during
each 5 ms activation interval. The direct comparison in
table 1, between the locations of the maxima and the
coordinates as determined by radiographs gives too flat-
tering a picture. We prefer to work under the assumption
that the distributed source solutions have an inevitable
spread, as demonstrated by the solutions with computer
generated data; for typical MEG measurements this is in
the order of about 0.5 cm. The advantages of distributed
source models lies not in precise localisation of point like
activity, but in accurate description of the activity
without drastic a priori assumptions about its shape. It is
of course impossible to produce a truly distributed in
vivo test using just a few implanted dipoles. However,
extensive tests with computer generated data have
shown that the method works much better for truly
distributed source configurations (Ioannides et al 1990a).

We have consistently used a circular disk as source
space and we have determined the depth of this disk
below the measurements in a very simple way. The
method is very flexible and more elaborated choices for
the source space could have been made, exploiting addi-
tional information. This has proven unnecessary since
the position of both the single and double implanted
dipoles were recovered with reasonable accuracy using
this simple choice of source space. The orientation of the
source space disc was fixed in terms of the sensor arran-



272

gement, and the depth was determined through a simple
procedure; the inaccuracy in the depth determination
accounts for much of the error in the distributed source
analysis, particularly for the second source in the pair
activation.

The analysis so far was restricted to producing static
images at fixed points in time. The activation curves in
figure 6 show a glimpse of what can be displayed. The
power of our imaging system is fully exploited when
such images are put together into animated sequences.
A number of MEG signals arising from visual auditory
evoked responses have been analysed in this way (Ioan-
nides et al. 1990b) and the results recorded on video
(Ioannides et al. 1989b).

The animations produced from the data presented in
this paper show a seemingly random brain activity, until
the implanted dipole(s) is (are) switched on. When they
are switched on they appear fixed for the time they are
on, disappearing into the changing background shortly
afterwards, only to reappear again pointing in the op-
posite direction as they are switched on in the opposite
polarity.

In earlier works the power of distributed current den-
sity imaging was demonstrated with computer
generated data and analysis of evoked MEG signals and
spontaneous activity. Here we have provided some
validation for the method, by recovering known details
from implanted dipoles in vivo. We emphasize here that
the recovery of current dipoles is a most difficult test of
distributed source models. We have shown that even in
this most unfavourable case the distributed source imag-
ing system we have developed produces, with minimal a
priori assumptions, a reconstruction, where the large scale
spatial features and their temporal variation are easily
identified.

References

Balish, M. and Sato, S. Magnetoencephalography in epilepsy
research and its perspectives. In: S.J. Williamson, M. Hoke,
G. Stroink and M. Kotani (Eds.), Advances in Biomagnetism.
Plenum Press, New York, 1989: 269-272.

Balish, M., Sato, S., Connaughton, P. and Kufta, C. Magnetoen-
cephalographic (MEG) localization of multiple subdural
electrodes. Neurology, 1991, 41: 1072-1076.

Baumgartner, C. and Deecke, L. Magnetoencephalography in
clinical epileptology and epilepsy research. Brain Topogr.,
1990, 2: 203-219.

Clarke, C.J.S. and Janday, B.S. Probabilistic methods in a
biomagnetic inverse problem. Inverse Problems, 1989, 5:
483-500.

Clarke, C.J.S. Probabilistic methods in a biomagnetic inverse
problem. Inverse Problems, 1989, 5: 999-1012.

Clarke, C.J.S., Ioannides, A.A. and Bolton, J.P.R. Localised and
distributed source solutions for the biomagnetic inverse
problem I. In: S.J. Williamson, M. Hoke, G. Stroink and M.

loannides et al.

Kotani (Eds.), Advances in Biomagnetism. Plenum Press,
New York, 1989: 587-590.

Crowley, C.W., Greenblatt, R.E. and Khalil, I. Minimum norm
estimation of current distributions in realistic geometries. In:
S.J. Williamson, M. Hoke, G. Stroink and M. Kotani (Eds.),
Advances in Biomagnetism. Plenum Press, New York, 1989:
603-606.

Héamaldinen, M.S. and Ilmoniemi, R.J. Interpreting Measured
Magnetic Fields of the Brain: Estimates of the Current Dis-
tributions. Preprint TKK-F-A559, Helsinki University of
Technology, 1984.

Hoke, M., Lehnertz, K., Lutkenhoner, B. and Pantev, C. Cortical
auditory evoked magnetic fields: mapping of time and fre-
quency domain aspects. In: K. Mauer (Ed.), Topographic
Brain Mapping of EEG and Evoked Potentials. Springer-Ver-
lag, Berlin, 1989: 537-564.

Ioannides, A.A. Comparison of MEG with other functional
Imaging Techniques, Clinical Physics and Physiological
Measurement Suppl., 1991, A-12, 23-28.

Ioannides, A.A., Bolton, J.P.R., Hasson, R. and Clarke, C.J.S.
Localised and distributed source solutions for the biomag-
netic inverse problem II. In: S.J. Williamson, M. Hoke, G.
Stroink and M. Kotani (Eds.), Advances in Biomagnetism.
Plenum Press, New York, 1989a: 591-594.

Ioannides, A.A., Hasson, R. and Bolton, ].P.R. Spatial and Tem-
poral Evolution of Brain Activity. Open University video,
July 1989b.

Ioannides, A.A., Bolton, J.P.R. and Clarke, C.J.S. Continuous
probabilistic solutions to the biomagnetic inverse problem.
Inverse Problems, 1990a, 6: 523-542.

Ioannides, A.A., Hasson, R. and Miseldine, ].G. Model- depend-
entnoise elimination and distributed source solutions for the
biomagnetic inverse problem. In: A.F. Gmitro, P.S. Idell and
LJ. Lahaie (Eds.), Digital Image Synthesis and Inverse Op-
tics., Proc. SPIE 1351, 1990b: 471-481.

Ioannides, A.A., Singh K.D., Hasson R., Baumann S.B., Rogers
R.L., Papanicolaou, A.C., Rogers, R.L., Guinto, F.C. and
Papanicolaou, A.C. Comparison of Current Dipole and
Magnetic Field Tomography Analyses of the Cortical
Response to Auditory Stimuli. Brain Topography 1993 (In
press).

Kullman, W.H., Jandt, K.D., Rehm, K., Schlitt, H.A., Dallas, W.].
and Smith, W.E. A linear estimation approach to biomag-
netic imaging. In: S.J. Williamson, M. Hoke, G. Stroink and
M. Kotani (Eds.), Advances in Biomagnetism. Plenum Press,
New York, 1989: 571-574.

Mosher, J.C., Lewis, P.S., Leahy, R., and Singh, M. Multiple
Dipole Modelling of Spatio-Temporal MEG Data. In: A.F.
Gmitro, P.S.Idell and 1. Lahaie (Eds.), Digital Image Syn-
thesis and Inverse Optics. Proc SPIE 1351, 1990: 471-475.

Pantev, C., Hoke, M., Lutkenhoner, B. and Lehnertz, K.
Tonotopic organisation of the auditory cortex: pitch versus
frequency representation. Science, 1986, 244: 486-488.

Papanicolaou, A.C., Baumann, S., Rogers, R.L., Saydjari, C.,
Amparo, E.G. and Eisenberg, H.M. Localization of auditory
response sources using magnetoencephalography and mag-
netic resonance imaging. Arch. Neurol., 1990, 47: 33-37.

Ribary, U., Ioannides, A.A., Hasson, R., Singh, K.D., Bolton,
J.P.R., Lado, F. and Llinas, R. Magnetic Field Tomography
(MFT) of Coherent Thalamo-Cortical 40 Hz Oscillations in



In Vivo Validation of Distributed Source Solutions

Humans, Proc. Nat. Acad. Sci. USA, 1991, 88, 11037-11041.

Rose, D.F., Sato, S., Smith, P.D., Friauf, W. and Ducla- Soares, E.
Subdural electrode as a dipole source for magnetoen-
cephalography. Electroenceph. Clin. Neurophysiol., 1989a,
72: 86-90.

Rose, D.F., Ducla-Soares, E., Sato, S., Kufta, C.V. MEG localiza-
tion of a subdural dipole in a patient. Epilepsia, 1989b, 29:
656-657.

Scherg and Cramon D. von, Two bilateral sources of the late
AEP as identified by a spatio-temporal dipole model.
Electroenceph. Clin. Neurophysiol. 1985, 62: 32-44.

Scherg, M., Vajsar, J. and Picton, T.W. A source analysis of the
late human auditory evoked potentials. J]. Cognitive
Neuroscience, 1989, 1: 336-355.

Scherg M. Fundamentals of Dipole Source Potential Analysis.
In: Auditory Evoked Magnetic Fields and Electric Potentials
ed. Grandori, F., Romani, G.L. (Eds), Karger, Basel, 1990,
40-69.

Schmidt R.O. Multiple emitter location and signal parameter

273

estimation. IEEE Trans. Antennas and Propagation, 1986,
AP-34: 276-280.

Smith, D.B., Sidman, R.D., Henke, ].S., Flanigin, H., Labiner, D.
and Evans, C.N. Scalp and depth recording of induced deep
cerebral potentials. Electroenceph. Clin. Neurophysiol.,
1983, 55: 145-150.

Smith, D.B., Sidman, R.D., Flanigin, H., Henke, J. and Labiner,
D. A reliable method for localizing deep intracranial sources
of the EEG. Neurology, 1985, 35: 1702-1707.

Tepley, N., Barkley, G.L., Moran, J.E., Simkins, R.T. and Welch,
K.M.A. Observation of spreading cortical depression in
migraine patients. In: S.J. Williamson, M. Hoke, G. Stroink
and M. Kotani (Eds.), Advances in Biomagnetism. Plenum
Press, New York, 1989: 327-330.

Tripp, ]. H. Physical Concepts and Mathematical Models. In
Biomagnetism: an Interdisciplinary Approach, ed. William-
son, S.J., Romani, G.L., Kaufman, L. and Modena, I., Plenum
Press, New York, 1983, 123-139.



