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Summary: Probabilistic modelling of continuous current sources is applied to the analysis of MEG signals generated by current dipoles implanted
in the head of a living human subject. Estimates of the distribution of activity within a circular disk are obtained from signals generated by a single
implanted dipole and by a pair of simultaneously active implanted dipoles. The orientation and depth of the disc is determined in advance from the
experimental geometry and the measurements. The resulting reconstructions constitute the first in vivo validation of distributed source imaging; they
provide a complementary test to earlier works using computer generated data and tests using point source analysis of signals generated by a single
implanted dipole. In this work we provide a literal test of spatial resolution by resolving two nearby point-like sources. Temporal resolution is
addressed in a de facto manner by imaging at one millisecond intervals. Computer simulations, with controlled amount of noise, are used to
demonstrate the robustness of the results, and show the interplay between high spatial accuracy and noise insensitivity.
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Introduction

The rapid evolution in brain imaging has given
detailed insight into structural and functional abnor­
malities accompanying neurological illness. In certain
illnesses, in particular in epilepsy, the dynamic aspect is
of special importance, and methods such as magnetoen­
cephalography (MEG) and electroencephalography
(EEG), which have high temporal resolution, should be
of great use (Balish et al. 1989; Baumgartner and Deecke
1990). Recently, methods have been developed that can
present dynamically the functional information obtained
from MEG (Ioannides et al. 1990a). From a clinical point
of view, visualizing the evolution of interictal or ictal
discharges might be of great assistance when surgical
therapy for epilepsy is contemplated. From a research
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point of view, such visualization might lead to better
understanding of basic processes involved in the genera­
tion of such activity. Similar insight might be gained in
the study ofother illnesses with a fluctuating time course,
e.g., migraine and cerebrovascular disease (Tepley et al.
1989), although the electromagnetic field changes have
less primacy in the latter illnesses than in epilepsy.

Brain function is based on neuronal activity sustained
by the conversion ofchemical energy to electrical energy.
On a macroscopic level this primary activity acts like a
battery impressing a direct current flow (the primary
current) which is accompanied by a passive flow of cur­
rent in the surrounding medium (the volume current).
Amongst the various techniques used to study the
dynamics of brain function only MEG and EEG are
capable of extracting information at a millisecond by
millisecond rate relating to the large scale activity of the
brain (Ioannides 1991). Detection, sizing and imaging of
the primary currents are fundamental goals of both EEG
and MEG. In principle a spatiotemporal description in
terms of either highly localised sources (e.g., current
dipoles) or distributed current density can be extracted
from either MEG or EEG signals for both spontaneous as
well as evoked responses. However, the expression for
the magnetic field (which makes up the MEG signal)
contains a part which depends only on the primary cur­
rent density; the contribution from the conductivity dis­
continuities introduced by the intervening tissues and
bone generate an additional, usually smaller, term, which
can be minimised by appropriate design of the experi­
ment. This is in sharp contrast with EEG where the ob-
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servable, i.e., the surface potential distribution, is strong­
ly influenced by the conductivity of the intervening tis­
sues, including the skull. The transparency of the tissues
and bone to the magnetic field has led to an increasing
interest in using MEG as a tool to gain insight into basic
cerebral mechanisms.

A simple and common model for the biological gener­
ators describes the primary activity as one or more cur­
rent dipole point sources. Effects of the medium and the
bounding surfaces of the brain are usually incorporated
by assuming that the primary current dipoles are em­
bedded in a conducting sphere of spherically symmetric
conductivity. The use of point sources produces a com­
paratively easy mathematical model and leads to a trac­
table computational problem. Also, the solution of the
inverse problem is easy to understand (a choice for the
position and direction of the current dipole(s) which fits
the data best), and easy to project onto anatomical
landmarks. Recent studies have exemplified how the
simplicity of the current dipole model can be used to
classify systematically the temporal evolution of brain
activity following auditory stimulation around well
defined latencies where the signal is strongest (Pantev et
a1. 1986; Papanicolaou et a1. 1990). In these studies the
evolution of the current dipole parameters must be
viewed as a reflection of the average behaviour of
neuronal populations which may have an appreciable
spatial extent (Hoke et a1. 1989). Difficulties sometimes
arise with the multiple dipole model because superposi­
tion of the sources can lead to an arbitrary choice of the
number of model dipoles (Balish et a1. 1991).

Distributed source solutions have been proposed by a
number of authors (Hamalainen and Ilmoniemi 1984;
Kullman et a1. 1989; Crowley et a1. 1989). We will use the
distributed source method developed at the Open
University (Ioannides et a1. 1990a; Ioannides et a1. 1990b)
which is based on probabilistic treatment of continuous
current sources (Clarke and Janday 1989; Clarke 1989).
The resulting distributed solutions provide a novel view,
dispensing with idealized dipolar points in favor of a
probability distribution which is interpreted as an es­
timate of the electrical current density underlying the
measured magnetic fields.

Results from distributed source analysis of in vivo
measurements of natural sources, from both evoked
responses or spontaneous activity, have already been
reported (Ioannides et a1. 1989a and 1990b; Ribary et a1.
1991), including comparisons ofsolutions obtained using
three dimensional distributed models and current
dipoles (Ioannides et a1. 1993). Despite the fact that these
works provide indirect support, the underlying sources
are insufficiently characterized to provide a clear, unam­
biguous test. However, there are measurements of the
neuromagnetic field generated by well-characterized in
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vivo sources, namely, dipole-like sources implanted in a
patient's head (Rose et a1. 1989a; Rose et a1. 1989b; Balish
et a1. 1991). A comparison of the inferences drawn from
these measurements provides an important validation of
the distributed source method under controlled yet
realistic conditions. However, these tests have their own
disadvantages, arising from the overriding need to min­
imise patient discomfort and associated practical con­
straints. In dealing with in vivo data generated by the
implanted sources, which are not related to immediate
clinical needs, we have to accept instrumental and other
uncertainties which are far more serious than similar
problems encountered in other research and clinical set­
tings. Given these limitations and the fact that we had
data from only one subject we have complemented the in
vivo analysis with analysis of computer generated data.

Methods

Data Collection

We have studied one patient with intractable partial
epilepsy who had subdural electrode monitoring for
localisation of seizure focus. Procedures were discussed
in detail and informed consent obtained. Specially
designed dipolar electrodes (Rose et a1. 1989a) were im­
planted at selected locations. The patient was brought to
the MEG lab where selected dipoles and dipole pairs
were studied.

All recordings were performed in a shielded room
using a 7 channel (DC-Squid based) neuromagnetometer
with second ordercoil configurations (Biomagnetic Tech­
nologies Inc. (BTi) model 607), coil diameter 15.1 mm and
baseline 40.4 mm. Data were digitized and analyzed on
a Hewlett Packard HP 9000/series 300 computer using
commercially available software (BTi); filter settings
were 0.3 Hz high pass and 1000 Hz low pass with 24
dB/octave roll-off, and the sampling rate was 1024/sec
per channel. The high value of the low pass filter frequen­
cy minimizes distortion of the square waveforms which
drive the implanted dipoles. There is a resulting incon­
sistency in the choice of sampling rate and filter
parameters, but since the experiment can only be
repeated on clinical grounds we must make the best of
the available data. The frequency spectrum above 200
Hz, shows little activity, aside from what appears to be
very attenuated noise. It appears that the violation of
Nyquist theorem results in some unnecessary aliasing,
which apart from lowering the signal to noise ratio, it has
no bearing on our conclusions.

Head shape and probe positions were determined
with the probe position indicator (PPI device, BTi). The
patient was positioned on a wooden bed lying on the side
opposite the dipole(s) of interest and the probe was posi-
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tioned almost touching the patient's head. The probe
was sequentially moved over a grid of points (see figure
1). The full set of data was obtained from 11 probe
positions yielding 77 channels of data in total from which
the extrema of the magnetic field plots could be defined.
The repetition of the dipole activation for each probe
position presents no problem in our experiments. The
corresponding repetitions in evoked response studies is
problematic because of non-stationarity effects. How­
ever, the introduction of multichannel facilities with 37
or more channels has now eased considerably, but not
entirely eliminated, this problem.

Two sets of signals will be considered in this paper;
each set consisted of 77 time series, one for each channel,
obtained by averaging 200 epochs. Each epoch contained
150 time slices separated by 1 millisecond. The probe

Figure 1. Coronal (top left). Sagittal (top right) and axial
(bottom left) views of the coordinate system and ex­
perimental arrangement. A dotted line shows the line
connecting the centres of the three sets of coils for each
gradiometer. The left and right pre-auricular points (Ipa
and rpa) and the nasion (nas) are marked on the diagram
and they are connected by a line to form a triangle. The
locations of the two implanted dipoles are marked by a
heavy dot. while the centre of the conducting sphere
assumed in the inversions is marked by a light dot. The
circle in each diagram shows the boundary of the source
space used in distributed source analysis. The diagram on
the bottom right shows a nearly sagittal view together with
a sketch of the face profile and ears. This view will be used
to show contour plots of the signal (figure 2) and to display
distributed source solutions (figures 4-6). The triangle
formed by joining Ipa. rpa and nasion will be drawn on all
figures as an orientation aid,

relocation under the conflicting needs to cover with sen­
sors a sizeable part of the head and at the same time to
minimize patient handling time produced some nearly
coincident sensor locations. The inclusion of signals
from closely spaced sensors has two undesirable effects:
it increases computation time and it generates in­
stabilities (which however can be easily eliminated using
standard mathematical techniques, e.g., singular value
decomposition). We have avoided both these problems
by using 49 of the 77 time series, corresponding to 49
channels selected on purely geometric considerations
(they are well separated from each other). There is prac­
tically no change hI. the solutions if a few more or less
channels are used as long as no nearly coincident chan­
nels are included. The signal of interest, within each
epoch, was generated by passing a pulse of 40 [mulA of
5 ms duration through the implanted dipole(s), first in
one direction followed by an identical pulse but with the
opposite phase 40 IDS after the onset of the first one. The
first set was generated by activating, in the manner just
described, a single implanted dipole, while the second set
was generated by activating synchronously both im­
planted dipoles. Figure 1 shows the head-centre coor­
dinate system, and the relative positions of the head
landmarks and implanted dipoles (marked as heavy
dots) with respect to the sensors. A pair of Grass 58800
constant current stimulators were triggered by the
Hewlett Packard computer. Current density met safety
guidelines (Smith et al. 1983, Smith et al. 1985).

In figure 2 the average signal traces from two channels
are displayed, with contour plots of the spatial distribu­
tion of the signal at time points corresponding to the
activation of the dipole(s). Both the signal due to a single
implanted dipole and the signal due to a pair of im­
planted dipoles were fitted to a model incorporating a
single dipole source in a spherical head with the inclusion
of volume currents. The results for the current dipole
location thus derived will be compared with the ex­
tended source analysis below.

The coordinates of the implanted dipoles were es­
timated from skull radiographs obtained with the
electrodes in place; the direction of the current flow could
not be determined from the radiographs. Care was taken
to minimize magnification when taking these x-ray films;
the overall location error from the radiographs is es­
timated to be ± 0.2 cm.

In the radiographs the images of additional radio-opa­
que markers attached to the fiduciary points were visible.
These markers were used to match the X-ray and MEG
co-ordinate systems, and helped in establishing the head
centred MEG coordinate system, used for data collection.
The origin of the MEG coordinate system was defined as
the midpoint of the line joining the pre-auricular points.
The positive x axis was defined as the line from the origin

20
-20+rT"T"TTT1r-rrT"T"T-rrrrrTT1

·20 ·10 0 10
xJcm

Sagittal view, from rigtrt
·opt

10

-10

~ 0

20

-20

-20'+rT"T"TTr1r-rrrrr-rrrrrTTl
-20 ·10 0 10

y","

20

-20+rT"T"TTr1r-rrrrr-rrrrrTTl
20 10 0 ·10

y","

10

Coronal view from fronl
Op1

-10

~ 0

axial view from above

.~\.

to 'lo...~~'.~ops
5 0 ~~.

';;- ~.I • rpa
.-::::;:'. 1

~
·10 JIIII""



266 loonnides et 01.

Modelling

Two main alternatives to the single dipole model have
been developed, multiple dipole models and fully dis-
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tributed models. Multiple dipole models use the full
spatiotemporal variation in the signal to extract estimates
for the coordinates of point like equivalent generators. In
addition to the original model developed by Scherg and
collaborators (Scherg et al. 1985, 1989; Scherg 1990)
elaborate methods have been recently developed
(Mosher et al. 1990) using a scanning procedure for mul­
tiple directional emitters (Schmidt 1986).

In discussing distributed models it is useful to think in
terms of the sensitivity profiles of the sensors, or lead
fields; this concept was introduced into the biomagnetic
source localisation problem by Tripp (Tripp 1983).
Hamalainen and Ilmoniemi (1984) made the explicit sug­
gestion of using the lead fields as an expansion basis to
construct distributed current sources. In its simplest
form, this procedure leads to biological generators which
are as widely dispersed as possible and they have the
minimum power sufficient to fit the MEG or EEG signal.
A number of such "minimum norm" methods have been
proposed recently (Kullman et al. 1989; Crowley et al.
1989). The straightforward implementation of these
methods leads to fragile algorithms which even in the
absence of noise and other uncertainties can produce
only solutions with little detail. It is inconsistent to allow
an unrestricted range of "minimum norm" solutions and
to demand an exact fit to the signal. This combination
either generates a poor solution or, in fitting noise com­
ponents, introduces unphysical features into the solu­
tions.

Recent works (Clarke and Janday 1989; Clarke 1989;
Ioannides et al. 1990a; Ioannides et al. 1990b) have shown
how these and other difficulties can be tackled within a
probabilistic treatment of the current density distribu­
tion. A full description of the resulting method, including
a concise description of the algorithm and numerous tests
with computer generated data is given elsewhere (Ioan­
nides et al. 1990a). More recently (Ioannides 1991) the
method has been contrasted with other modelling ap­
proaches which although fundamentally different in na­
ture, have all been referred to, at one time or other, as
current density imaging. In the remainder of this section
we provide a non-mathematical summary of the method.

A key feature of the method is that it provides an
approximate and robust rather than an exact and highly
sensitive fit to the data which takes into account the noise
content in the measurements; this is achieved by limiting
the maximum current modulus so that it is within
physiologically feasible limits (Clarke and Janday 1989;
Clarke 1989; Ioannides et al. 1990a; Ioannides et al.
1990b). Mathematically, the precise compromise be­
tween spatial resolution and stabgity is determined
through a regularisation parameter t; which forces the a
priori probability distribution of the current de~ty to
have a finite standard deviation. Large values of t; limit
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Figure 2. The middle part of the figure shows traces of the
magnetic flux recorded by the mid channel of probes 6
and 11. The light dashed (solid) trace in each case cor­
responds to the signal generated by the activation of one
(both) implanted dipole(s). The pair of contour plots
above (below) the signal traces shows the distribution of
magnetic flux when one (both) implanted dipoles are
switched on; the precise latencies are marked by the
heavy vertical lines in the signal traces. The magnetic field
strength varies from approximately 400 to -400 fT (solid
contours are positive and dashed contours negative).
The contour plot plane is the nearly sagittal view of the
bottom right diagram in figure 1. The circular boundary of
the source space and the projection of the Ipa, rpa and
nasion triangle are marked by heavy circle and triangle
respectively. The heavy dots and the symbols P6 and P11
indicate the projections of the implanted dipole(s) and
centres of probes 6 and 11.

to the nasion. The z axis was the vector normal to the
plane which included the origin and fiduciary points
(positive towards the top of the head), and the y aXis was
perpendicular to the other two axes and positive to the
left. The experimental arrangement, coordinate system
and important landmarks are depicted in figure 1. The
fiduciary points, left and right pre-auricular, and nasion
are marked as lpa, rpa and nas respectively, and con­
nected by lines into a triangle. This triangle is printed in
all figures as an orientation aid.
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the maximum magnitude of the current density leading
to an approximate fit to the data which is rather insensi­
tive to noise (Ioannides et al. 1990a). A small value for
~produces an accurate fit by allowing large values for the
current density modulus; if tlJ.e signal to noise ratio is low
then the solutions for small I; values may be dominated
by tlJ.e noise in the measurements. The appropriate value
for I; can be determined from the maximum physiologi­
cally acceptable current density modulus and the stand­
ard deviation of the noise component in the data. In real
life however reliable estimates for the maximum current
modulus and/or the standard deviation of the noise are
not always available. A reasonable value for ~ can be
obtained empirically from the observation that the onset
of instability is fast.:.. repeated inversions are performed
with the value of I; lowered each time, until a critical
value where small changes in ~produce large changes in
the solution. In this as in all earlier works with real MEG
data we have used this method for choosin,.g ~, always
erring on the side of caution, by choosing a I; value well
above the critical value.

The choice of lead fields, as bases for the current
density expansion, is maintained, but an overall a priori
Gaussian shaped, probability weight is introduced so
that the bias towards superficial sources is neutralised.
In recent works (Ioannides et al. 1989a, 1990b and 1993;
Ribary et al. 1991) we have consistently used a Gaussian
probability weight, centred at the centre of the conduct­
ing sphere; thus the only parameter of the a priori prob­
ability influencing the inversions is the decay constant of
the Gaussian. This parameter is fixed (before the analysis
of the signals) so that test sources (usually current
dipoles), placed at different places in the source space are
correctly reproduced from computer generated data.

Resolution is further enhanced by a rapidly conver­
gent iterative scheme which can consistently recover
both distributed activity as well as highly localised ac­
tivity (Ioannides et al. 1990a). The resulting method is
computationally very intensive, and it has been imple­
mented on both the VAX cluster at the Open University,
as well as on a dedicated transputer array.

The imaging system can recover either the primary
current density with the currents fully accounted for by
the conducting sphere or some other model, or it can
image the full current density, i.e., the sum of the primary
current density and the induced current density from
volume currents (Ioannides et al. 1990a). The latter
method has advantages in situations where the geometry
of the medium is rather complicated and hence difficult
to model. Note that the source space defines the region
of space within which the primary activity resides. An
independent definition is needed to specify the nature
and the shape of the conducting medium; for example,
the coordinates of the centre of the conducting sphere
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must be specified if the uniform conducting sphere
model is to be used. Finally, a subsystem of the full
system is used for point source inversions.

The method produces as solution a continuous prob­
ability distribution confined to a well defined source
space, which depends on the orientation of the primary
current density vector. The relative value of this prob­
ability distribution at each point in the source space, and
for each orientation is identified as an estimate of the local
current density vector. The source space can be along a
one dimensional curve (e.g., a line), or a two dimensional
surface, (e.g., a disk) or a full 3 dimensional region which
in principle follows the shape of the brain exactly. The
choice of what source space to use should take into
account the sensitivity inherent in the choice and position
of sensors and the noise in the data (Ioannides 1991). In
typical MEG experiments the sensors are distributed on
a surface (which we will call the measurement surface)
which follows the rough outline of the head. In the
present case gradiometers are used with their symmetry
axis perpendicular to the measurement surface so that
the contribution from return currents in the signal is
minimised. This sensor arrangement, and in particular
the fact that the measurement surface covers only a frac­
tion of the head surface, endows the measurements with
a much higher sensitivity to source variation along lateral
directions rather than directions perpendicular to the
measurement surface. In recent 3D inversions (Ioan­
nides et al. 1989a, 1990b, 1993; Ribary et al. 1991) a
cylindrical source space has been used, with the lateral
surface of maximal sensitivity corresponding to the top
face of the cylinder, closest to the sensors. Given the
sensor arrangement used in the present experiment, and
the additional noise problems introduced by the patient
preparation we have restricted the source space to a flat
circular disk. Before the data are analysed the centre and
orientation of the disc is fixed, independently of the
signal, so that it faces the sensor array. Thus, by the time
the analysis of the signals begins there remain no adjus­
table parameters.

The depth of the circular disc, defined as the average
distance from the measurement surface (or equivalently
the scalp) is estimated using a simple procedure (Ioan­
nides et al. 1990a, 1990b): the standard deviation be­
tween the measured signal (for single dipole activation)
and the signal produced by the distributed source solu­
tion is computed for successive depths. The point where
the resulting plot of standard deviation versus assumed
depth has a minimum is used to fix the depth coordinate.
The same depth is used for the distributed source solu­
tions and simulations for single and pair dipole activa­
tions. The circular boundary of the source space (after
depth adjustment) is shown in the different views of the
experimental arrangement in figure 1.
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Results

second case where two implanted dipoles were activated
together; no such algorithm is discussed within this
work; we wish to evaluate the effectiveness ofdistributed
source solutions with as little constraints as possible in
the form of the solutions.

Distributed Source Analysis I: Simulated data

In the remainder of this paper we will consider dis­
tributed source models. The primary current density is
confined within a circular disc of radius 5 cm. The posi­
tion and orientation of this disk is determined prior to the
distributed source analysis of the signals as described in
the last section. The conducting sphere model was as­
sumed in all distributed source analysis. We will present
the distributed source solutions either as arrow maps or
intensity contour plots. It is important to realise that the
solutions are continuous vector functions, confined
within the circular disc source space. The arrows in the
arrow maps correspond to the local current density vec­
tor, sampled at regular points in the source space. The
intensity contour plots display the square of the current
density modulus.

Following the analysis of the real data (to be described
in the next subsection), two sets of simulated data were
generated by the computer, so that the distributed source
analysis could be studied under controlled conditions.
The first set of simulated data was generated by assum­
ing a single current dipole, while the second set was
produced by assuming a pair of dipoles. The dipole
location(s), sphere centre, sensor type and sensor dis­
tribution in space were identical to those in the real
experiment. The direction of the current dipoles (which
were not determined from the radiographs) were chosen
to be similar to those obtained from the analysis of the
real signals.

Figure 4 shows the distributed source estimates, ob­
tained from noise free simulated data. Arrow maps of
the estimates of the continuous current density are
shown in the top figures, while the figures at the bottom
display shaded contour plots of the intensity (square of
the current density modulus). The group of four figures
on the left is obtained from data generated by a single
current dipole, while the group of four figures on the
right shows identical graphs obtained from data
generated by a pair of current dipoles. Wit~ each
group the leftmost figures are ,gbtained with 1;, = 0.05
while the ones to their right use 1;, = 0.001. The first value
is large enough to tolerate the level of noise in the actual
MEG experiment.

In figure 5 we show identical reconstructions when
15% random noise, somewhat larger than that in the real
experiment, is added to the computer generated d~a.

The higher value for the regularisation parameter ( 1;, =
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Figure 3. sagittal and Axial views of the solutions for single
equivalent current dipole in a conducting sphere. The top
diagram shows the solution for the data generated by the
activation of a single implanted dipole. The lower
diagram shows the single equivalent dipole solution for the
data generated by the activation of a pair of implanted
dipoles. The position of the single equivalent current
dipole solution is marked by a cross. All other symbols
have the same definition as in figure 1. Note that the
source space outline is not relevant to the current dipole
method, but it is included in the figure to aid comparisons
with later figures.

Single Current Dipole Solutions

Before we describe the reconstructions with dis­
tributed source models we indicate for later comparison
how a single point source model works for these data.
The upper part of figure 3 shows the position of the best
fit dipole (marked by a cross) when the target signal is
generated by a single implanted dipole. These results
were obtained using the biomagnetic imaging system at
the Open University, in point source recovery mode. All
point source parameters were allowed to vary, including
the coordinates of the conducting sphere centre. The
lower part of figure 3 shows the position of the single
equivalent dipole (marked again by a cross) obtained
from the data generated by the simultaneous activation
of the pair of implanted dipoles. The single equivalent
dipole model fits the data in each case reasonably well.
The position(s) of the assumed current dipole(s) are
shown by the heavy dot(s). A more sophisticated multi­
ple dipole algorithm is likely to perform better in the
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Figure 4, Reconstruction of primary current density from noise free computer generated signals, The signal for the figures
on the left is generated by a single point source, while for the ones on the right are generated by a pair of point sources,
For each case reconstructions with two different values for the regularisation parameter are shown, The top figures show
an arrow map of the current density, while the bottom figures show contour plots of the intensity. The triangle connecting
the pre-auricular points and nasion is included to help orientation.

Figure 5, Arrow maps of the current density and contour plots of the intensity fo! the same computer generated data as
in figure 4, but with 15% random noise. All inversion parameters (including the ~ value) in each column of this figure are
the same as the ones used in the inversions of the corresponding column in figure 4:. The second and fourth column
demonstrate the instability incurred when the value for the regularisation parameter ( ~ =0,001) is too small to cope with
the noise in the data.

0.05) is just enough to cope with the level of noise in the
data. The resulting estimates are very similar to !!'te ones
obtained from noise free data and the same Svalue,
demonstrating the robustness of the method. The

reconstructio~s of noisy data with an inappropriately
small value ( S= 0.001), in the second and fourth column
of figures, demonstrate the catastrophic consequences of
the resulting instability.



270 loannldes et al.

10mo

..... .' "....
.& .&

10mo

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 all inversions in this figure the value for the regularisation parameter
was s= 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 tum 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 1provides 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 v z
RadioQTaoh 1 0.013 0.047 0.012 +0.002

RadioQTaoh 2 -0.013 0.047 0.022 +0.002

SimdeECD 1 0.005 0.047 0.019 0.011

SimdeECD 1+2 0.000 0.049 0.034

DSSmax 1 0.013 0.048 0.018 0.0061

t=54ms

DSSmax 1 0.007 0.047 0.020 0.010

t = 95 ms

DSSmax 1+2 0.007 0.045 0.008 0.007

t = 54ms -0.011 0.047 0.037 0.015

DSSmax 1+2 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 em 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 I, 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 em. 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 aI1990a).

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-
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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.
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