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Abst rac t - -On the basis of spatial covariance, it is found that, by spatial filtering the 
Iocalisation of a single dipole source, both parallel and perpendicular to the measurement 
plane (assuming a signal-noise ratio of 5:1), can be performed with an accuracy of 
< 0.5 mm, When the signal-noise ratio is increased to 30: 1, the resolution of temporally 
independent current sources separated by 2 mm becomes practicable. This resolution 
study is carried out by means of a pair of unity current dipoles with the dipole distance as 
a varying source mode/parameter. The conclusions, drawn from the results of computer 
simulation and supported by statistical calculations, refer to the spherical model of the 
volume conductor of the brain. 
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1 Introduction 

THE MATHEMATICAL method of spatial filtering is a useful tool 
for the detection of electric sources in the brain from MEG 
data. It is particularly suited to analysis of magnetic fields with 
multiple sources, i.e. in the detection of both multiple discrete 
and spatially extended sources. With respect to the influence 
of sources outside the investigated source region, this method 
is relatively insensitive (ROBINSON and ROSE, 1992; GRUM- 
MiCH et  al.,  1993). In addition, it allows the construction of a 
rough view of the distribution of sources in the source region 
under consideration before a more detailed source analysis is 
carried out. 

Non-linear least squares estimations are used preferentially 
for the localisation of a single current source. For the localisa- 
tion of multiple, spatially separated sources, the results of this 
estimation may be sensitive to the initial values of the 
parameters to be estimated (ACHIM et  al., 1991). Thus, for 
consistent estimation, efficient initial values are derived by 
means of a single value decomposition (BAUMGARTNER et  al . ,  
1991). Apart from the method of spatial filtering and the non- 
linear least squares technique, alternative methods such as the 
~ S I C  algorithm (STOICA and NEHOZ~d, 1989) or methods 
calculating a spatial current dipole field were chosen (IOAN- 
NIDES e t  al.,  1990). In contrast to the MUSIC algorithm, the 
spatial filtering method does not require any knowledge of the 
number of  independent signal components, e.g. current dipoles 
(GREENBLarT, 1993). 

Being a mathematically under-determined problem, a 
unique solution for the spatial dipole field is obtained accord- 
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ing to the least squares-minimum norm principle (WANG et  
al., 1993). This solution generally indicates a spatial blurring 
of discrete current sources. To find solutions that take into 
account extended sources in a better way, MRI information is 
involved in the reconstruction of the dipole field (FUEHS et al., 
1995). Instead of the minimum norm of the calculated current 
dipole field, the minimum norm of  the 'source current density' 
of the dipole field has recently been introduced (PASCUAL- 
MARQUI et  al., 1994). 

The aims of the work were: 

(i) to examine the exactness of location of a single current 
source by spatial filtering of MEG data 
(ii) to study the resolution of adjacent sources that can be best 
attained by the same method. This work deals in particular 
with the location of sources from the analysis of magnetic 
fields arising in connection with focal epileptic processes. 

In the ease of temporally dependent sources, the lower 
bounds of the separation of two discrete sources are known 
(MOSHER e t  al.,  1993). However, no investigations have been 
Ixn'formed on independent sources, which are the subject of 
this paper. The relevance of the single dipole model in the 
analysis of  a magnetic field that is generated by two adjacent 
dipoles or by a spatially distributed source has been studied by 
OKADA (1985). This work was also based on temporally 
dependent generators. 

By taking measurements of  the electric potential in animals 
caused by epileptiform activity it was found that the area of  
the penicillin-induced interictal spike activity in the cortex 
of the animal examined (rabbit) is located within a tissue 
volume with an extension of 3 mm vertically and less than 
10x 10 mm 2 horizontally (GOLDENSOHN et  al. ,  1995). Hence, 
to obtain relevant information on the spatio-temporal pattern 
of the neuro-electric processes accompanying the penicillin- 
induced interictal activity, the following requirements must be 
met: first, an accuracy of location of at least I mm must be 
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ensured; secondly, the resolution, i:e. the spatial separation of 
adjacent sources, has to amount to at least 2 ram. 

Up to now it has been known that: 

(i) the location of sources in the human brain by means of 
magneto-encephalographic methods (squid technique) sue- 
ceeds within a few millimetres at best (LOTKENHONER, 
1994; OGURA and SEKa'HARA, 1993). 
(ii) for adjacent dependent sources, a resolution is obtained 
that equals the distance between the source region and the 
plane of measurement (SHAOFEN e t  at., 1990; LOTKE~HONER, 
1994). 

Single value decomposition analyses (SVD) of potential 
measurements of penicillin-induced activity (BAUMGARTNER 
et al., 1989) suggest the existence of multiple independent 
sources. It can therefore be supposed that, by using an 
appropriate mathematical method, improved location and 
resolution of the underlying sources may be likely. There 
have been quantitative investigations into the certainty of 
source location and the spatial resolution of discrete (SHAOFEN 
et al., 1990, Lr0TKENHONER, 1994; OGURA and SEKIHARA, 
1993) and distributed (GREENBLAar, 1993) sources for appli- 
cation in the human field. However, such systematic investi- 
gations for experimental studies on much smaller source 
volumes have been, as yet, unknown. 

2 Method 

2.1 Mathematical basis 

A theoretical foundation for the spatial filter method is 
given by the Gilbert-Backus theory (PARKER, 1977). In 
accordance with this theory, optimum filter coefficients are 
derived for each location of a defined source region depending 
on the orientation of a current source (current dipole, current 
quadrupole etc.). Here, the term 'optimum' means that 
oriented current sources are detected by the filter response 
proportional to their strength. It implies that portions of the 
MEG signal from other sources in the source region are 
cancelled out to the greatest possible extent. Against this 
background, we apply a spatial filter the derivation of which 
is based on the spatial covariance of the MEG signal. Accord- 
ingly, the filter response, for location ~ and orientation 0, is 
only different from zero if a current dipole source exists at 
and if this dipole is oriented with 0. 

First, we note some definitions that are used for the 
subsequent filter derivation. The lead-field Li(~ ), for channel 
i of a measurement system with n channels, is calculated on 
the basis of the forward solution of the magnetic field. Li(F) is 
defined by the approach B i = Lf:)-fit(':). Here, B i is the 
signal of channel i, predicted by means of the volume con- 
ductor model, and fit(7) is the dipole moment of the generating 
dipole. From Li(7), (i = 1' . . . .  n), the vector Lo(':) is deter- 
mined, which is composed of the components of each Lt(F) 
onto the orientation 0. Consequently, the signal vector B = 
(B 1, B 2 . . . . .  B,) r relates to the value of the moment of a 
dipole, with the orientation 0, as 

B = Lo(7) �9 m(~) (I) 

Apart from B, we introduce ~ ' / =  (M t, M2 . . . . .  Mn) r for the 
measured signal at a time instant. The measured signal at the 
timeinstant t: = j .  At, (j = I . . . / ) ,  is correspondingly termed 
by Mj (1/At is the sampling rate, l is the number of sampling 
points). Further, we use M, which comprises the l column 
vectors M:. Then, the spatial sample covariance C is defined 
by C = (I/OMM r. 
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Finally, we use/1S/* = P?-d and Lq(~) = PLo(~,  where the 
projection operator P is defined b y p r p  = C -J . Projected data 
M* are 'whitened', so that C* = (I / / )  M*M r* = I ( I  - iden- 
tity matrix). To obtain P, the matrix C is decomposed 
according to C = UD 2 U r, i.e. an orthogonal basis U for M 
is constructed. U consists of the normalised eigenvectors of C, 
and/)2 represents a diagonal matrix with the corresponding 
eigenvalues in ordered succession. From this decomposition, 
the matrix P = UD -I  U r is computed. 

On the basis of the preceeding definitions, we write down 
the general approach of the spatial filter response as 

Fof:)= ~r. ao(~) (2) 

Here, a~ represents the vector of filter coefficients that are 
determined from the entire set of measurement data within the 
investigated time interval. The coefficients are estimated by 
minimising the variance a Or Ca 0 of the filter response of eqn. 2, 
under the constraint L~r(~a~  = 1. The constraint ensures 
the filter response to be an estimate of m(r-'). Solving this 
optimisation problem according to the Lagrange method for 
a~ we obtain 

a:(r)- t~(~c-' 
t.'g f:)c-' Lo| 

and accordingly, for Fo(~ ,  

L f )C L*ro 
Ff~)o - L~ (~)C-' Lo| = L;r(~L~rf:)  (3) 

Moreover, to show the underlying Dirac properties of eqn. 3, 
let B now be a signal generated by k independent current 
dipoles (k < n), which can be defined by co-ordinates C'r', 0') 
and the dipole moment m(*r'), for each dipole. That is, B is 
formed by summing up k individual signal vectors, each being 
associated with one out of the k generating single dipoles. 
Further, let white multiehannel noise n be superimposed, so 
that M = B + n, with E[nn r] = 22. I (I = identity matrix). 
As, for the covariance C* of the transformed data, it holds that 
C* = I (see above), we can draw the following conclusions, if 
2--->0: 

(i) Owing to the new basis, the measurement space is split into 
the signal space f~s and a noise space f2~. O s is represented by 
k eigenvectors of C associated with the k greatest eigenvalues; 
f~ is represented by the other n - k eigenvectors. 
(ii) (a) After being transformed, the individual signal vectors 
are orthogonal to each other. Therefore, the contribution of a 
current dipole, with co-ordinates ("r', 0'), to the measured 
signal is extracted by Fo(F), if ~, 0) = (7',/9'). Moreover, the 
filter response results in m(~) because of the linear relation- 
ship of eqn. 1. 
(b) The transformed signal vector L~(7) of any unity dipole 
source, with ~ ~ ~', lies within this noise subspace. Further, for 
the same signal vector, it follows that [IL~(?)It "-> 1/211Lo(~)11. 
(c) For ~ = 7: and 0 ~ 0', there is a component of Lo(7) 
(orthogonal to L0,(?) ) that is also transformed into the noise 
space. As the norm of the transformed component and there- 
fore of L~(~) tends to infinity, L ~  is also an element of the 
noise space. 

Thus, all L~(-b'), with (7, 0) ~ (~, 0') tie within the noise 
space and are therefore orthogonal to the vector M*. 
(iii) Consequently, from these considerations, together with 
eqn. 3, we obtain: 

[0, 
-- C,-', o') 

o) Cr', o') 
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To assess quantitatively the quality of both location and 
resolution that is obtainable using eqn. 3, we introduce other 
specific eqns. 4 and 5. 

An active region of nerve cells within the cerebral cortex 
exhibits laminar structure (M~TZDORF, 1985). Further, intra- 
cellular currents that account for the origin of the external 
magnetic field have predominantly fixed orientations (Mrrz- 
DOt)F, 1985), i.e. the spatial angle subtended by potential 
rotating dipoles is negligibly small. 

On the basis of this neuro--electrie background, we note the 
following expressions: 

To locate sources, we use the variance equation (dimension- 
less) 

1 L T ( r'~ o(~) = =-.  

0 $ 
(4) 

(s o is a normalisation factor;, it equals the variance of the 
measurement signal). 

This expression is closely related to eqn. 3. From eqn. 3 it 
can be derived that the denominator in eqn. 4, Lr(~)C-~LofF), 
equals the reciprocal variance of the filter response eqn. 3. 
Therefore, and with respect to eqn. 1, F,~(7). s 0 leads to the 
portion of the signal variance that is accounted for by a current 
dipole located at ~ and oriented with 0. Provided the signal 
originates from a single dipole source, with co-ordinates 
("r', 0') and arbitrary dipole moment, then it follows that 

1, (~, o) = (;-', 03 
ForT) = o, (;, o) # Cr', 03 

i.e. eqn. 4 is suitable for locating dipole sources. 
If the biomagnetic signal is generated by point sources, then 

the co-ordinates and orientations of generating sources are 
determined by the maxima of Fo(F}. 

Eqn. 4 also admits another interpretation: the right-hand 
side of eqn. 4 can be thought to be a measure of the projection 
of the signal space associated with the dipole probe onto the 
space of the measurement signal*. Based on this interpreta- 
tion, we apply the subsequent matrix to the assessment and 
improvement of the resolution of closely adjacent sources 
Qo~,o2~, 70 = Ur~,o2( ~, 7)) C-1Uo~.o2( ~, 70 (see also GREEN- 
B L A T T  (1993)). 

Whereas eqn. 4 refers to a single dipole probe, Qo o (r, 7,) is 
�9 . , 2  

obtained by extending eqn. 4 to a probe consisting of two 
current dipoles. It is suited to detecting the location and 
orientation parameters of adjacent dipoles. 7, denotes the 
relative position of the two dipoles, and 01 and 02 denote 
their orientations. The location of this pair of dipoles is 
defined by ~, which is calculated from ~ = 0.5(rt +r2), 
where FI and ra represent the location of the individual 
dipoles. Ue,,~('~, ~ represents the system of eigenvectors 
that spans the signal space of the two dipole probe (details 
of consmmting Uo~,~C.r, ~) ca~ be seen in the Appendix )�9 
These eigenveetors are projected into the measurement 
signal space aceor.ding to. U~,0z(F, ~) = PUo,o~ ~, 7,), 
(P = C-~/2). To obtain a projectmn measure, the product 
u~0r0 (~ 7,)b~o *(L 7,) = Q~ o(~, 7,) is used. Then, the projec- 

�9 | t  1 ) t ~ * | 1  

tton measure ~l~,aa(F, a) m ~.t~culated by means of 

1 M0,.etT, 7,) = a)] (5) 
so 

(matrix Q0~ (h@, 7,) has to be inverted because of the 'whiten- 
ing' effect "of P). 

* Then, the assumption of independent generators can be dropped. 

2.2 Instrumentation, volume conductor model, source model 

The numerical simulation of source analysis is performed 
with reference to the actual experimental conditions: MEG 
measurement is carried out by means of a seven-channel 
gradiometer (Fig. la). By changing the location of the subject 
below the gradiometer in a definite way, 21- and 35- channel 
devices can be simulated (Fig. lb). 

For the volume conductor model, a sphere with homoge- 
neous conductivity is chosen. In the present case of interictal 
spike activity, the current sources are close to the surface of 
the cortex. Therefore it can be assumed that, for source 
analysis of real MEG data, the spherical model of the 
volume conductor offers a good approximation (see also 
PETERS and DE Mt;NCK (1990))�9 The distance of the centre 
of the modelling sphere from the measurement plane amounts 
to 30 ram: this value was found to be realistic for the cortex of 
the rabbit�9 The calculation of the magnetic field strength is 
accomplished according to the formulas given by STOK 
(1986). 

For the computer simulation, the centre of the source region 
is placed 12.8 mm below the measurement plane�9 Its spatial 
extension is t0 x 10 mm horizontally and 3.5 mm in a vertical 
direction. The distance of the surface of the sphere from the 
top of the source region is assumed to be 1 mm. 

During the study of the resolution of sources, the source 
region is subdivided into horizontal slices of 0.5 nun thick- 
ness, respectively. Each slice consists of 400 voxels. 

A finer segmentation of the source region is necessary for 
studying the certainty of location. Then, the thickness of a 
slice amounts to 0.1 ram. Conversely, the horizontal extension 
can be reduced to 3 • 3 ram, so that the number of the voxels 
in each slice is 900. In the source analysis, the filter coeffi- 
cients are computed for the centre of each voxel. 

To generate simulated MEG data by means of discrete 
source models, i.e. single or multiple current dipoles, magnetic 
fluxes through the gradiometer coils are calculated. Further- 
more, white noise is superimposed as noise signal onto these 
fluxes according to a given signal--noise ratio (SNR); we relate 
the SNR to the maximum, absolute amplitude of the undis- 
turbed B field�9 

gr~orne~rs  
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7 elaannel~ 21 r 35 chtmnels 
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Fig. I (a) Schematic representation of the seven-channel measure- 
ment system used. with spherical volume conductor and 
reference-system axes. The reference-system origin is deter- 
mined by point on the sphere surface nearest to the measure- 
ment plane. (b) Positions of pick-up cois of seven-channel 
system and simulated 2l- and 35-channel systems 
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In the case of noisy ~ G  data, the resolution of  adjacent 
current dipoles depends greatly on the relationship between 
the temporal courses of  the dipole moments. For linearly 
dependent sources the resolution clearly decreases. On the 
other hand, the knowledge of the exact temporal course of the 
moment of a real dipole source is not so important with respect 
to the resolution of sources. Therefore, in our studies we need 
not simulate the biphasic course of epileptical spike activity 
exactly. As the aim of this work is to deal with the resolution 
of two independent sources we have chosen two orthogonal 
harmonic functions. These functions cover one and two 
periods, respectively, in the interval analysed (duration of 
the interval = 128 time points). 

The algorithm of the spatial filter was developed with the 
aid of a PC and is programmed in Microsot~ C language, 
version 7.0. 

3 R e s u l t s  

To examine the accuracy of source location obtainable 
using eqn. 3, the algorithm in eqn. 4 is applied. The magnetic 
field is generated by an equivalent dipole. This is placed 2 mm 
beneath the surface of the sphere, with tangential orientation. 
The co-ordinates associated with maximum filter response are 
interpreted as the estimated position of the current dipole. By 
repeated simulation (100 times), information about the accu- 
racy of location denoted by mean value and standard deviation 
of the spatial co-ordinates is obtained. The result of this 
estimation, which is dependent on the number of channels 
and the SNR, is demonstrated in Fig. 2. The bias of estimation 
is small, i.e. the position of the current source is correctly 
estimated. The uncertainty of a single estimation of the x- 
coordinate of the source location, on the basis of  a seven- 
channel system and an SNR of 5 : 1, is found to be 0.2 mm. 
This quantity is nearly twice as much for the z-coordinate. By 
means of a 21- and a 35-channel system, respectively, and the 
same SN'-R of 5 : 1, the reduction of this inaccuracy for both x 
and y is small. 

In Fig. 3, an instantaneous view of the filter response (eqn. 
3) to a magnetic field (SNR=50:  1) is shown. This field is 
generated by two independent current dipoles placed along the 
y-axis with a distance of 4 mm and oriented parallel to the x- 
axis. The location of both sources is exactly reflected in the 
plane of the sources (middle plane). However, in the slice 
above the source plane, the sources seem to diverge and, in the 
slice below the source plane, they seem to converge. This is 

35 channe~ 
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- 2  | = ~, 
,0"2 ~; -2-4 
-0 .4  ~ . . . . . .  
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21 cbmmeJs 

-0"2 ~" "2"4 
-0-4 j '  " 

5 10 20 50 5 1'0 - . . . . .  20 5s 
SNR SNR 

7 d r ~ n r ~ s  

~ T !" 
-0"4 . . . . . .  

5 10 2O 5O 5 I 0  2O 50 
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Fig. 2 Representation of  accuratT (described by estimated x- and 
�9 z-co-ordinates and their standard deviations s= and s~) o f  

locating a single dipole source, having local co-ordinates [0, 
1, - 2] and orientation [1, O, O? against SNR and the number 
of  channels (s r < 0.1 ram). Number of  trials= lO0. 

Fig. 3 instantaneous filter response of  two current dipoles calcu- 
lated according to eqn. 3 in three horizontal planes o f  the 
source region. The dipoles are at a distance o f  4 mm and 
have co-ordinates o f  [ - L  - L  -1.7 and [ - t ,  3, -1],  
respectively, and the orientation [1, O, 0]. The source plane 
is at a depth o f  1 ram. �9 (a) depth=O.5m; 
(b) depth = 1.0 ram; (c) depth = 1.5 mm 

owing to the disturbance of the 'measured magnetic field' by 
noise. Thus, if  the depth is unknown, the assignment of the 
sources to a certain depth and also their location in a 
horizontal plane are impaired. Therefore, eqn. 5t  is used to 

t Matrix Q from eqn. 5 differs principally from the (2,2) matrix of 
GREENBLATT (1993) for a spherical volume conductor. Greenbtatt has 
introduced a projection measure for a rotating dipole that is used as 
a weighting factor in the inverse problem of the current dipole field. 
Unlike this author, using eqn. 5, we formulate a means of calculat- 
ing the projection measure of the summed-up field of two locally 
separated dipoles. 
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resolve closely adjacent sources instead of the filter eqn. 3. 
The analysis is performed on the basis of  a source model 
consisting of two current dipoles. For this model, typical two- 
dipole arrangements are selected by which different results for 
the problem of resolution are to be expected. 

Both dipoles have local coordinates [.-0.5d, 1, - 2 ]  and 
[0.5d, 1, - 2 ]  (case 1); [0, -0 .25d,  - 2 ]  and [0, 0.75d, - 2 ]  
(case 2); or [0, !, 0.Sd - 2] and [0, 1, - 0 . 5 d  - 2] (case 3); 
i.e. the straight line between the sources is parallel to one of 
the axes of the co-ordinate system. The vectors of current 
dipoles lie in a horizontal plane, and the amplitude of their 
moments amounts to unity. The distance between the dipoles 
is denoted by d. Furthermore, in all cases, both dipoles of the 
source model have orientations parallel to the x-axis. We term 
the arrangement of  the dipoles linear for case I, and parallel 
for case 2 or case 3. Accordingly, the matrix underlying eqn. 5 
is calculated with the constraint that the probe dipoles are 
oriented in parallel. 

The location analysis of a magnetic field generated by the 
two-dipole source for d = 2 mm is carried out. For this 
purpose, we define a parameter d by d' = [trill, the parameter 
d being the dipole distance of the probe dipoles from each 
other (for fi, see explanation for eqn. 5). For fixed d', eqn. 5 is 
evaluated at each point of  the source region, as described in 
Section 2.1. Then, the maximum o f M  o , o ~ ,  ?t) for fixed d' is 
noted. Further, for d', a range of 0--4 mm in steps of 1 mm is 
chosen. Thus, the maximum value depending on d' is studied. 
Ultimately, the d' that yields maximum Mo,.o~(k, fi) is chosen 
as the estimated d. 

As seen from Fig. 4, the course of Mo,,o2(7, fi) differs only 
slightly for d' =0 ,  I, 2, 3. However, within the ensemble of 
these four curves, one curve ( d = 2  ram) with maximum 
Mo,,o2('~, fi) is recognisabte. 

The certainty of  the estimated source model parameters 
(location and distance of the two dipoles) was examined by 
repeated calculations. In Fig. 5, the result of computation 
experiments for adjacent sources separated by d = 2 mm is 
shown for a 35-channel system depending on SNR. Here, as a 
result of examining cases 1 and 2, an optimum determination 
of the source model parameters is to be expected if the dipole 
sources are positioned along the y-axis (case 2 ,  Fig. 5b). Thus, 
for SN~R 1> 20:1, we obtain a standard deviation for d of 
0.5 ram. The situation is more unfavourable in the case of 
sources that are positioned along the x-axis (case 1, Fig. 5a). In 

1-055. 

1-050, 

1,045. 

E 
g 1~o. 

q~ 
"~ ~'0~' 
t x  

1-030' 

1 "025 

Fig. 4 

-~-s -1.o ~ : 5  o:0 ' o:~ ' ~:0 ,:s 
X-~XiS, mrn 

Location analysis, using eqn, 5 o f  registered field o f  r, vo 
current dipoles positioned at [ -  1, 1, - 2] and [1, 1, - 2] 
and oriented parallel to the x.axis against given distance 
parameter d ~. (see text). SNR = 50:1; channel number= 35~ 
The result q f  the analysis is represented for  the source plane 
along a straight line between both dipoles. (<>) d ~ = 0  ram; 
(--*-)  d'----lmm; ( + ) , d ' = 2 m m ;  (A) d ' = 3 m m ;  
( -* ' - )  d' = 4 mm 

10 20 50 100 ~0 20 50 100 

SNR a SNR 

-1 -1  . . . . . .  

Fig. 5 

10 20 50 100 10 20 50 ~00 
SNR b SNR 

Results of  repeated locating experiments (100 times) against 
SNR. Two generating parallel dipoles are separated by 
2 ram. The dipoles point in the x-direction. Channel 
number=35. (a) Position of  sources: [ - 1 ,  1, - 2 ]  and [1, 
I, --2]; the resuh o f  locating is described by the estimated 
mean distance d of  the dipoles, the estimated mean x-co- 
ordinate o f  the dipole pair and the standard deviations s d 
and s r For sy and s~ values < 0.2 mm were found. (b) 
Position o f  sources: [0, -0 .5 ,  - 2 ]  and [0, 1.5, - 2 ] ;  the 
result o f  locating is described by the estimated mean distance 
d o f  the dipoles, the estimated mean y-co-ordinate o f  the 
dipole pair and the standard deviations s d and sy. For s x and 
s~ values < 0.2 ram were found 

that case, an SNR >~ 50:1 is required to obtain the same 
certainty for d as in case 2. In case 3, where the sources are 
positioned along the z-axis, the determination of d appears to 
be still more uncertaitl. SNR >1 100 : 1 is then necessary to 
obtain a certainty for d similar to that in case 2, for 
SNR i> 20 : 1. 

Further, to check the power of  resolving two sources (we 
restrict ourselves to case 2), a measure F according to the 
formula eqm 6 is proposed 

F = El - x2 n2 (6) 
~2 nt -- n2 

where X l is the residual sum of squares obtained on the basis 
of  a single dipole model, and E2 is the residual sum of squares 
on the basis of a two dipole model; n~ and n 2 are the respective 
degrees of freedom+ +. In Fig. 6 F-histograms for various SNRs 
derived from 1000 samples for each curve are shown. The 
solid lines result from F-calculations using simulated mea- 
surements generated by a single dipole, whereas the broken 
lines result from measurements generated by two dipoles 
separated by 2 mm. As mentioned above, for SNR=2 0 :  1, 
the standard deviation of d is small (0.5 mm). However, Fig. 
6a indicates a poor resolution. This resolution has clearly 
improved for S N R = 3 0 : I  (Fig. 6b). From this finding we 
conclude: 

(i) for F i> 9.1 calculated, the two parallel dipole sources can 
be considered to be separable with an ~-error ~< I% 
(ii) assuming F < 9.1 calculated and SNR >~ 30:1, the resolu- 
tion of the two sources canbe rejected with a t-error ~< 7.5%, 
if the distance d of the actual sources is >i 2 mm. 

4 Discussion 

Simulation by current models is perfomaed throughout with 
current dipoles oriented in the horizontal direction. This 
orientation was chosen because, in a volume con~ctor  with 

The measure F formally corresponds to the F-statistic in the least 
squares technique |WINER, 1971), The souroe amplitudes at each 
time point are calculated by linear regression for a set of source 
co-ordinates and orientations found by spat{el filtering, 
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F-histograms for resolution of two independent dipole 
sources with aid of spatial filter method (eqn. 5). Dipole 
sources are placed along straight line parallel to y-axis at 
depth o]'2 ram; positions of current dipoles: [0, -0.5, -2]  
and [0. 1.5, --2], orientations parallel to x-axis; number of 
channels: 35; total sample number of each histogram: 1000. 
(a) SNR=20:I; (b) SNR=30:I; (c) SNR=50:I. (- - -)F- 
histogram calculated for single dipole generator; peak 

frequency values: (a) 152; (b) 159; (r 176. (--)F-histogram 
calculated for two generating dipoles (d = 2 ram). 

a spherical shape, radial dipoles do not contribute anything to 
the external magnetic field. Conversely, in the cerebral cortex, 
intracellular currents are mainly oriented perpendicular to the 
cortical surface. For a detailed investigation of  intracortical 
neuronal processes during epileptiform spike generation the 
rabbit brain is favourable. The cortex is smooth and unfolded 
(lissencephalic), but with parts (medial eingulate cortex) 
arranged tangentially to the brain surface. Hence, to realise 
the generation of  tangential current components, the injection 
of  penicillin is implemented at the medial cingulate cortex of  
the rabbit. 

In comparison with the location of  a single source, the 
spatial resolution of  closely adjacent and equally oriented 
current sources requires a significantly higher quality of  
measurement. This quality mainly depends on the SNR. The 
best resolution is found if the current dipoles are parallel, in a 
horizontal plane (case 2). I f  the current dipoles are linearly 
arranged (case I) the resolution deteriorates. This can be 
explained by the fact that, even with a greater distance 
between the sources, the measured magnetic field may be 
identical to that o f  a single equivalent dipole. Then, the 
temporal course of  the moment of  this dipole is constituted 
by the sum of  the dipole moments of  the individual sources at 
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each instant. In the case of  vertically arranged sources (case 
3), a further deterioration of  resolution is to be observed, as 
with the uncertainty of  the z-co-ordinate of  a single dipole. 

Parallel or antiparallel current dipoles are relevant source 
models in the cerebral cortex of  the species of  current interest 
(rabbit). In other species with a folded cortical surface (gyren- 
cephalic brain, e.g. the human brain), other arrangements 
might be of importance that are different from the parallel 
orientation of the dipoles. 

The strategy of  resolution of sources on the basis of  a pair of  
dipoles as a probe unit significantly differs from the common 
practice of spatial filtering with a single dipole probe. It 
enables us to resolve closely adjacent sources and to determine 
their parameters quantitatively. 

To summarise, we can derive the following from the 
preceding theoretical investigations: 

(i) Location of a single current source by means of  a spatial 
filter may be feasible with an accuracy of < 0.5 mm, provided 
that an SNR of  5:1 can be obtained by averaging individual 
measurements. 
(ii) The resolution of adjacent sources is sensitive to the 
mutual location of  these sources and their orientation. 
Although the results of  SVD might suggest the existence of  
several sources, a reliable identification of  these sources is 
only ensured for SN~ > 20:1. Thus, for a parallel arrangement 
of  two independent current dipoles lying in a horizontal plane, 
a resolution of 2 mm is found for an SNR of  30:1. 
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Appendix 

Between the vector of  the dipole moments q =  
(ql, q2.- .  q,n)r of  m fictivr current dipoles qt(i = 1 . . .  m) in 
the source re#on and the external, undisturbed magnetic 

induction B = (Bt, B2.- .  B~) r, which is generated by these 
dipoles and registered in n pickup coils of  a magnetometer, the 
linear relationship 

(7) 

holds, where the elements l , /of  the matrix L are the response 
of  the pickup coil i to the dipole j with unity dipole moment. 

According to eqn. 7, the vector space of  B is spanned by the 
eohmm vectors of  L. Instead of  L, we introduce a new, 
orthonormal basis U, which is obtained by spectral decom- 
position of  the matrix L according to L = UDQ r, with the 
orthonormal matrices U(n, m) and Q(m, m), n > m and the 
diagonal matrix D. 
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