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Abstract—A method for the determination of electrical
activity inside a human brain using magnetoencephalography
(MEG) data is considered. A multiply current dipole model is
employed to describe the electric currents distribution inside
the brain. The standard boundary integral equation is used to
generate the data when solving the direct problem. The
locations of the dipoles are reconstructed using a genetic
algorithm combined with the Levenberg-Marquardt method,
and the orientations of the dipole at each time point are
determined using a “locally optimal dipole" concept. A new
iterative approach for determining the optimal orientations
(fixed for the time span) and transient behaviors of the dipoles
is proposed. The reconstruction results using the proposed
approach are compared with those of the standard " “singular
value decomposition method" in respect to the stability to
noise in the input data. It is found that the new approach is
considerably more stable to the noise (compared with the
standard one), especially when the noise is big.

Keywords—MEG, current localization,

dipoles, genetic

algorithm

1. INTRODUCTION

Magnetoencephalography (MEG) [1] is a noninvasive
method for tracking the electrical activity inside the brain
by measuring the magnetic field outside the head. A
simplified multiple current dipole model is usually
introduced to describe the underlying currents distribution.
The locations, the orientations and the transient behaviors
of the dipoles can be determined with the simulated
annealing if one applies the algorithm separately for each

time point. However, in practice, it can be a very time

consuming task, especially if the number of the time points
is large. Furthermore, the noise in the measured data may
lead to fluctuations in the reconstructed dipole locations
and orientations, and, thus, the goal of the optimal
"average" locations, orientations and transient behaviors of
the dipoles may not be achieved. However, if the locations
of the dipoles are truly fixed, their vector dipole moments
can be determined for each time point separately using the
calculated lead field matrix and the measured magnetic
fields through a simple least-squares fit [2, 3]. This
approach is referred to as the concept of a "locally optimal
dipole". The determination of the locally optimal dipoles
for a fixed location from the magnetic fields themselves
considerably reduces the total computation time, since the
parameters to be determined in the optimization process are
now only the locations of the dipoles.

Using the "locally optimal dipole" concept, Uutela et
al. in [3] present a variant of the genetic algorithm, which
successfully solves this reconstruction problem over the
whole time span within a single optimization effort.
However, the rank-one approximation proposed in [3] for
the determination of the "optimal" orientations and the time
behaviours of the dipoles over the whole time span may not
work well if the noise in the input data is big. In the present
paper we develop an alternative approach, which finds the
solution in an iterative manner, and which we expect to be

more stable to the noise.

II. Method

In this section we present a method which finds the
orientations (fixed over the whole time span) and transient

behaviors of the dipoles, which provide the best fit for the
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matrix of the measured magnetic fields B, i.e. minimize the

following objective functional:
F(M, 4)=| B~ LMA|; (1)

where the matrix L is the lead field, matrix A describes the
transient behavior of the dipoles, and the matrix M describes
the time-invariant orientations of the dipoles and has the

following structure

M, @)

Ny
where ny is the number of the dipoles and the 3x1 unit
vector M, is the orientation of the m-th dipole.

For simplicity, we present the method for determining of
M and A with two dipoles, although it can be easily
generalized for a larger number of the dipoles. For the two
dipole case, the matrix L consists of two n.x3 matrices L;
and L, (n.is the number of the censors), which correspond
to the first and the second dipole, respectively. If the fields
B and the matrices L; and L, are known (in the present
paper we calculate them using lead field approach), one can
calculate the matrices M and A which minimize (1) using
the following step-by-step algorithm:

Step 1. One estimates first the amplitudes of the dipoles for
each time moment. Using the given matrices B and L, and

the equation introduced in[2]
Qopt — (LTL)—ILB (3)

to find the matrix Q. Each 6 x1 column of Q°" consists of
two 3 x1 vectors which describe the vector dipole moment
of the first and second dipoles, respectively. We take the
norms of these dipoles as the first estimate A‘Y of the
dipoles' amplitudes. Note, that although these vector dipole
moments are fitted optimally with respect to the measured
magnetic fields B (i.e. they minimize (1)), their orientations
are not time-invariant.

Step 2. On this step, one finds an estimate for the dipole
orientations fixed for the whole time span. For an arbitrary

time point t, one can obtain the magnetic field using
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following form: (for simplicity, the noise component is
dropped):

(k) _ (k) (k)
B =LM A" +L,M,A4, O]

where the superscript k means that only the k™ column of

each matrix is taken, the 3 x1 vectors M: and M:
describe the orientations, and the scalars Al(k) and Aék) the

amplitudes of the first and second dipoles, respectively. If

one builds such a system of equations for each k, there will
be totally 7, Xn, (n;is the time point) equations with only
six unknowns. Then one immediately calculates the first
estimate for the dipoles' orientations M 1(1) and M él) by a
simple fit of the obtained system of equations. Since, usually,
n,Xn, >>3n,, this problem is strongly overdetermined

and one may expect the estimate of the orientation to be

very stable against the noise in the input data B. Although
the vectors M 1(1) and M él) are expected to be close to unit

vectors, their norms can be slightly different from the unity
due to the approximations (but not the true values) used for

A1 and A: . Thus, we will use the normalized estimates

o _MP
M, ) =M MO on the next step. Note, that it is
1
not necessary to adequately correct the amplitude estimates
A: and A: (to obtain the best fit for (4)), since only the
estimates of M 1(1) and M ;1) will be used on the next step.

Step 3. On this step we improve the solution for the
of the

dipole orientation determined on Step 2. Let us denote

dipoles' amplitudes using the estimates M; and M:

H =LM i(l) Then (4) can be written in the following
form:

B=H 4 +H,4, 5)
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TABLE 1
x/ mm y/ mm z/ mm |Ar|/ mm
Dipole 1 True values 32 24 -46
Rec. using clean data 31.8 24.1 -46.0 0.8
noisy data. SNR=20dB 33.1 23.8 -45.7 1.2
noisy data. SNR=10dB 32.1 24.2 -46.0 0.4
Dipole 2 True values -32 24 -46
Rec. using clean data -32.2 24.0 -45.9 0.2
noisy data. SNR=20dB -33.7 23.6 -45.6 0.9
noisy data. SNR=10dB -32.7 23.6 -46.7 1.1
TABLE 1L
M My M, |AG |
Dipole 1 True balues 1 0 0
Rec. using clean data 0.999 0.020 -0.034 2.2°
noisy data. SNR=20dB SVDM 0.999 -0.003 -0.016 1.0°
noisy data. SNR=20dB TA 0.999 -0.010 -0.006 0.72°
noisy data. SNR=10dB SVDM 0.986 0.110 -0.122 9.0°
noisy data. SNR=10dB 1A 0.998 0.044 -0.052 3.9°
Dipole 2 True balues -1 0 0
Rec. using clean data -1.000 -0.007 0.007 0.6°
noisy data. SNR=20dB SVDM -0.997 -0.046 -0.068 4.7°
noisy data. SNR=20dB 1A -0.999 -0.015 0.028 1.8°
noisy data. SNR=10dB SVDM -0.961 -0.154 -0.231 16.2°
noisy data. SNR=10dB TA -0.992 0.069 0.107 7.3°

and one can immediately find the improved estimate of the
dipole amplitudes from the above equation by a simple fit.

A further improvement of the solution (M and A) can be
achieved if one repeats Step 2 and Step 3 a number of times.
In our numerical simulations we apply Step 1 - 3 and then
repeat Step 2 one more time, which is normally enough for
the algorithm to converge even if the noise is big. For
convenience, we will hereafter refer to the presented

algorithm as the Iterative Approach (IA).
III. RESULTS AND DISCUSSION

In this section we present the reconstruction results for the
two dipoles case using clean and noisy data, and compare
the stability of the IA and singular value decomposition
method (SVDM)[2] against the noise in the measured
magnetic fields B.

As a numerical example, the locations and orientations of
the dipoles are given in Table 1 and the dipole moments as
functions of time are given
as O, =Q,sin(27z fit)exp(—50¢) The magnetic fields are

generated using SBEM at the n=41 uniformly distributed
time points over the period tE[0, 0.1s], and "measured" at
the n.=74 space positions almost uniformly distributed over
the both sides of the parietal part of the brain. The surface of
the brain is obtained from a MR picture of a real patient
head.

To generate noisy data we add Gaussian noise (with the
zero mean value) to the matrix of the generated magnetic
fields B. We test our algorithm with two typical signal-to-
noise ratio (SNR): 20 and 10 dB.

The reconstructed locations and orientations of the
dipoles using clean data are given in Table 1 and Table 2,
respectively (the angle |[AB| in Table 2 shows the deviation

of the corresponding reconstructed orientation from the true

one and |Ar|=r, —r

m

, where 7, and I’n:ec are the

locations of the true and reconstructed m-th dipole,
respectively)).

From these figures one sees that the reconstruction error
does not exceed 1.2 mm for all the cases, and, thus, one may

consider the reconstruction of locations of the dipoles as
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acceptably stable against the noise in the input data. The

results of the decomposition of the final matrix Q. by

SVDM and IA into vectors M, and A, (where m=1,2) are

given in Table 2. One sees that the reconstructed
orientations have approximately the same error for the both
SVDM and IA when the noise is small (SNR=20 dB). If the
noise is big (SNR=10 dB), the reconstructed orientations
have smaller errors for IA compared with SVDM. The loss
of the accuracy for SVDM may be explained by the loss of

the information contained in the smaller singular values of
the decomposed matrix Q:;p "1, which have been neglected

in the rank-one approximation.
IV. CONCLUSION

In the present paper we have considered a method for
determining the locations, orientations, and the transient
behaviors for dipole sources inside a human brain by using
MEG data. The data has been generated using a standard
boundary integral equation method, whilst the inverse
problem has been solved with the direct solver using a fast
"lead field approach". The locations of the dipoles have been
reconstructed using a genetic algorithm combined with the
Levenberg-Marquardt method. A concept of a "locally
optimal dipole" has been used to determine the orientations
of the dipole at each time point. If the orientations of the
dipoles are truly fixed for a time span, the optimal
orientations and transient behaviors of the dipoles have been
determined wusing both a standard ‘"singular value
decomposition method" (SVDM) and a new approach which
solves the problem in an iterative manner (IA). The
comparison between the reconstruction results obtained
using both methods has shown a superiority of IA over

SVDM, especially if the noise is big.
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