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ABSTRACT

We have developed a method suitable for reconstruct-
ing spatio-temporal activities of neural sources using
MEG data. Our method is based on an adaptive beam-
former technique. It extends a beamformer originally
proposed by Borgiotti and Kaplan to a vector beam-
former formulation in which three sets of weight vec-
tors are used to detect the source activity in three or-
thogonal directions. The weight vectors of this vector-
extension of the Borgiotti-Kaplan beamformer are then
projected onto the signal subspace of the measurement
covariance matrix to obtain a final form of the proposed
beamformer’s weight vectors. Our numerical experi-
ments demonstrated the effectiveness of the proposed
beamformer.

1. INTRODUCTION

Among the various kinds of functional neuroimaging
methods, the major advantage of magnetoencephalog-
raphy (MEG) is its ability to provide fine time resolu-
tion in order of milliseconds [1]. Neuromagnetic imag-
ing can thus be used both for visualizing neural activi-
ties across different regions as well as for providing in-
formation about brain dynamics. For successful use of
this technology, efficient algorithms for reconstructing
spatio-temporal source activities need to be developed.
In this paper, we explore the possibility of applying
a class of techniques called adaptive beamforming to
spatio-temporal reconstruction of the neural-source ac-
tivities.

Adaptive-beamforming techniques were originally
developed in the fields of array signal processing [2],
and has already been applied to the MEG /EEG source-
localization problems [3][4][5]. In these applications,
however, the reconstruction of source activities at
each instant in time was not emphasized; instead, a
time-averaged reconstruction of the source activities
was obtained. In this paper, we develop a beam-
former technique suitable for reconstructing source ac-
tivities at each instant in time, thus enabling the
four-dimensional spatio-temporal reconstruction of the

source activities. Our proposed beamformer is based
on a vector extension of the Borgiotti-Kaplan beam-
former [6], further extending the basic formulation to
incorporate the eigenspace projection [7]. The results
of our computer simulations demonstrate the superi-
ority of the proposed method over the previously pro-
posed methods.

2. METHOD

2.1. Definitions and problem formulation

Let us define the magnetic field measured by the
mth sensor at time ¢ as b, (t), and a column vector
b(t) = [b1(t),b2(t),... ,bm(t)]T as a set of measured
data where M is the total number of sensors and the
superscript 7" indicates the matrix transpose. A spatial
location (z,y, z) is represented by a three-dimensional
vector r: 7 = (x,y, 2z). The source moment magnitude
at r and time ¢ is defined as a three-dimensional vector
s(r,t). We define the lead field vector for the jth sen-
sor as Lj(r) = [I3(r),l{(r),l5(r)]. Here, l(r), l§(r),
and I%(r) are the jth sensor readings caused when a
single source exists at r with the unit moment directed
in the z, y, and z directions, respectively. This lead
field vector 1;(r) represents the sensitivity of the jth
sensor. We define the lead field matrix, which repre-
sents the sensitivity of the whole sensor array, as L(r)
where its jth row is equal to ;(r).

Using these definitions, the relationship between the
measured magnetic field and the source moment is ex-
pressed as

b(t) = / L(r)s(r, t)dr. (1)

The problem of the source localization is the problem
of obtaining the reasonable estimate of s(r,t) from the
array measurement b(t).

2.2. Vector-minimum-variance beamformer

A vector beamformer technique estimates the source
moment by applying the following simple linear opera-



tion,
3(r,t) = WT(r)b(t). (2)

Here, 3(7,t) is the source moment estimate. The ma-
trix W consists of three column weight vectors,

W = [wz,w‘y;wz]; (3)

where the weight vectors, w,, w,, and w;, respec-
tively, detects the z, y, and z components of the
source moment s(r,t), hence a “vector” beamformer.
A minimum-variance beamformer can be extended to
this vector form by imposing the following constraints
on the weight vectors [3][4],

wily(r) =1, wily(r)=0, w;l(r)=0,
wyle(r) =0, wyle(r) =1, wyle(r) =0,
wll,(r) =0, w/l(r)=0, wll(r)=1 (4

The weight vectors can then be expressed as

[wywy, wl]= Ry L(r)[L" ()R, L(r)] " [fs, fy, £:],

(5)

where f, = [1,0,0]7 £, =[0,1,0]7, and f, = [0,0,1]7.

We encounter two serious difficulties when using this
beamformer for spatio-temporal reconstruction of neu-
ral activities from actual MEG/EEG data. First, the
beamformer output has erroneously large values near
the center of the sphere used for the forward calcula-
tion. This is because ||L(7)|| becomes very small when
r approaches the center of the sphere. Second, the
output of this beamformer is significantly noisy and its
performance is very sensitive to errors in calculating the
lead field matrix. In the following section, we propose
a beamformer that is free from these two problems.

2.3. Formulation of the proposed beamformer

A two-step procedure is involved in the derivation of
the proposed beamformer weight vectors. In the first
step, the weight vectors are derived from the following
constraints,

wywy =1, wily(r) =0, wil(r)=0,
wflz(r) =0, wyT'wg =1, 'wyle r) =0,
wll,(r) =0, wil,r)=0, wiwl=1 (6
The resulting weight vectors are expressed as
R,'L(r)[L" (r)R, ' L(r)]?
v, = B LOE ORI O,

Vi 2f,

where u = z,y, or z, and

2=[L7(R; L] !
L7 R, LL ()R, )]

We define e; as a eigenvector corresponding to a signal-
level eigenvalue of Ry, and a matrix Eg as the matrix
whose columns consist of the signal-level eigenvectors
such that Es = [e1,...,ep]. In the second step, the
final weight vector for the proposed beamformer, w,,
is derived by projecting the weight vector w, onto the
signal subspace of the measurement covariance matrix,

w, = EsEfw,. (8)

The projection onto the signal subspace using the
above equation, however, cannot preserve the null con-
straints imposed on the orthogonal components in (6)
[8]. Nevertheless, the proposed beamformer obtained
using Eqs. (7 — (8) can detect the three components
of the source moment even though the null constraints
are not preserved, as shown below.

Let us assume that a single source exists at . Then,
the magnetic field b(t) is expressed as b(t) = [l (r)+
Nely(r) + n:l.(7)]s(t), where [nz,ny,n.] expresses the
orientation of this source, and s(t) is its moment time
course. Then, the estimated x component of the source
moment, §,(t), is obtained using

3,t) =wIbt) =wlEsEY
(N2l (r) + nzly(r) +n:l.(r))s(t). (9)

Because the vector (1,1, (r) + 1zly(r) + n.l.(r)) is in
the signal subspace, the relationship,

ESEg (nola(r) + 12ly (r) + 1:22(r))
= Malz(r) + nzly(r) +n:l:(r)), (10)

holds, and, thus, we finally get

82 (t) = wg (nola(r) +maly (r) + 1212 (r))s(t)
x ngs(t). (11)

We can also obtain §,(t) = 11151 b(t) o« mys(t) and
5.(t) = wIb(t) ox m,s(t) in exactly the same man-
ner. Thus, the eigenspace-projection beamformer in
Eq. (8) can detect the three components of the source
moment, even though the null constraints are not pre-
served. This beamformer improves the output SNR
without sacrificing the spatial resolution. Qur numer-
ical experiments will show that the eigenspace projec-
tion is almost essential to obtain the source-activity
reconstruction at each instant in time.



2.4. Extension to a prewhitened eigenspace-
projection beamformer

In real-life situations, MEG data usually contains in-
terference arising from background brain activities. Of-
ten, such activities overlap the signal activities of inter-
est, and make the interpretation of source-estimation
results difficult. Such interference is known to cause
spatially non-white noise in neuromagnetic measure-
ments, and if the information on the noise covariance
matrix is available, the influence of the interference can
be significantly reduced by using the spatial prewhiten-
ing technique [9].

The extension from the eigenspace projection beam-
former to a prewhitened eigenspace projection beam-
former is straightforward. Let us define the noise co-
variance matrix as R,,. Let us also denote A; and €}, re-
spectively, as an eigenvalue and a corresponding eigen-
vector obtained by solving the generalized eigenvalue
problem,

The signal subspace projector ESEZ: can then be ob-
tained using the matrix E’S = [e1,€2,...,ep]. The
prewhitened eigenspace beamformer weight can be ob-
tained using

~ ~T ~ T ~ T
Wy = EsEgw,, wy = EsEgwy, andw, = EsEgw,.
(13)

3. NUMERICAL EXPERIMENTS

We conducted numerical experiments to show the ef-
fectiveness of the proposed beamformer. A coil align-
ment of the 37-channel Magnes™ biomagnetic mea-
surement system (Biomagnetic Technologies Inc., San
Diego) was used for these simulations. Three sources
were assumed to exist on a plane. Here, the first and
second sources were the sources of interest, and the
third source was considered background interference.
The coordinate system and the source-sensor config-
uration are depicted in Fig. 1. The source moment
time-course of the three sources are also shown in this
figure.

The results of the spatio-temporal reconstruction ob-
tained using the previously-proposed vector minimum-
variance beamformer in Eq. (5) are shown in Fig. 2.
Here, to avoid the artifacts caused by the variation of
[|L(7)||, the normalized lead field is used [4]. Contour
maps in the left-hand side indicate the distributions
of the source-moment magnitude |§(¢)| on the source-
existing plane at the three time instants of 220, 268,
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Figure 1: Source-sensor configuration and source time
courses assumed in the numerical experiments

and 300 ms. The estimated time courses at the pix-
els nearest to the three source locations are shown in
the right-hand side. These results show that the spatio-
temporal reconstruction obtained using the weight vec-
tors from Eq. (5) was significantly noisy.

The results of the application of the proposed beam-
former to the same computer-generated data set are
shown in Fig. 3. These results show that this beam-
former technique not only improves the SNR consider-
ably but also improves the spatial resolution. We also
applied the prewhitened eigenspace-projection beam-
former of Eq. (13) to test its effectiveness in removing
the influence of the background activity. The noise
covariance matrix was calculated using the computer-
generated data in the prestimulus time window from
—300 ms to 0 ms. The results are shown in Fig. 4.
These results clearly show that the influence of the
third source was removed, and demonstrate the effec-
tiveness of the proposed prewhitened beamformer.
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Figure 3: Results of the source reconstruction experi-
ments for proposed vector beamformer technique.
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