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Reconstructing Spatio-Temporal Activities of
Neural Sources Using an MEG Vector Beamformer
Technique

Kensuke Sekiharg®™ember, IEEESrikantan S. Nagarajan, David Poeppel, Alec Marantz, and Yasushi Miyashita

Abstract—We have developed a method suitable for recon- model has successfully been applied to neuromagnetic data, we
structing spatio-temporal activities of neural sources by using cannot rely on ECD modeling when the source is distributed

magnetoencephalogram (MEG) data. The method extends the o \yhen no information on the spatial extent of the source is
adaptive beamformer technique originally proposed by Borgiotti available

and Kaplan to incorporate the vector beamformer formulation in ) .
which a set of three weight vectors are used to detect the source Another approach for spatio-temporal reconstruction is based
activity in three orthogonal directions. The weight vectors of the on the linear estimation method [4]; it assumes voxels in the re-
vector-extended version of the Borgiotti-Kaplan beamformer construction region and attempts to estimate the moment of a
are then projected onto the signal subspace of the measurementg, ,ce gssigned to each voxel by using least-squares fitting. Al-
covariance matrix to obtain the final form of the proposed . .
beamformer’s weight vectors. Our numerical experiments show though t_h's approach 9'095 notimpose any models on the newo'
that both spatial resolution and output signal-to-noise ratio of the magnetic source, a naive form of such an approach has a serious
proposed beamformer are significantly higher than those of the problem in that the estimation becomes severely ill posed. This
minimum-variance-based vector beamformer used in previous is because the number of voxels generally reaches, at least, a
investigations. We also applied the proposed beamformer to tWo fe\y thoysand, so several thousand parameters need to be esti-
sets of auditory-evoked MEG data, and the results clearly demon- .
strated the method’s capability of reconstructing spatio-temporal mated fr.om the measured data obtained at only qne to two hun-
activities of neural sources. dred points on the scalp surface. To reduce the influence from
: . . this ill-posed condition, an efficient method of constraining the
.Inde>.< Terms—Beamformer, blomagnetlsm,. functional neu- | t- Ut hould be d | d. This has b
roimaging, magnetoencephalography, MEG inverse problems, '€aSt-Squares solution shou € developed. 1his has been an
neuromagnetic signal processing. area of active research, and many kinds of investigations in this
direction have been reported [5]-[7].
In this paper, we explore the possibility of applying a class of
techniques called the adaptive beamformer to this reconstruc-
MONG the various kinds of functional neuroimagingion problem. The adaptive beamformer provides a versatile
methodologies, the major advantage of magnetoeigrm of spatial filtering suitable for processing data from an
cephalography (MEG) is its ability to provide fine timearray of sensors. Adaptive-beamformer-type techniques were
resolution of the millisecond order [1]. Neuromagnetic imagingriginally developed in the fields of array signal processing, in-
can thus be used to visualize neural activities with such a figkuding radar, sonar, and seismic exploration [8], and they have
time resolution, and to provide functional information abolteen already applied to the MEG/EEG source-reconstruction
brain dynamics [2]. Toward this goal, a number of algorithmgroblem [9]-[12]. In these investigations, the minimum-vari-
for reconstructing spatio-temporal source activities have beance beamformer, which is one of most popular adaptive
developed. Well-known approaches for this reconstructidi@amformer techniques, was modified to incorporate the de-
employ the model of the equivalent current dipole (ECD) [3}ection of three-dimensional (3-D) vector sources. Particularly,
which assumes a highly localized source. Although this ECD [9], [10], [12], a vector beamformer technique has been
developed on the basis of the minimum-variance beamformer;
the vector beamformer uses a set of three weight vectors for
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former. In Section IV, we apply the proposed beamformer toagnitude of a source locatedraand directed in the direc-
two sets of auditory MEG data. The results of these applicatiotien using the following linear spatial filter operation:
demonstrate its capability of reconstructing spatio-temporal ac-

tivities of neural sources. Throughout this paper, plain italics in- 3(r, m, t) = w? (r, nb(t) (3)
dicate scalars, lower-case boldface italics indicate vectors, and

upper-case boldface italics indicate matrices. wheres(r, 7, t) is the estimated moment magnitude. In (3), the
column vectow(r, i) represents a set of weights that character-
Il. METHOD izes the property of the beamformer. It should be pointed out that
according to (3), the power of the output noise due to the addi-
tive white noisen(t) is proportional to{jw’ n(t)|?) = o*w’w
- : wheren(t) is assumed to be the white Gaussian noisecenid
detector coil at time¢ as bn,(#), and a column VecCtor jiqyariance. Thatis, the power of the output noise is proportional

bt) = [bu(t), ba(B), ..., bu()]" as a set of measuredy,, 7, which is called the white noise gain for this reason.
data whereM is the total number of detector coils and the

superscripfl” indicates the matrix transpose. A spatial locatioB. Existing Beamformer Techniques for Reconstructing Neural
(z,y, 2) is represented by a 3-D vecter r = (z,y, ). Source Activities

A total of @ current sources are assumed to generate the - . . .
e ; 1) Minimum-Variance Distortionless Beamforme@ne
neuromagnetic field, and the locations of these sources are . . o .
well-known beamformer technique is the minimum-variance

A. Definitions and Problem Formulation
Let us define the magnetic field measured by thh

denoted a%;, 2, ..., rg. The moment magnitude of thgh . . . . X

source at tiri]et 2is defineQd ass,(1), and the S?ource mag'rﬁudemstomonless beamformer [14], in which the weight vector

vector is defined as(t) = [s (;1) 8 (t) so(®)]” w iS obtained by minimizingw” R,w with the constraint of
= 1 ; 52 s ey SQ .

w?ll(r,n) = 1. (Although the weight vector depends on the
pointing locationr, we omit the explicit notation of unless
this omission causes ambiguity.) This weight vector is

To express the orientation of thyth source, we define the an-
gles between its moment vector and #hg, andz axes ag (1),
pY(t), ands; (t), respectively. The orientation of théh source
is defined as a vectay, (t) = [nZ(t), n¥(t), n;(t)]*, where R-(r, m)
nk(t) = cos[B(t)] andy is equal tor, y, or » throughout this w(r,n) = = b _’1" .
paper. We define &2 x () matrix that expresses the orientations Ur, MR, U(r, n)
of all  sources a¥ such that

(4)

This minimum-variance beamformer is widely used in various
m 0 -0 signal-processing fields. One problem arises when we apply it

0 to reconstructing neural sources. That is, to calculate the beam-

= former weight by using (4), we must first determine the source

0 orientationn at eachr. This determination is not straightfor-
0 -+ 0 g ward, although a method have been proposed for this purpose
We assume in this paper that the orientation of each sourcél8]-

time independent. 2) Vector-Extension  of  Minimum-Variance  Beam-

The lead field vector for the. component of a source at former: Instead of estimating the source orientation and
is defined ad,,(r) = [l!(r), I5(r), ..., I*,(¥)]7. Here,l*, (r) Magnitude separately, the minimum-variance beamformer can

expresses the:th sensor output induced by the unit-magnitudee modified to estimate not only the source magnitude but also
source that is located atand directed in the: direction. We the source orientation. Such a beamformer simultaneously es-
define the lead field matrix a&(r) = [L.(r), I,(r), L(+)], timates the source moment in three orthogonal directions such
which represents the sensitivity of the sensor array. &he asz,y, andz. Let us denote the unit vectors in they, andz

lead field vector representing the sensitivity of a sensor arréifections, agf, f,, andf_, respectively, i.ef, = [1, 0, 0]",

in then direction atr is denoted a&(r, 1), which is calculated f, = [0, 1, 0]", andf. = [0, 0, 1]*. Let us also denote the

from(r, ) = L(r)n”. The composite lead field matrix for theweight vectors that estimatg.(t), s,(¢), and 5.(¢) as w.,

entire set ofR sources is defined as wy, andw.. Then, these weight vectors can be derived by the
following minimizations with multiple constraints:
L. = [L(r1), L(r2), ..., L(rq)]. @
The relationship betweds{t) ands(¢) is then expressed as min w; Ryw,
b(t) = (L ®)s(t) +n(t) (2) Subjectto

wil,(r)=1, wll,(r)=0, and wll.(r)=0,

x

wheren(t) is the additive noise. We define, for later use, the

covariance matrix of the measured magnetic field@gssuch min ngbwy
thatR, = ((b(t) — (b(t)))(b(t) — (b(¢)))T) where(-) indicat Wy
L, = ((b(t) — (b(t)(b(*) ~ (&(1)))") where(:) indicates _ . =

the ensemble average.

To estimate the source moment from the measured magnetic w,lz(r) =0, wi.l,(r) =1, and w,l.(r) =0,
field, we focus on the class of techniques referred to as abeam-
former [8]. The beamformer technique estimates the moment 5= Ryw.
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subject to
wil (r) =0, w!l,(r)=0, and wil (r)=1 (5 -
z T ’ =Y ’ z" ) "7 sensor array
-5
The minimum-variance beamformer with multiple linear con- — .
straints, referred to as the linearly constrained minimum-vari- ~ — VA third source
ance beamformer, is known to have the following solution [9], & .
[10]: ) , .
.15 Sy ‘3——~—5‘\
—1 / ~
[w,, w,, w.] = R, 'L(r) [LT ("R 'L(r)] & (6) Ve second source
WA=z e e

/s 0 5
where® is defined asb = [f,, f,, f.]. ¥ (cm)
Equation (5) indicates that, when estimating one of the
three orthogonal components of the source moment, Wig. 1. The coordinate system and the source-detector configuration used in

need to suppress the other two components This is becag}gé]umerical experiments. The coordinate origin was set at the center of the
; etector coil located at the center of the coil array. The cross sectiog=at.0

when estimating one f)f the three components,_ the other tWQnown. The circle shows the cross section of the sphere used for the forward
components behave like perfectly correlated virtual sourceslculation. The square shows the reconstruction region for the experiments

Therefore, without this suppression, considerable amouHtose results are shown in Figs. 3-6.

of signal cancellation should arise. By applying these null

constraints, however, we can avoid this signal cancellation, and TABLE |

the beamformer can detect the source moment projected i§OURCE PARAMETER VALUES USED FOR THENUMERICAL EXPERIMENTS
three orthogonal directions. Such a beamformer is referred to N SecTion il

as a vector beamformer.

first source

. : ber  locati fentati
There are two problems when applying (6) to actual Potiice e ocation (cm) oriemanon
MEG/EEG source reconstruction problems. First, the beam- 1 (1.0, ~0.5, ~5.9) (1.0, 0., 0.)
former output has erroneously large valut_es near thle center of 9 (10, 0.1, —6.9) (0.7, 0.7, 0.)
the sphere used for the forward calculation. This is because
|L(r)|| becomes very small when approaches the center of 3 (1.0, 0.8, —6.7) (L0, 0., 0.)

the sphere. To avoid the§d.(r)||-dependent artifacts, the use

of the normalized lead field matridL(r)/||L(r)|| has been

suggested [10], [12]. 1) Vector-Type Borgiotti—-Kaplan Beamformefhe vector-
Second, the performance of the beamformer in (6) is Veﬁ}tended BOfgiOtti—Kaplan beamformer is obtained by USing the

sensitive to errors in calculating the lead field matrix, when afRllowing constrained minimizations:

plied to the spatio-temporal reconstruction of the source activi-

ties [15]. This problem is known to be partly solved by replacing minw? Rw,

Rb_1 in (6) with its regularized invers@lR, +~1)~* [11], [12], W

[16], [17] where the parameter is the regularization param- Subject to

eter. Such replacement, however, is known to degrade the spa- wiw, =1, wll,(r)=0, and wll.(r)=0,

tial resolution, providing a tradeoff between the SNR and the 7

spatial resolution [11]. In the following section, we propose a 11w, Ryw,

beamformer that is free from this tradeoff and can attain an iEubject ;o

herently higher spatial resolution. wglm(r) _o, wgwy ~ 1. and wng(T) _o,

C. Formulation of the Proposed Method mianTwaZ

The proposed beamformer is formulated on the basis of thabject to
beaqurmer.developeq .by.B.orgiotti and .Kaplan [13]; it; weight w'l(r)=0, w'l,(r)=0, and w'w.=1. (7)
vector is derived by minimizings? R,w with the constraint of
w’w = 1. Because the Borgiotti-Kaplan beamformer has the _ _ )
unit white noise gain, the output power of the Borgiotti—KapIaWe first derive the expression faf,. Let us introduce a sgalar
beamformer is equal to the power of the signal normaliz&®nstant such thatw; 1. (r) = £ where¢ can be determined
by the power of the noise [13]. The weight vectors of thom the relatlons_hlpuf@m = 1. Then, the constrained opti-
proposed beamformer are derived by a two-step proceduféization problem in (7) is changed to
The first step extends the Borgiotti—-Kaplan beamformer to the
vector-type beamformer. The second step further extends this 1
vector-extended version of the Borgiotti-Kaplan beamformenminw? R,w, subjectto LY (r)w, =¢ |0 | =&f,. (8)
to an eigenspace-projected beamformer. e 0
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Fig. 2. (a) Time courses of the three sources assumed in the numerical experiments. Time courses from the first to the third sources are showntérom the to
the bottom, respectively. The time courses are shown for the time window between 0 and 400 ms. Each time course is normalized by its maximum value. Three
vertical broken lines indicate the time instants 220, 268, and 300 ms at which the source-moment magnitude is displayed in Figs. 3(a)-6(a).gtatddhe gen
magnetic field used for the numerical experiments.

The solution of this optimization problem is known to havqhus, we get = 1/ fTQf. from the relationshipp? w, =
the form 1. Using exactly the same derivation, the weigits andw.
can be derived, and a set of the weights is expressed as

w, = ERyVL(r) [LT(r)RL()] T £, ©)
2 (11)

o R [ (R L) S

Then, we have VILQf,

wiw, = SfoQfl, (10) It can be shown that the above beamformer retains the prop-
erty of the Borgiotti-Kaplan beamformer, and its output power
where is equal to the power of the source activity normalized by the
power of the output noise due to the additive sensor noise.
2) Extension to an Eigenspace-Projection Beam-
former. The extension to an eigenspace-projection beam-
former is attained by projecting the weight vectors in (11) onto

Q= [L'MR L]

(LR L]

L (r) By L(r)
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the signal subspace of the measurement covariance mat
The eigenspace projection improves the output SNR witho -4
sacrificing the spatial resolution. The general analysis regardi =
how this eigenspace projection improves the output SNR h<
been reported [18].

Unless the source activities are perfectly correlated with ea
other,R, hasQ@ eigenvalues greater tha andM — Q eigen-
values equal te? whereo? is the variance of the additive noise. 4
Assuming that the eigenvalues are numbered in decreas _
order, let us define the matri€s as Es = [e, ..., egl g
where{e; } with j = 1, 2, ..., M are the eigenvectors @t,. "
The column span oF s is the maximume-likelihood estimate
of the signal subspace @&, [19]. The weight vectors of the -8
eigenspace-projected beamformer is obtained by using [20]

w, = EsESw,. (12)

The projection onto the signal subspace using the above equa-
tion, however, invalidates the null constraints imposed on the or-
thogonal components. This can be understood by considering,
for example, the case @b,.. The null constraints in this case
should bew’1,(r) = 0 andw’l.(r) = 0. However, let us con-
sider

relative value

ﬁle( )= (ESEwa) l,(r)= wasEgly('r)

x

wil.(r) = (ESngm) L(r)=wl EsELL(r). (13)

relative value

Becausel,(r) and I.(r) are not necessarily in the signal
subspace, we generally haBsE%l,(r) # I,(r) and
EsELlL(r) # I(r) and, thereforewTESES ,(r) # 0 and
wl EsELL.(r) # 0, leading to the relatlonshmmfl (r) #0
andw?ll.(r) # 0. Consequently, we conclude that the signal
subspace projectoEsEL does not preserve the null con-
straints.

It can, however, be shown that the eigenspace-projec-
tion beamformer in (12) can detect the three orthogonal
components of the source moment even though the null
constraints are not preserved. Omitting the time notation,
let us decompose the measured magnetic fielthto two
parts,b = b™ + b°* where b'* is the magnetic field (®)
generated from the target sourceratand °™ is the con- Fig. 3. (a) Results of the spatio-temporal reconstruction obtained using

tribution from other sources. The magnetic fielf* can the minimum-variance-based vector bea_mformer in (6). The upper-left,
upper-right, and lower-left maps respectively show the snapshots of the

be expressed a8 = (el (r) + maly (1) + n20.(7))s(t),  source-moment magnitude at 220, 268, and 300 ms. The lower-right map

where [n., 7y, 7] expresses the orientation of the targethows the time-averaged reconstruction. (b) Estimated time courses from the

source, anti( ) is its moment magnltude Then, the estlmate@gstto the third sources are shown from the top to the bottom, respectively. The
ree vertical broken lines indicate the time instants of 220, 268, and 300 ms.

z component of the source momeidt,(¢), is expressed as

5,(8) = WI(Pb(t) = WL (rb™ + wl(r)b*". Since the

weightw? (r) does not pass the signal other than that figm Therefore, we finally get
we havew? (r)b°*™* = 0 and, consequentl
= (1) AHenty S () =wL (r)p™

relative value

i
i L L
100 200 300 400
latency (ms)

5o (t) =w, ()™ =w, ( 2l (7 )+ 2y (7 )+mh(7‘))8(t)
:wasEg(nwlw(T) + Ny (r) +n:l:(r))s(t).  (14) =1 ( ( lo(r ) o< 7 ( (16)
Because the vectdf, L. (r) +7.1,(r) +n.1.(r)) isinthe signal  Similarly, we can also obtaif,(t) = —gb(t) x nys(t) and
subspace, we get 5.(t) = wlb(t) x n.s(t). Thus, the eigenspace-projection
- beamformer in (12) can detect the three orthogonal components
EsEs(n:l.(r) + n:ly(r) +n.1.(r)) of the source moment, even though the null constraints are not

= (Nele(r) + 02y (r) +n.0.(r)). (15) preserved.
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Fig. 4. (a) Results of the spatio-temporal reconstruction obtained using the . . . .
minimum-variance-based vector beamformer in (6) together with the use of fig- - (&) Results of the spatio-temporal reconstruction with the weight
regularized inverséR, + ~I)~*. The parametey was set ab.003,, where vectors obtained using (11) alone. The upper-left, upper-right, and lower-left

. is the largest eigenvalue d,. The upper-left, upper-right, and lower-left M2PS respectively show the snapshots of‘ the source-moment_magnitude at
maps respectively show the snapshots of the source-moment magnitude at 228, MS, 268 ms, and 300 ms. The lower-right map shows the time-averaged
268, and 300 ms. The lower-right map shows the time-averaged reconstructi§ionstruction. (b) Estimated time courses from the first to the third sources
(b) Estimated time courses from the first to the third sources are shown from fHg Shown from the top to the bottom, respectively. The three vertical broken
top to the bottom, respectively. The three vertical broken lines indicate the tififeeS indicate the time instants of 220, 268, and 300 ms.

instants of 220, 268, and 300 ms.

lll. NUMERICAL EXPERIMENTS 1.0. The locations as well as the orientations of the sources are
A Data G i listed in Table I. Because a spherical homogeneous conductor
- bata Generation [3] with the origin set at(1, 0, —11) was used, we express

We conducted a series of numerical experiments to test tie source-moment vector using the two tangential components
effectiveness of the proposed method. A coil alignment of tt{é, ¢).
37-channel Magnes biomagnetic measurement system (BioThe magnetic field was generated at a 1-ms interval from
magnetic Technologies Inc., San Diego, CA) was used in thes800 to 400 ms. The moment time courses of the three sources
experiments. The coordinate system used in our numerieaé shown in Fig. 2(a) for the time window between 0 and
experiments is illustrated in Fig. 1. The values of the spatidD0 ms. The white Gaussian noise was added to the generated
coordinates(zx, y, z) were expressed in centimeters. Thremagnetic field, and the SNR, defined as the ratio of the Frobe-
signal sources were assumed to exist on a plane defined-as nius norm of the signal-magnetic-field data matrix to that of
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Fig. 7. Thez, y, andz coordinates used to express the reconstruction results
@ in Section IV. The midpoint between the left and right preauricular points was
defined as the coordinate origin. The axis directed away from the origin toward
: the left preauricular point was defined as thg axis, and that from the origin to
I the nasion was thé x axis. Thet+z axis was defined as the axis perpendicular
| to both these axes and was directed from the origin to the vertex.
|
|
|

Note that since these weight vectors are calculated for any spa-
tial locationr, the source-moment distribution at any location
can be reconstructed in a perfectly post-processing manner. The
reconstruction region was set as an area definedby y < 4
and—8 < z < —3 on the planer = 1 (as indicated by the
square in Fig. 1), and the reconstruction interval was 1 mm in
they and directions.

Onces,(r, t) and 5¢(r, t) were obtained, an angle repre-
senting the mean source direction in the- 6 plane,p, was
calculated using

relative value
<

relative value

G2 @)
<§¢<t>2>>’ ' =0

= —arctan M
oo < <§¢<t>2>>’

p = arctan <

relative value

(56(1))
(35(8))

<0 (18)

|
i , ‘ ! 1
0 100 200 300 400
latency (ms) where(-) indicates the average over the time window with which
(b) R, was calculated. Then, the time course expressed in the mean
Fig. 6. (a) Results of the spatio-temporal reconstruction obtained usiﬁgurce dlrectlor_1$||(r, t)* and that in its orthogonal direction,
the proposed vector beamformer technique [(11) and (12)]. The upper-léf (r, t) were given by

upper-right, and lower-left maps respectively show the snapshots of the
source-moment magnitude at 220, 268, and 300 ms. The lower-right map

shows the time-averaged reconstruction. (b) Estimated time courses from the §|I(T7 t) = 34(r, t) cos(p) + 36(r, t) sin(p)
first to the third sources are shown from the top to the bottom, respectively. The R R .
three vertical broken lines indicate the time instants of 220, 268, and 300 ms. 51(r, t) =34(r, t) cos(p) — 34(r, t)sin(p). (19)

the noise matrix, was set to 18. The generated magnetic figldine following experiments, we usegj(r, t) and 3, (, )
is shown in Fig. 2(b). This SNR is higher than that in typicalnen displaying the time course of a source activity.

cases of actual MEG measurements. We used such a high gisplay the results of the spatio-temporal reconstruction,
SNR value because the differences in the source estimatjgp,

more easily observed under such high SNR conditions; SUﬁQ

differences might otherwise be obscured by noise effects. zero at 220 ms, all the sources had nonzero amplitudes at

268 ms, and only the second source had a nonzero amplitude
at 300 ms. The snapshots of the source magnitude distribution

= \/§i('r, t) + §2(r, t) at these three time points, and

B. Spatio-Temporal Reconstruction Experiments

. . NEIG
The spatio-temporal reconstruction was performed by usH ( ) ) ] ] ]
the time averaged reconstructign{s(r, t)2) were displayed in

34(r, 1) =wh(r)b(t) and 3e(r, t) =wj (r)b(t). (17) the following experiments.
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Fig. 8. The auditory-somatosensory combined response measured by simultaneously applying an auditory stimulus and a somatosensory stiditdns. The a
stimulus was a 1-kHz pure tone delivered to the subject’s right ear and the somatosensory stimulus was a 30-ms-duration tactile pulse dethissddégthent
of the right index finger. A total of 256 epochs were averaged.
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Fig. 9. Results of the spatio-temporal reconstruction from the auditory-somatosensory combined response in Fig. 8. The reconstructiondvasiraptame
proposed beamformer. The maximum intensity projection of the source-moment magnitude onto the axial (left), coronal (middle), and sapétakgigte

displayed. The source-magnitude distributions are shown at latencies of (a) 65 ms, (b) 138 ms, and (c) 194 ms. These time instants are showalby dkenerti
lines in Fig. 10.

C. Results from Minimum-Variance Vector Beamformer that the reconstruction at each instant in time was fairly
noisy: the snapshot at 220 ms showed some influence from
The results of the spatio-temporal reconstruction obtainélie second source, and the snapshot at 300 ms contained
using the minimum-variance vector beamformer in (6) witthe activities of the first and third sources. The time-av-
the normalized lead field matrix are shown in Fig. 3(aeraged reconstruction, however, clearly resolved three active
The estimated time courses at the pixels nearest to the thseerces. Note that this time-averaged reconstruction is equal
source locations are shown in Fig. 3(b). These results shtwvthe map of the neural activity index proposed in [10],
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Fig. 10. Time courses of the points nearest to (a) the primary somatosensory cortex and (b) the primary auditory cortex. The solid and brokeesplotted li
correspond, respectively, £ (r, t) ands . (r, t). Three vertical broken lines indicate the time instants of 65, 138, and 194 ms.
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Fig. 11. The auditory-button-press response. The data was measured with a subject who pressed a response button with his left index fingerdvten he hear
1-kHz pure tone delivered to his right ear. A total of 256 epochs are averaged.

because the noise was white Gaussian and the noise cdAle then applied the proposed vector beamformer obtained
variance matrix was expressed as the unit matrix in thessing (11) and (12) to the same computer-generated data set.
numerical experiments. The reconstructed source distributions are shown in Fig. 6(a),
It is known that this poor output SNR is due to the use @nd the estimated time courses are shown in Fig. 6(b). Compar-
the direct matrix inversioan_1 [11], [12], [16]. Thus, we next ison between Figs. 5 and 6 confirms that the eigenspace pro-
tested the minimum-variance beamformer together with the ysetion can improve the SNR with almost no sacrifice of the
of the regularized inverseRr, + vI)~! instead obe_l. The spatial resolution. Comparing the results in Fig. 6 with the min-
regularization parameter was set(ai03A;, where \; is the imum-variance results in Fig. 3, we can clearly see that the pro-
largest eigenvalue aR;. The results in Fig. 4(a) show that aposed beamformer technique significantly improved both spa-
considerable amount of blur was introduced. The estimated tittiel resolution and output SNR.
courses are shown in Fig. 4(b). Fig. 4 shows that the SNR of
the beamformer output was considerably increased in this case, IV. APPLICATION TO AUDITORY-EVOKED MEG DATA

although each time course shows some influence from neighs : .
. W lied the pr mformer techni W
boring sources. The results here demonstrated that the regu e applied the proposed beamformer technique to two sets

ization leads to a tradeoff between the spatial resolution and "f‘éaudnory-evokgd MEG data to demonstrate its spatio-tem-
SNR of the beamformer output oral reconstr_uctlon capability. The aud|tory-_evoked fields were
) measured using the 37-channel Magnes biomagnetometer in-

stalled at the Biomagnetic Imaging Laboratory, University of
California, San Francisco. The auditory stimulus was presented

We first show the reconstruction results from weight vectots the subject’s right ear. The sensor array was placed above the
obtained using (11) alone. This is equivalent to the vector-esubject’s left hemisphere with the position adjusted to optimally
tended Borgiotti-Kaplan beamformer without the eigenspacecord the N1m auditory-evoked field. The average inter-stim-
projection. The results are shown in Fig. 5. Comparison baelus interval was 2 s, with the interval randomly varied between
tween the time-averaged reconstruction in Fig. 3(a) and thatliry5 s and 2.25 s. The sampling frequency was set at 1 kHz. An
Fig. 5(a) confirms that the Borgiotti—-Kaplan-type beamformean-line filter with a bandwidth from 1 to 400 Hz was used, and
has a spatial resolution much higher than the minimum-varie post-processing digital filter was applied. To express the re-
ance beamformer. The spatio-temporal reconstruction, howeseits of reconstructing source activities in this section, we used
is very noisy for both cases. the head coordinate system illustrated in Fig. 7.

D. Results from Proposed Vector Beamformer
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Fig. 12. Results of the spatio-temporal reconstruction from the auditory-button-press response in Fig. 11. The maximum intensity projestiorcefthement
magnitude onto the axial (left), coronal (middle), and sagittal (right) slices are displayed. The source-magnitude distributions are shwiesaifléag 100 ms,
(b) 170 ms, and (c) 200 ms. These time instants are shown by the vertical broken lines in Fig. 13.
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Fig. 13. Time courses of the points nearest to (a) the primary auditory cortex and (b) the center of the motor activities. The solid and brokereplotted li
correspond, respectively, £ (r, t) and5 . (r, t). Three vertical broken lines indicate the time instants of 100, 170, and 200 ms.

The first data we tested was the auditory-somatosens@yed data. The data in the time window ranging from O to
combined response measured by simultaneously applying30® ms was used for calculating the covariance maltix
auditory stimulus and a somatosensory stimulus to a mdalee signal subspace dimensi@n was set at two because
subject. The auditory stimulus was a 1-kHz pure tone withe eigenvalue spectrum d®, showed two distinctly large
a 200-ms duration, and the somatosensory stimulus wagigenvalues.
30-ms-duration tactile pulse (17 psi) delivered to the distal The reconstructed source-magnitude maps at three latencies,
segment of the right index finger. These two stimuli starte®b, 138, and 194 ms, are shown in Fig. 9. The source magnitude
at the same time. A total of 256 epochs were measuredap at 138 ms [Fig. 9(b)] contains a source activity presum-
and the response averaged over all the epochs is showrality at the primary somatosensory cortex. The source magni-
Fig. 8. We applied the proposed beamformer to this avedude map at 194 ms [Fig. 9(c)] shows a source activity at the
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primary auditory cortex. The map at 65 ms [Fig. 9(a)] contairthan those of the minimum-variance vector beamformer used
both of these activities. in the previous investigations. Our numerical experiments veri-

The time courses of the points at the primary somatosensdigd the superiority of the proposed method, and its application
and auditory cortices are shown in Fig. 10(a) and (b), respeéo-two sets of auditory MEG data demonstrated the method’s
tively. The coordinates of these cortices were determined fr@patio-temporal reconstruction capability.
the maximum points in Fig. 9(b) and (c). Botfj(t) and3_ (t)
were plotted in Fig. 10 so that we could check whether the ori-
entation of the source was fixed or changed during the time ACKNOWLEDGMENT
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