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MEG Spatio-Temporal Analysis Using a Covariance
Matrix Calculated from Nonaveraged
Multiple-Epoch Data

Kensuke Sekihara,Member, IEEEDavid Poeppel, Alec Marantz, Hideaki Koizumi, and Yasushi Miyashita

Abstract—We propose a magnetoencephalographic (MEG) an erroneous source localization, if the source configuration
spatio-temporal analysis in which the measurement-covariance rapidly changes within this time window. Second, averaging
matrix is calculated using nonaveraged multiple epoch data. yhe myjtiple-epoch data obviously assumes that all the epochs
The proposed analysis has two advantages. First, a very narrow - . .
time window can be used for the source estimation. Second,are tlme-lqcked to the stlmulu_s. Thus, when a nontime-locked
accurate localization is possible even when the source activation SOUrce exists, the source estimation may also be erroneous.
has a time jitter. Experiments using auditory evoked MEG data In this paper, we propose to calculate the measurement-
clearly demonstrate these advantages. covariance matrix directly from nonaveraged multiple-epoch

Index Terms—Biomagnetics, biomedical electromagnetic imag- data. By calculating the measurement-covariance matrix from
ing, biomedical signal processing, functional brain imaging, in- nonaveraged data, the source localization can be carried out
verse problems. using a small time window, which is advantageous when the

source configuration changes rapidly. Also, source localization
|. INTRODUCTION using this covariance matrix is not influenced by whether the

. ) source activation is time-locked or not, and the location of a
SPAT|O'TEMPORAL modeling [1], [2] is known to reduce g, rce whose activation onset has a time jitter in each epoch

he degree of the ill-posedness in the biomagnetic inversg,, e accurately estimated.

problem [3]. In this modeling, a measurement-covariance one gificulty with the use of nonaveraged data is that the
matrix (or equivalently a spatio-temporal data matrix) iS CORgat4 jnevitably contains a large amount of background sponta-
structed, and source locations are estimated using this Covagly, s activity that is usually averaged out. In this paper, this
ance matrix, assuming that the source locations are unchangﬁaﬁcuny is circumvented by the use of a prewhitening tech-
dunng the measgremen.t. .. nique that incorporates the noise covariance matrix obtained

It is common in studies of evoked neuromagnetic fieldging the prestimulus parts of the nonaveraged data. Specif-
to measure many epochs by applying a stimulus repeateglly . e use the previously proposed prewhitening MUSIC
and to analyze the data averaged over these epochs. WheR iihm [4], [5], as the source localization procedure. The
applying the spatio-temporal analysis to such evoked fieli;s|c algorithm has the distinct advantage of providing a
data, the measurement-covariance matrix is calculated by usigqntimal solution by using only a three-dimensional search,
this averaged data. 'ThIS convgntlonal way of calculating t'?@gardless of the number of sources. The use of the MUSIC
measurement-covariance matrix has two problems. .algorithm, however, is not essential to implement the proposed

First, the time window for calculating the covariance matri},athod. Any other source estimation method [6] can be used
must be large enough to contain a sufficient number Rﬁgether with the prewhitening technique.

time_points to ensure the accuracy of the sample covariapc%ection Il describes our proposed analysis, followed by
matrix. The use of a large window, however, may result 2 brief explanation of the prewhitening MUSIC algorithm.
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covariance matrix into account [5]. It can provide accu- Let us decompose the nonaveraged measured magnetic field
rate source estimation results even when a large amountb(f) into the four componentdi™(t), b” (¢), b”(¢), andn(t),
background activity exists. Since the details of the prewhiten-

ing MUSIC algorithm have already been reported [5], it b(t) = b (t) +bY () + 6P (t) +n(t). (3)

is only briefly explained here for the reader’'s convenience.

We define the magnetic-field data measured by thth Here,bL(t) is the signal evoked-magnetic field that is time-
detector coil at timet as b,,(t), and also define a vectorlocked to the stimulust(t) is the signal evoked-magnetic
b(t) = (bi(t), ba(t), ---, bps(t))T as a set of measuredfield that is not time-locked to the stimulus and has a time
data whereM is the total number of detector coils. Thejitter in each activation onseb”(t) is the background field
spherical homogeneous conductor [7] is assumed, so disturbance caused by external sources such as magnetocar-
consider two tangential components, thandé components, diography (MCG) interference or spontaneous neuromagnetic
of the source moment and assume the radial componentivity, andn(t) is the intrinsic sensor noise approximated by

is zero. For simplicity, we assume that all sources hatlee white Gaussian noise with varianeé.

fixed orientations during measurement. The lead field vec-We assume that a total ok, epochs are measured. We
tors for the ¢ and # components of the source at are denote the summation over thedé. epochs as)_

> e % & B R - o ~epoch'
d%ﬁned 6)aslqs(:c) = 0(11 (:c):,FZQ (), -+, I3(=)" andls(z) = Then, the averaged fieldb(t), b (), b (£), b (t),
(l{(=), I5(x), -~ -, I3;(x))" . We define the lead field matrix 5,4 a(t) are defined asb(t) = (1/K.) Yoom b(t),

for the source ak as L(z) = [l,(x), lo(x)]. L . U
Let us denote the measurement-covariance matrd¥,aand b (t) fD(l/Ke) Zepoch bu(1), b (1) = (1/Ke) Z:epoch
the noise covariance matrix &,. Let us defing; as an eigen- % (¢), b (t) = (1/K.) > epoch b (1), andn(t) = (1/K.)

)
vector obtained by solving the generalized eigenvalue probleg n(?)
Rbéj = )\jRnéj, andEN askEy = [ép+1, BRI é]w] where P N,Dep(mh ' .
is the number of sources. The prewhitening MUSIC algorithfh () = 0. Accordingly, we have
makes use of the fact that the noise subspace projéhidt By ; U

T ; b(t) =~ b"(t) +b (¢) +n(t). 4)
and#’,.L" () are orthogonal at the true source locations,
wheren? . = (n4, 7s) represents the normal vector of the ) .
source orientation that gives the maximum orthogonality. This TNe conventional way of obtaining the measurement-

orthogonality can be checked by calculating the followingovariance matrix is to calculate the time average during a
localization function: Certain time period. Let us denote the measurement-covariance

matrix obtained in this manner a8,. The summation over

J(z) = 1/)\min(L(w)TENEirL(w), LT(x)RglL(x)) (1) time is deno.ted _agjt and the number of time points used in
this summation is denoted ds;. Then, we have

~I
Here, we can assume that = b"(t) and

where Apin (-, -) indicates the minimum generalized eigen- . 1 T cen o2

value of the matrix pair in the parenthesis. The prewhitening R, = X, S b ()~ R, + ! (5)
MUSIC algorithm detects the source locations by calculating ¢ ¢
this localizing function in a volume where sources can exist,
and by choosing each location where this localizing functioff
reaches a peak as one dipole source location. It is worth noting oo 1 U U T

that the localizing function for nonprewhitening MUSIC is [8] R, = X Z (b"(t) +b (t)) (b"(t) +b (t)) . (B)

t

herel is the unit matrix andR;" is obtained from

xTr) = i T T u Tr x r x x
7@ = 1/ dun( L) ExEyLi@), L (=)L) @) In deriving (5), we assume thatl/K,) 3, a(t)a’(t) =

where Exy = [epry1, -+, en], and e; is an eigenvector (aQ/K_F,)I. If the nontime-locked (_evoked agt_iyitlf (t) does
obtained by solving the ordinary eigenvalue probldige; = ot exist, the measurement-covariance maljxs reduced to
Aje;. Here, P is the number of source$?” may be different 9

from P because in nonprewhitening cases, sources for the R, = Rl + 9T (7)

background activity may need to be taken into account. Ke
whereRF = (1/K;) 3, b%(t)(b"(¢))T. Thus, in this caseR,
can provide accurate information regarding the evoked activity
b"(t) and accurate localizations of the sources #6(t) can

1) Conventional Covariance Matrix CalculatiorBecause be obtained using thig,.
calculating the covariance matrix theoretically requires anHowever, two problems arise when utilizing (5). First, to
infinite number of measurements, some kind of approximatiaftain sufficient accuracy, a fairly large number of time points
needs to be introduced in practice. In this subsection, vaee needed to calculate the sample covariance matrix. Second,
describe both the conventional and proposed methods vdfen the time-unlocked activitbp(t) cannot be ignored, the
calculating the measurement-covariance matrix, explainisgurce estimation obtained fraR), may contain errors caused
the difference between them. by the activity b" (¢).

B. Proposed Spatio-Temporal Analysis
Using Nonaveraged Data
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2) Proposed Covariance Matrix Calculationin this paper, 1500 . : . . .

instead of using (5), we propose to calculate the measuremen'%00
covariance matrix using nonaveraged field data, such thatt |

500 I
2 1 T ~ev ~.D 2
Rb:KeKt SO b () =R, + R+ (8)

epoch t

Id intensity
&
8 o

e

= -1000

~ v ~ D . .
where R, and R, are the covariance matrices for evoked -1soo , . . ‘
activities and for the background disturbance. These matrices 200~ -200  -100 0 at 100( ) 200 300 400
. atency (ms
are obtained from Y
@

R, = K:Kt > Y (o1 o) o+ o) T T,

epoch t 400
9 -
and l;; 200
~D 1 1 T 2
R = — th(th). 10) £ o
D=k 2 2 YOl 10) £
epoch t S
= 200+
In deriving (8), we assume that the evoked activities are, | . . ‘ ‘
uncorrelated with the background activity. Equation (8) shows 300 200 ~ -100 0 100 200 300 400
that the covariance matrik, contains information regarding latency (ms)
the signal source to be measurRﬁ as well as regarding (b)

the influence of the disturbancéf. However, if we obtain Fig- 1. Auditory evoked response used in the experiments: (a) one of the
. . ~ L ~.D 5 256 raw epoch data and (b) the data averaged over 256 epochs. The data
the noise covariance matri&¢,,, which is equal toR, + oI, portion from —300 to 500 ms is shown.

we can reduce the influence of the background disturbance by
applying a prewhitening technique. We show in the following

section that the previously proposed prewhitening MUSIC transverse plane
algorithm [5] can almost completely remove this influence.

Ill. EXPERIMENTS USING AUDITORY-EVOKED FIELD DATA

o sagittal plane
A. General Description coronal plane
We performed source localization experiments using actual
auditory-evoked data to test the effectiveness of the proposed
analysis. The auditory-evoked fields elicited by a 1000-Hz pure
tone of 400-ms duration were measured using a 37-channel - § dinat it the estimated "
. . . -Fg. 2. ex, y, andz coordinates used to express the estimated results.
Magnes magnetom_eter mSta”ed _at the Bloma_gnetlc Imagi midpoint between the left and right preauricular points is defined as the
Laboratory, University of California, San Francisco. All meacoordinate origin. The axis directed away from the origin toward the left
surements were done in a magnetically shielded room. Teigauricular point is defined as they axis, and that from the origin to the
; At ion is thet-z axis. The+z axis is defined as the axis that is perpendicular
stimulus was presented to the SUbJeCt s right eqr, and the_ser{g@gth these axes and directed from the origin to the vertex.
array was placed above the subject’s left hemisphere with the
position adjusted to optimally record the N1m auditory evoked
field.

Two-hundred-fifty-six epochs were measured with the a\(;glculated, by using (5). The averaged field data shown in
}i)g. 1(b) was used with the time window between 0 and

erage interstimulus interval of 2 s randomly varied betwe 0 h Its of ving th hitening MUSIC
1.75 and 2.25 s. The sampling frequency was set at 1 kHz, ms. The resu_ts otapp ying the nonprew 'te”'.”g .U
algorithm with this covariance matrix is shown in Fig. 3.

and the data was collected fror800 ms before the stimulus he MUSIC localizing f ion in (2 lculated with
onset to 700 ms after it. An on-line filter with the bandwidtﬁr e. | f(())c5a 1zing unctlonl in ( 3 \p/asdca Ci ate< wit
from 1-400 Hz was used, and no additional digital filter wad Interval of 0.5 cm over a volume define < <6,

applied. One of the 256 epochs and the field data averaged over ¥ = 7, and3 < z < 11. The figure shows that the

all the epochs are shown in Fig. 1(a) and (b), respectively. %gor'thm detectgd the le“ source, which is believed to be
Fig. 1(a), the single-epoch data contains a large amount I(&([:ated in the primary auditory cortex area.
spontaneous activity, but in (b), much of this activity was , ) ) )
suppressed through the averaging. B. Detecting a Source Using a Small Time Window

The z, y, and ~ coordinates used to express the estimatedWe calculated the measurement-covariance magixvith
results are depicted in Fig. 2. These coordinates are measuhadtime window between 98 and 102 ms. This time window
in centimeters. The measurement-covariance madtjjxwas was selected because it includes the N1m peak. Only six time
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Fig. 3. The results of plotting the nonprewhitening MUSIC localizer fronFig. 4. The results of applying the nonprewhitening MUSIC algorithm to
(2) when applied to the averaged data shown in Fig. 1(b) with the time windate averaged data with a small time window between 98 and 102 ms.
between 0 and 100 ms. The localizer was calculated with an interval of 0.5

cm within a volume defined as4 < 2 < 6,0 <y < 7,and3 < z < 11;

the projections of the localizer values onto the transverse, coronal, and sagittal

planes are shown. The circles depicting a human head represent the projections transverse coronal

of the sphere used to calculate the forward solutibrand R indicate the L :

subject’s left and right hemispheres. ‘ 3
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£
L
>
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points were used to calcula®,. The results of plotting the
nonprewhitening MUSIC localization function (2) are shown -}
in Fig. 4. In these results, the distortion is so severe that no
source can be detected due to the inaccuracy of the samplé® -
covariance matrix.

We then calculated the covariance matiix using (8) with
the same time window between 98 and 102 ms. The noise
covariance matrixk,, was calculated with the time window 5
between—300 and 0 ms. The nonprewhitening MUSIC algo-
rithm was first applied using onlfib. The results are shown
in Fig. 5. In these results, the N1m source and another sourge, || 4,
were detected; the second source was probably caused by the
spontaneous activity. The prewhitening MUSIC algorithm was
then applied using botk;, andR,,, and the results are shown ‘ , : 5
in Fig. 6. In these results, only the single source located in the = o 5 10
primary auditory cortex area is clearly detected. X (cm)

A comparison between Figs. 4 and 6 demonstrates the gf; 5. The resuits of applying the nonprewhitening MUSIC algorithm to
fectiveness of calculating the measurement-covariance matrixaveraged data. The covariance mafx was calculated by using (8)
with the nonaveraged multiple-epoch data when the tin{h the time window between 98 and 102 ms.
window is very small. The comparison between Figs. 5 and
6 shows the necessity of applying a prewhitening technique
when dealing with nonaveraged data. greater influence of the sensor noise is not evident. This is

Note that in theory the proposed covariance matrix is subjguobably because the sensor noise in most modern biomagnetic
to a stronger influence from the uncorrelated sensor noise thastruments, such as the one used in the current experiment, is
the conventional covariance matrix is. This can be understotm low to influence the final source localization results, even
by noting that the sensor-noise influence is represented Wwlien nonaveraged data is used.

(62/K)HI in (5), whereas its influence is represented by To further investigate this point, we check the eigenvalue
021 in (8). However, when comparing Figs. 3 and 6, thepectra of the covariance matric& and R;. The spectrum

x(cm) y (cm)

sagittal
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transverse coronal
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field intensity (fT)

. . . : . f
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x (om) y (em) Fig. 8. The magnetic field averaged over 256 raw epoch data with an

sagittal artificial time-jitter. The jitter was created with a uniform random number
; v distributed between 0 and 60 ms.

P = 2 in order to obtain the results shown in Fig. 3. In
Fig. 7(b), the noise-level eigenvalues are much larger than
those in Fig. 7(a) becausk,, which was used to obtain the
results in Fig. 6, contained the influence of the large sensor
‘ ‘ : noise from raw-epoch data. Nonetheless, we can still observe
-5 0 5 10 two eigenvalues that are clearly larger than the noise-level
xem eigenvalues in this spectrum. Therefore, we were able to
Fig. 6. The results of applying the prewhitening MUSIC algorithm teseparate the signal subspace from the noise subspace even

nonaveraged data with the time window between 98 and 102 ms. The sqﬂsugh a strong influence of the Iarge sensor noise was
covariance matrixR; as used to obtain the results in Fig. 5 was used. The

noise covariance matri®,, was calculated with the time window betweenconta'ned in the covariance matrix. In Flg 7(C) however, false

—300 and 0 ms. signal-level eigenvalues arose due to the inaccuracy in the
sample covariance matrix, and as a result, the noise subspace
was inaccurately estimated.

.%

C. Detecting a Source Whose Activation
Onset Has a Time Jitter

Q
<)

o
o

We next tested the effectiveness of the proposed analysis in
detecting a source whose activation onset varies from epoch
to epoch. To generate the data used for this experiment, we
artificially created a jitter for each epoch data. That is, each

— —— 1 epoch measuremeh{t) was artificially time shifted to create
10 20 30 40 o] 10 20 30 40 . .
order of eigenvalues order of eigenvalues b(t+t.). Here,t. was a uniform random number generated in

@ ) a computer and it was distributed between 0 and 60 ms. The
field data averaged over all epochs were calculated using

b(t) = 226 > b(t+t). (11)

epoch

o
IS

normalized magnitude

<
N

normalized magnitude

%

[~

_\
p—

<o
@

o
o

This averaged magnetic fieﬂt) is shown in Fig. 8. Com-
: : ‘ paring this figure with Fig. 1(b), we can see that the peak at
I _‘ . approximately 50 ms of latency became less clearly defined
Lo ‘ due to the artificially introduced time jittér. In addition, the
0y T T R appearance of the N1m peak was modified.
order of eigenvalues The covariance matrixg, was calculated using this av-
(©) eraged field data with a time window between 30 and 130
Fig. 7. (a) Eigenvalue spectrum @, used to obtain the results shown inMS- The results of the nonprewhitening MUSIC algorithm
Fig. 3, (b) that ofR;, used to obtain the results shown in Fig. 6, and (c) thadbtained using thisR, are shown in Fig. 9. These results
of R, used to obtain the results shown in Fig. 4. contain severe blurring and no accurate source estimation can
be made. We then calculated the covariance maRixby
in Fig. 7(a) relates to the results found in Fig. 3, the spectrunsing (8) with the same time window between 30 and 130 ms.
in Fig. 7(b) relates to the results in Fig. 6, and the spectrufihe noise covariance matrik,, was calculated with the time
in Fig. 7(c) relates to the results in Fig. 4. In Fig. 7(a), thevindow between—240 and 0 ms. First, the nonprewhitening
first eigenvalue is distinctively large and the second one MUSIC algorithm (2) was performed only using,, and
larger than the other noise-level eigenvalues. Thus, we #e¢ results are shown in Fig. 10. Here, a source that was

N
~

e

normalized magnitude

o
N
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z (cm)

R
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sagittal sagittal
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X (cm)

5 0 5 10
x {cm)

Fig. 9. The results of applying the nonprewhitening MUSIC algorithm to thejg 11 The results of applying the prewhitening MUSIC algorithm to
averaged field data shown in Fig. 8. The covariance maiixvas calculated nonaveraged data having the artificial time jitter. The same covariance matrix

using (5) with the time window between 30 and 130 ms. i

R, as used to obtain the results in Fig. 10 was used. The noise covariance

matrix R,, was calculated with the time window betweer240 and 0 ms.

transverse

coronal

y (cm)
z (cm)

between Figs. 10 and 11 again demonstrates the necessity and
effectiveness of the prewhitening technique used here.

IV. CONCLUSION

A spatio-temporal analysis is proposed in which the
measurement-covariance matrix is calculated by using the

X (cm)

sagittal

nonaveraged multiple-epoch evoked data. The proposed
analysis has two advantages. First, a very narrow time
window can be used. Second, the analysis can provide accurate
localization of a source whose activation onset has a time jitter
in each epoch. Experiments using measured auditory evoked
data clearly showed that these advantages were obtained by

z (cm)

-5 0 5 10

Fig. 10. The results of applying the nonprewhitening MUSIC algorithm to[1]
nonaveraged data having the artificial time jitter. The covariance mRlyix
was calculated using (8) with the time window between 30 and 130 ms.

probably caused by the spontaneous background activity w
detected, instead of the N1m source in the auditory cortex
area. Next, we applied the prewhitening MUSIC algorithm
using both covariance matricé%b and Rn The results are
shown in Fig. 11. Here, the N1m source was clearly detected.
The comparison between Figs. 9 and 11 demonstrates the
effectiveness of the proposed analysis for detecting a sourgg
with a time jitter at its activation onset. The comparison

using the proposed covariance matrix.
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