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Abstract

Nenral actsraly in the brawn produces weak dynamisc elec-
tromagnetic fields that can be meassred by an array of
semsors. ['sing a spatio-lemporal modehing framewort, we
Aave developed a new approech to locah:ation of multiple
newral sonrces. Thus approach 13 dased on the MI'SIC al-
gorithm orginally developed for estimating the direction of
armital of ssignals smpinging on a sensor array. We present
applications of thus technigue 'o magnetic field measure-
ments of a phantom and of a hwman evoked somatosensory
response TAe resuits of the somatosensory localization are
mapped onto the brain ematomy obtained from megnetsc
resonance images

1. Introduction

Technological advances over the past two decades have
created high-resolution techniques, such as magnetic reso-
nance imaging. fcr noninvasive imaging of the anatomical
structure of the brain  Techniques for imaging the func.
tional activity of the beain are less advanced, and 1o sin-
gle technique can provide adequate spatial end temporal
resolution  For example. positron emuasion tomngraphy
peovides high spatial resolution but poor temporal res-
lution while conventional electroencephalography (FEG)
provides high temporal resolution but poor spatial resolu
tion

Current Gow caused by neuronal activity produces elec
tromagnetic fields that can be measured oytmide of Lhe
head Thesr electromagneatic fields. measursd at many
pownts on the head by an array of sensors. provide the
basis of our approach to functional imaging In the most
grneral form. the reural electromagnetic inverse prohlem
n ill-posed and has no unique solutionfl, 2|  Howeyer
by employing source models it 1n possible to solve the in
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verse problem for certain classes of neural activity, such
as the early response to an external stimulation. Present
methods are based on static field analysis, which limits the
complexity of neuronal activity that can be examined. To
overcome these limitations, we have extended the analy-
sis to the temporal domain by casting the problem in the
framework of sensor array signal processing and adapting
techniques developed in sensor array applications. such as
acoustic, radar, and seismic signal processing.

Our approach to functional imaging is based on MU-
SIC (MUltiple Source Identification and Clasaification), an
algorithm originally developed for determining the direc-
tion of arrival of signals impinging upon a sensor array(}]
We have extended the algorithm to apply to neuromag-
netic measurements (magnetoencephalography or MEG)
and/or neuroelectric measurements (EEG) This approach
analyzes both the spatial and temporal aspects of the fiel
measurements. Using an eigenvalue analysis of the spa-
tial/temporal measurements, MUSIC identifies a mignal
subspace A virtual “test” source is then scanned through-
out the volume of the braun to look for geometric intersec.
tions hetween the field patterns produced by the source
and the signal subspace. The resulting three dimensional
volumettic sean can be easily correlated to and/or -an-
strained by anatnmical stryctural imagers One -
tions of the active neural regions are determined from thi<
scan. th' corrmaponding temporal activation patteens can
be found by & inear least squaren fit

the loca-

II. MEG/EEG MUSIC Algorithm

In thin sectinn we briefly describe the MEG/ERG MU
SIC algnrthm More thorough treatments may he found
in references (1 5. 6. 7] For smplicity we teeat the cans of
radial magnetic measurements outaide of w head models |
an aapherically symmetric conductor
modeled an current dipolen Although the exanipie 1 spe
cific. the sarme general approach can be apphied to a wide
varirty of sourer and head miodelan both MEG and FEG

Uang the Biot Savart law and a head centeeed coned

Neural sourcrs ape

nate syatem the eadial component of the = xternal magnet



field generated by a current dipole source can be expressed
as [4]
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5 1s the radial field trergth at location R outside of the
head. S is the strength and M the unit vector moment
(or orientation) of the current dipole source located at L
inside the head. The defined §( E) IS a gain vector, relating
the moment intensity of the dipole to the external field.
Due to the geometry of this model. only the two tangential
components of M produce external radial magnetic fields.

Using m measurement locations and expressing §{ [)asa
1 x 2 row vector, we can stack the gain vectors for a single
source 1 to form an m x 2 gan matrix G, that specifies
the radial fields produced by each of the two tangential
components of the source. If M is expressed as a 2 x |
column vector, then the overall radial field produced by
source 118 G, M, The temporal dimension i1s added to our
model by fixing the source locations and orientations—
G and M are time invariant (See references [4. 5) for a
treatment of time-varying orientation ) The time-varying
magn=tic field measurements produced by p sources can
then be expressed as

Si(t)

E(t) G/M, G, + M) (3)

Sp(t)

Glit)+ N(¢t) (4)

where F(t) 18 the m x | vector of measurements. S} de-
notes the dipole magnitude and N (¢) represents the addi-
tive noiss or measurement ereor

Fundamental to the MUSIC approach 1 the concept of
signal subspace From (4) we know that any “perfect” field
measurement. uncorrupted by naise. would Lir 1n the col-
umn sparce or signal subspace of the gain matnix G Al
though the signal subspare i3 not known a priom. at 1s est)-
mated from successive measursmen' “snapshots™ using the
singu'ar valus decomposition (3] Furthermore, in the ab-
sence ¢ £ “array ambiguities.” the only sourcen whose fields
can li# 1n the signal subspace ar= the true sourres Henee
once the signal subspace 1n known the wmultiple soxrce lo
calization probirm reducen to the grometric problem of
determining which single sourcr fields Li» within the signal
subspace This in accatnplished by an exhaustive acan of »
single sonrce over &ll posaihle ineations

At earn candidete source location [, a measurs J( 1)
of the intersection hetwesn the signal subspace and the
it e gain in computed and acaled hetwern 2eta and one
with a value of nneandicating n perfect intersection  Thew
intetseetion | onts cotrenpond to the undetlying souree |
In sumimary the MEG/EEREG MUSIC algonthm
consiats of the following steps
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Fig 1 Average of the absolute response acroas all sensors
for the phantom experiment

1. From a set of successive field measurements. nse the
singular value decomposition to estimate the number
of sources and to characterize the mgnal subspace

2. At each point L on a fine grid of three-dimensional
locations. compute the intersection measure J(L) be-
tween the signal subspace and the gain or forward field
produced by a source st that location.

3 Identify source locations from the maxima of the in-
tersection measure where J( L) approach one

4 Optionally refine the location estimates by using a
finer grid 1n source areas

5 For each source, compute the orientation M and acti-
vation time course S(t) [4]

III. Phantom Data Results

A seven-sensor. 2nd-order gradiometer system wasx
placed In six different positions about a glass spherr of
tadius 9 em. for & total of 42 measutement lorations Four
dipole sourern were placed nside the sphete which was
filledd with a conducting solution The sourren were douhly
shi=lded conxial cablen. with the inner condurtor extending
2 mm beyond its inner coaxisl sheath  The sources werr
located within the sphers to an accuracy of approximatrly
+1 mm

In Figuer |, which displayn the average absolate reaponse
treoeded over all aensorn. we see the overlap hetween the
source responaes  Eack souree prodiced an approximately
30 min wide monopule with each sourer finng abont X ms
after the previous. sych that the fourth soures was acty
vated hefore the fieat sourer had completed 1ts tempons
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Fig 2 Phantom data - Six axial slices of the initia! 5 mm
MUS!C scan with peaks darkened for clarity Slices run from
:=55 to :=8B0 ¢cm and sach slice spans 10 ¢cm in the r
and y directions

Using the MUSIC algorithm, the data set was scanned
over a 20 cm source cube at a 0.5 cm sample interval to
establish the overall quality of the data and to confirm
the absence of ambiguous head regions The scan results
were examined by converting the three dimensional metric
information into two dimensional slices In Figure 2 we
show six axial slices from the imtial 5 mm MUSIC scan

Using the 5 mm scan result. a smaller region was se-
lected and scanned at a | mm interval and the results also
displayed as slices From thess slices three “peaks”™ (points
where the metric approached one) were identified In Fig-
ure 3 we show nine axial slices from the | mm MUSIC
scan. with each set of three spanning an 1dentified source
location

The locations of the MUSIC' s~an peaks are given in
Table |. along with the true source locations  Sources 2
and 4 were well resolved  as indicated by the narrow peaks
in both figures and the good agreement with the true lo-
cations The other source that was identified had & much
broader peak that spans the reginn near Sources | and 3.
indicating that these two closely spaced sourcres may not
be resolvable by this array configuration Indeed. the three
sources 1dentified expiain 99 pereent of the data variance
Repetitions of this experiment rould be condurted to de.
terrmune the variance of these results

IV. Somatosensory Data Results

In th.a experiment  the neuroamagnetic fields of the
evoked reaponss were collected for theee canen. TAumb
strmulation of the thumb, Ring
finger. and Hoth  simultanenus stimulaton of bath dints
The data weee grperated by vibeotactule atimulation us

stirminlation of the ning

ing A pirzerelectric speaber element The intent wan that

Nine axial slices of the final | mm

Fig 3 Phantom data -
MUSIC scan with peaks darkened for clarity Slices span
+2 cm in the r and y directions The top set spans the
first source location with slices at :=58 59 and 60 cm
The middie set spans the second source at :=62. 6 3. and
54 cm The botl..m set spans the fourth source at =77
78 and 79 cm

source | True Loc MUSIC Lac | Loc. Error
(203 em) [ (01 em gnd) | (em)
X 016 02
(1) y -0 R? -1 0 02
) 590 59
X 0 ®A 09
(2) y 02 04
2 610 6N 072
x 015
3y 030
] 520
X 0z g
(V) 0 Rl 0R 01
] 775 TN
Tear ¥ |90 PR 4 T

Table | Comparison on MUSIC localization resulits with true
locations
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Fig 4 Average absolute evoked field from somatosensory
stimulus

| x y 2

Both 05 43 69
Ring 08 41 75
Thumb | 06 45 7.2

Table Il MUSIC locations of the somatosensory piezo-electric
stimulations

the both field pattern might reflect 8 summation of the in-
dividual ring and (Aumd fields The data were collected
during eleven placements of a seven-s2nsor, 2nd-order gra-
diometer system. for a total of 77 sensor locations Data
were filtered online between | and 100 Hz and sampled at
a | kHz rate At each placement 300 trials were averaged
for each stimulus Figure 4 plots the average of the abso-
lute responac across all of the sensors  Since piezoelecttic
stimulation createn a large stimulus artifact, only the data
after 24 marc were procesard

To locate the general area of neural activity, imtial MU-
SIC scans were perforiied for all three cases on a 5 mm
gnd Figure 5 shows three slicen from the doth cane Finer,
| mm scans wer~ then performed  Figure 6 shows three
alicen from each cane. spanning the area of activation Ta-
ble 11 displays the coordinates of the peaks located in these
scans Figure 7shows the anatomical loeation of the soyree
found from the tAumd MUSIC scan Thin sonrer Lien along
the posterior bank of the centeal sulrus. conmistent with
the expected anatorucal locus  The ring and both source
locations also Lie in this same anatomical region

We note from Table Il and Figuee 6 that there 1n a din
tunct shift between the thumb and ring responses The both
tesponse han a much broader peak that epcompaass the
praks found in the separate thumb and ring responses  All

Fig 5 Somatosensory data - Three slices of the 5 mm MU-
SIC scan for the both case with peaks darkened for clarity
Slices shown ar~ for =65, 7 0. and 7.5 cm and each spans
£10 em in the r and y directions

Fig 6 Somatosensory data - Ning slices of the | mm MUSIC
scans with peaks derkaned for clarity From top row to bottom
row. the slices are from the both. nng and thumd cases
Shees shown are for =70 72 and 7 4 ¢ and each spans
the r-sxis horizontally from -2 0 to 20 :m and the py axnn
vertically from 3Qto 70 ¢cm



Fig 7 MUSIC source lccation of the thumb response in MRI
scars of the subject

ihree scans exhibit broader MUSIC peaks than the phan.
tora data These broader peaks may be dus to modeling
errors. since the dipole souree and sphericai head mode|
used are a better physical match to the phantom than to
a human head
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