IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 49, NO. 4, APRIL 2002 277

An Equivalent Current Source Model and Laplacian
Weighted Minimum Norm Current Estimates of Brain
Electrical Activity

Bin He*, Senior Member, IEEHD. Yao, Jie Lian Student Member, IEEERNnd D Wu

Abstract—We have developed a method for estimating the three- of source dipoles [1], [2]. Due to the high temporal resolu-
dimensional distribution of equivalent current sources inside the tion inherent in the EEG, the availability of EEG-based source-
brain from scalp potentials. Laplacian weighted minimum norm imaging modalities provides much needed high temporal reso-

algorithm has been used in the present study to estimate the inverseI tion i ina the functi | stat f the brai I
solutions. A three-concentric-sphere inhomogeneous head model ution iIn mapping the tunctional status of the brain, as weill as

was used to represent the head volume conductor. A closed-form low cost of EEG procedures as compared with other imaging
solution of the electrical potential over the scalp and inside the modalities.

brain due to a point current source was developed for the three- Different source models have been investigated to image
concentric-sphere inhomogeneous head model. Computer S'm”|a'the brain electrical sources, and two major categories are

tion studies were conducted to validate the proposed equivalent dinole | lizati ddistributed . inaTh |
current source imaging. Assuming source configurations as eitner d'PO!€ localizationanddistributed source imagingihe early

multiple dipoles or point current sources/sinks, in computer simu- approf';\ch in dipole localization is.to search for a.single ora
lations we used our method to reconstruct these sources, and com-few dipoles whose forward solutions can best fit the scalp

pared with the equivalent dipole source imaging. Human exper- potential measurement [3]-[5]. The multiple-signal classifi-
imental studies were also conducted and the equivalent current cation (MUSIC) algorithm was further applied to the brain

source imaging was performed on the visual evoked potential data. . bl . hich th ltiole dinole locati
These results highlight the advantages of the equivalent current Inverse problem, in whic € multiple dipole locatons are

source imaging and suggest that it may become an alternative ap- found by scanning potential locations using a simple one dipole
proach to imaging spatially distributed current sources-sinksinthe model [6]. When dealing with the distributed sources without
brain and other organ systems. ad hocknowledge of the number of sources, the distributed
Index Terms—Brain electric source imaging, equivalent current Source imaging methods are preferred. A popular distributed
source, equivalent dipole source, forward problem, high-resolution inverse source solution was the simpignimum norm(MN)
EEG, inverse problem. solution [7], which estimates the three-dimensional (3-D) brain
source distribution with the smallest two-norm solution vector
that would match the measured data. To compensate for the
] o ] o undesired depth dependency of the original MN solutions,
B RAIN electrical activity is spatially distributed over threyhich favors superficial sources, different weighting methods
—J dimensions of the brain and evolves with time. Itis of Sigyere introduced. The representative approaches include the
nificance and importance to image brain electrical activity frofjiagonal matrixweighted minimum nornfWMN) solution
the noninvasive scalp electroencephalogram (EEG). A signifg], [9], and theLaplacian weighted minimum northWMN)
cant amount of effort. has been put forth in the past de?ade?_skﬂution [10]-[13]. The WMN compensates for the lower gains
the development of high-resolution EEG-based source-imagipg deeper sources by using lead-field normalization, while
techniques, which attempt to image spatially distributed braje |\WMN combines the lead-field normalization with the
electrical activity withoutad hocassumption on the number| gpjacian operator, thus, gives the depth-compensated inverse
solution under the constraint of smoothly distributed sources.
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supported in part by the National Science Foundation (NSF) under CAREBRCOrporatinga priori information as constraint [14], [15],
Award BES-9875344, in part by a grant from the Whitaker Foundation, and U}/ estlmatlng the source-current Covarlance matrlx from the
part by a grant from the Campus Research Board of the University of Illinois a . . .
Chicago Asterisk indicates corresponding author. measured data [16], or by using linear [17] or nonlinear [18]
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Another alternative approach (ELECTRA) to the 3-D brain inB. Estimation of Equivalent Current Sources
verse source imaging is to recqnstruct the electrical pOtentialDiscretizing (2), the scalp potential vectbrcan be related to
over the 3-D volume of the brain from scalp EEG [46]. Thg,e equivalent current source vectoras follows:
feasibility of estimating the electrical potential in the 3-D brain
and merits of reducing the number of unknowns were demon- d=AX ©)
strated in computer simulations and human visual evoked poten-
tial (VEP) experiments [46]. The forward solution of the magwhere® = (¢1,¢o,...,¢pn) andX = (z1,22,...,25). M
netic fields generated by the current monopoles in spherical anefers to the number of scalp recording electrodes/dnéfers
semi-infinite volume conductors was formulated by Fergusdao the number of the equivalent point current sources. For an
and Durand [19], while the EEG forward theory due to the poimthomogeneous volume conductor, (3) can also be derived using
current sources in three-sphere head model has not been welbggropriate numerical technigues by solving Poisson’s equation
tablished. (2). The inverse problem, therefore, becomes solving (3Xfor

In the present study, we have developed a method to estiEquation (3) is a heavily underdetermined system because
mate brain electric activity throughout the 3-D brain tissugwormally NV > M. There are an infinite number of solutions
from noninvasive scalp EEGs by means of the equivalent ciirat may satisfy (3). The unique MN solution is one of the fea-
rent source model. We have developed the theoretical forwaitlle solutions [7], [9], [13], [15], [22]
solution of the scalp potentials due to a point current source
located inside a three-concentric-sphere inhomogeneous head X =A%0 = AT(AAT) @ (4)
model, and compared the LWMN-based equivalent-current in- .
verse solution (ECS) with the equivalent-dipole inverse sollifhere(")™ denotes the Moore-Penrose inverse ahd" de-
tion (EDS) [10] in both computer simulations and human eXiotes the inverse df). o _
perimental studies. While the fundamental relationship betwee S th?_ MN solut|on'|s C,)f an intrinsic bias to the' superfi-
the equivalent monopole (and dipole) source density and the F& POSition, a few weighting operators have been introduced
sulting electrical potential field has been well established [2dfI-[13]- For the LWMN algorithm (LORETA) [10}-[13], it
[47], [48], the present work reports, to our knowledge, the firdfS€d & weighting operatéV’, whereL is a Laplacian operator
investigation on the feasibility and applicability of estimating"d" is a diagonalV' by N matrix withws; = [| 4], A; is the

the 3-D equivalent neural current source distribution from sca"IB1 colgmn of.the transfer matrid. Assuming the weighting
EEG. factor is nonsingular, we have

X = (WLTLW)™ a” (A(WLTLW)™ 4%) @.  (5)
Il. EQUIVALENT CURRENT SOURCE IMAGING
In order to overcome the numerical instability due to the ill-
posed nature of the inverse system, regularization is necessary
Under quasistatic conditions, it is well known that the biofor the matrix inversion in (4) and (5). The Tikhonov regular-
electric potential obeys Possion’s equation [20] ization and truncated singular-value decomposition (TSVD) are
two commonly used regularization methods. Different methods
. can be applied to determine the regularization parameters (for
T2 V-J_ _I_b o) details, see [23]). In the present study, the TSVD was applied to
o o solve the inverse problem, and the truncation parameter was de-

termined by the discrepancy principle [24], so that the resulting

Equat_ion (1) is a pgrtial_differgntial equation sqtisfied by thleesidual norm equals to the norm of the estimated noise in the
electrical potentiad in which 7, is thesource functionThe so- scalp potential measurement [23], [24].

lution of (1) for the scalar functiof for a region that is uniform Note that for the equivalent current source estimate, the

and infinite in extent [20], [21], [47], [48] is number of unknowns in the solution vectar is N, which
is one third of that of the equivalent dipole source estimate.
1 1 - This decrease in the solution space dramatically reduces the
o=—0 <—> V- Jtdv. (2)  computation effort involved in (5), because the dimensions of
v matrices4, W, andL are also decreased, respectively.

A. Equivalent Monopole Current Source Model

T

Since a source elemeRt - Jidv in (2) behaves like goint
current sourcein that it sets up a field, that varies agr, the
expression/,, = —V - J* can be considered as aquivalent In the present study, computer simulations were conducted
monopole current source dens[80], [47], [48]. to validate the proposed ECS imaging approach. Comparison
The equivalent current source model we propose is to equivéas also made with the EDS imaging approach [10]. As shown
lently represent bioelectric activity by the source functign=  in Fig. 1, a concentric three-sphere inhomogeneous head model
—V - Ji. Equations (1) and (2) show that the equivalent cuf25] was used to represent the head volume conductor. The nor-
rent source behaves as a fundamental driving force establishinglized radii of the brain, the skull and the scalp were taken
the electrical potentials inside the brain and over the passa&g 0.87, 0.92, and 1.0, respectively [25], [41]. The normalized
medium of the head volume conductor. conductivity of the scalp and the brain was taken as 1.0, and

C. Simulation Protocols and Forward Model Solutions
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Scalp

Brain

Skull

Fig. 1. lllustration of the source-conductor model, used in the present stu
The head is represented by an inhomogeneous concentric three-sphere vo
conductor model. The dotted lines are a schematic illustration of the soluti
space, over which the source distributions are illustrated in Fig. 2.

that of the skull as 0.0125 [5], [25]. The 3-D solution space e:
tends from the center of the sphere to an eccentricity of 0.
of the upper hemisphere. In the present study, solutions wi
calculated on a discrete cubic grid consisting/éf = 1509
voxels distributed in nine layerg = 0.0,0.1,...,0.8), with  fig 2. justration of the simulated source configurations. (a) Four radial
inter-grid distance of 0.1, which gives spatial resolution of 1 cuipoles. (b) Four tangential dipole. (c) Two-point current sources and two-point
on a typical spherical head model with radius of 10 cm. SuéHrent sinks. (d) One pair of point current source/sink. (See text for details.)
choice of the grid size is to achieve reasonably high enough res-
olution considering the limitation of the spatial resolution by For all the simulated source configurations, the scalp poten-
the LWMN algorithm. For each voxel, a point current, or thregial generated by the assumed electrical sources were calculated
dipoles along the three axes were considered. Therefore, #malytically (see Section IlI). Gaussian white noise (GWN) of
total unknown quantities were 1509 for the ECS imaging ari®% was added to the calculated scalp potentials to simulate
3N = 4527 for the EDS imaging. The number of the scalp eleethe noise-contaminated scalp potentials. The noise level is de-
trodes used in the present investigation Wés= 129, which fined as the ratio between the standard deviation of GWN and
were uniformly distributed over the upper hemisphere of thhie standard deviation of the simulated scalp potential over all
head, and represents a desired spatial sampling rate. The trargésitrodes. The 10% noise level was selected since it represents
matrix from the equivalent point current source to the scalptypical noise level for EEG signals. Both ECS imaging and
potential can be found from the formulation described in SeEDS imaging were conducted to inversely estimate the 3-D elec-
tion lll. Again, the computational advantage of the ECS as contical source distribution.
pared with the EDS is obvious when considering the dimensions
of the matrices in (5). D. Human VEP Experimentation

In the present simulation study, four different source con-

) . . : . . Visual evoked potential (VEP) experiments were conducted
flguratlops, Wh'Ch. represent same basic source anf'gurat'(?ﬂ%uman subjects to evaluate the performance of the proposed
of possible multiple sources/sinks, were investigated a S imaging approach. Comparison was also made with the
|Il_ustrated in Fig. 2 as e_xamples._ln Fig. 2(a), four radlaéDS imaging approach [10]. Two healthy subjects who gave
dipoles located at Cartesian coordinate(éf0.4,0,0.4) and \jiten informed consent were studied in accordance with a pro-
(0,40.4,0.4) were used to simulate four regions of localizegy,co| approved by the UIC/IRB. Visual stimuli were generated
brain activity. The two dipoles located on theaxis were py the STIM system (Neuro Scan Labs). 94-channel VEP sig-
oriented outwards and the two dipoles located onghexis s referenced to right earlobe were amplified with a gain of
inwards. Fig. 2(b) illustrates another example of dipole sourcggg and band pass filtered from 1 Hz to 200 Hz by Synamps
in which four tangential dipoles were located(#f0.4,0,0.4) (Neuro Scan Labs), and were acquired at a sampling rate of 1
and(0,+0.4,0.4), all pointing counter-clockwise. Fig. 2(c) il- kHz by using SCAN 4.1 software (Neuro Scan Labs). The elec-
lustrates an example of four point current sources/sinks locatggde locations were measured using Polhemus Fastrack (Pol-
at(+0.4,0,0.4) and(0, 0.4, 0.4). The two on ther axis were hemus Inc.) and best fitted on the spherical surface with unit ra-
current sources (with positive signs) and the two onitfexis  dius. Half visual field pattern reversal checkerboards (black and
were the current-sinks (with negative signs). In Fig. 2(d), &hite) with reversal frequency of 2 Hz served as visual stimuli
point current source (with positive sign) located at (0.4, 0, 0.4hd 300 reversals were recorded to obtain averaged VEP sig-
and a point current sink (with negative sign) located at (0, 0.4als. The display had a total viewing angle of P4 11.7,

0.4) were used to simulate a source/sink configuration of braind the checksize was set to be 1B% 135 expressed in arc
electrical activity. minutes.
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[ll. ScALP POTENTIALS GENERATED BY A POINT CURRENT H™ =P, P"(cos 8y) cos mpg
SOURCE IN A THREE-CONCENTRIC SPHERESHEAD MODEL mPy,

—= P/"(cos By) sinmeg

In this section we derive the forward solutions of the poten- sin 6o
tials on the scalp and inside the brain by a point current source in B ((l —m+ 1) +m)
a three-concentric-sphere head model [25]. While the solutions

of the potential due to a dipole source are previously available X P (cos o) — " (cos o))
[26], [27], we present the derivation of the potential by both a X €COS o
dipole current and a point current source in a unified way. G =1P, P (cos fo) sin mgo

The potential distribution of an arbitrarily positioned and ori-

entated dipole in an infinite medium is given by [21] + Sin; P (cos 8y) cos mypg
0
P,
D, :—P Vi 1 -2 (1= m+ 1)(I + m)P™*(cos bo)
4o Tp 2 +1 .
1 { a 19 19 } 1 —P["T(cos b)) sinmepo
=— P+ P+ Fp— - —
dmo " "9ro  Trosiny dpo 70 9t 6) and (7) changes to
- _ _ K1 , .
whereP is the dipole vector with components @F,., P, Z Z z+1 (cos mpg cos m + sin mpg sin m)
in spherical coordinate system. For a point current source in an =1 m=0
infinite medium, the potential is given by x P™(cos 80)P"(cos 8)
=) 4
1 I KD o
oo = = M =D Sy (11)

dno Tp =1 m=0

where, I is the current source strength. Using the associatgfere
Legendre function, we can obtain [28],
ST (1,8, ¢) =(cosmpg cos mp + sin meq sin me)

=9} l
Z Z l+1 - 8 n ﬂml; P (cos ) x P"(cos o) P;" (cos8) (11a)
7 i=om=o mipy b g0y (L= m)!
o X 1;’"' (cos ) cosm(e — ¢o) (8) Ki"(I) = lIno (2 &) I+m) (11b)
i m—1
96, 2 [ =m 4+ 1) +m) P (cos bo) Note that the index starts from one in (10) instead of zero as
_le+1(COS 90)] (@ n (8), since the term _correspondlng to=0 is zero. In (11),
thel = 0 term was omitted due to the electrical neutrality for a
and living system that requires the total sum of the currents inside a
P, living system vanishes. .
871 = P}(cos ) (9a) In the above equationsy]”(P, 8, ¢) is determined by the
0

dipole position and moment, and has no relation to the radial
whereé® = 1 whenm = 0, andé®, = 0 whenm # 0, and Vvariabler. K{"(ﬁ) is a constant which is totally determined by
(0,80, 0) and(r, 8, ) are the standard spherical coordinateiie dipole.S;" (1, 6, o) is determined by the point current source
of the source position and field poin, is the distance from the position and its strength, and has no relation to the radial vari-
source point to the field poin™ is the associated Legendreabler, and K7 (I) is a constant which is totally determined by
function of the first kind. From (8), (9), and (9a), (6) can b&he point current source. Because of the similarity between (10)
rewritten as and (11), a general formula is given below, in order to simplify
the following derivation.

=) 4 Km(ﬁ) .
b = ——— (H" cosmp + G]" sinmy) m

;2 ritl Poo =Y f%sz"(e, P). (12)
x P! (cos6) tm
- KPP For a dipole source* = KJ*(P), S7(6, ¢) = S;"(P, 0, ¢);

=D e S(P.6,%) (10) o2t & CROIE SOUES NSES
oS while for a point current sourcek]* = K*(I) and

S0, ) = S(1,6,¢). We will not specify them in the
where following derivation for the sake of simplicity.

As the boundary condition requires that the potential is
continuous across the boundary, which is shown by the fol-

(10a) |owing (14) and (14b), for a concentric multi-sphere conductive
(10b) medium, S;*(6,¢) may be chosen as the common basic
function form for each sub-region. Based on (10) and (11), the

SIU(P, 6, ) = (H]" cos mp + G sinme) Pl (cos 0)

bt (I—m)!
4(;rrf (2~ 8m) (14 m)!

K" (P) =



HE et al: CURRENT ESTIMATES OF BRAIN ELECTRICAL ACTIVITY

expression of the potential in the inner sphere can be assumed D [b (20+1) < _ 2) _ 2 <

to be the following:

o= [A}"rl + K" H_I}S :

im

(13)

In the second and third layers, the potentials are expressed as

the solution of Laplace’s equation

o, :Z |:Crn7l +Drn :|Srn

iLm

%:Z{El 4+ B IH}S )

Im

(13a)

(13b)

The boundary conditions are

Q) =Py|,—0 (14)
01% = 02% . (14a)
3 == (14b)

03 aaq: 2 — oy aaq: 2 . (14c)
% —0],—. (14d)

In the aboveg,, o2 andos refer to the conductivities for the

brain tissue, the skull, and the scalp, respectively, andc

refer to the radii of the three spheres. The boundary conditon

(14) implies
m 1 m 1 AT l m 1
C’la—i—DlW: la—l—Kl W (15)
The boundary condition (14d) yields
B — I+ 1) 5 =0 (15a)
or
12 rnl + 1 1

From the boundary condition (14b) we have
[+1
oy + D bl =" <bl+Tc_(2H'1) + b—<l+1>> (15¢)
and the boundary condition (14c) results in

oy [CMWW = D14 1) 5

1
pi+2

1
= o3 F (14 1) [bl_lc_@l"'l) -

W} . (15d)

EquatingZ;™ from the above two equations we find
ClmeI-l—l +Dlm o CImH—leQH—l _ pm

(%)214-1 H_Tl 1 T o3

A o l o
O (-2)-(ors2)]
c o3 l+103

Dh (15¢)

or

m
&

281

1+l+12>}
l a3

(15f)

g3

which we abbreviate as

aC™t = D} (150)

The boundary condition (14a) yields
1
o1 A;"lal 1 K"l(l—i—l) l+2:|
= o,O" [lal_l -+ 1)%a—<l+2>} (15h)

and the boundary conditon (14) is

At + K;"al—il = [al + %a_(l'i'l)} : (15i)
By equatingA}™ from the above two equations we find
op = Km(20+ 1) (15)
l (1 - g—f) e (l+ 2+ 1))
and
AT = K[?

(20 + 1)(8 4 aa”HY) _ gy |
) B+t o (14 201 +1))

(i

(15K)
Collectively, (15b), (15c), (15g), and (15j) result in
E _ rn l +1 —(21—1—1)
e
1 —(2141)
=Cp <b‘”+1 + 3) ZJ; e (151)
f B (07 +1

Based on this equation and (13b), we can calculate the potential
on the scalp surface by

l
D3l,ee = Z [Ezm <cl + l+_1021+1c—(1+1)>} s

im

Y By 121+1

Im

(16)

And the potential in the braifro < » < a) can be calculated by
(10)—(13) and (15k). In particular, the potential on the cortical
surface(r = a) is

(I)1|7,=a = Z [A?lal + Klma*(l+l):|slm

ILm

=> o <a +— —<l+1>> S

Im

17)

Considering a special case wherg = o3 and the source is
located on the: axis with = = 7y, the potential on the scalp
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Fig. 3. The estimated equivalent source distributions corresponding to the source configuration illustrated in Fig. 2(a). (a) Equivaleontccerdansity. (b)
Moment of equivalent dipole sources. (c) Theomponent of equivalent dipole sources. (d) Theomponent of equivalent dipole sources. (e) Trmponent
of equivalent dipole sources.

produced by a point current source located on:the&is can be f T
represented by ¢

- l The potential on the cortical surfa¢e = ) produced by a
Dspee :Z [Ez <c’ L T 2l —(z+1)>} ) (cos 6) point current source is
F

=1 oo 1
Ir Cq
°° Dilpza = —— 9 __ZP(cosh
:Z 1211_:_ 1Pz(c089) : IE: droy T dp t(cos6)
= I o f: ' G p s 20)
Ir 2 1 — P(cos
:Z 701 - 3( + ) B(COSQ) = 47{‘0’16 dl
— dmosc g1+ 1)
00 . 3 and the potential on the cortical surfage= «) produced by a
—Z L sQEAL)N b oso) (18) dipole is [27]
N — dmosc di(l+ 1)l !
. > PZZT(I) ! Cp
and the potential on the scalp produced byite®mponent’, P1lr=a = Z droldtt EPI(COS 0)
of a dipole located on the axis is [27] =
-1 3 Z P Pi(cosh) (21)
= Py os(20+1 = —F
Q3= :Z o s2l+1) Py(cos6) — drnoic? d;
Aot di(l+ 1)1
where
Plfi=ts(20+1
Z 47(15 2 d 511;1 Pr(cos6) (19) 1 (+1)
3 l :(214‘1) f1+/3f1 )
where dp =I(1— s)f2H 4 j(z +(1+1)s),
d9 d9 /
S=_ = 2041 Is
o1 03 a=f""T"(1-s)— 1+1+l ;
ls
d:l+1s+l< )-i— 1—s)((I+1)s+1
=+ Ds+D (777 (L= 5)(( +Ds+1) /3:f2_(21+1)(1_8)_<1+l—1l-18>.
i
b el _ )2 é
x ( 1 2 ) I(1-s) <f2> )
I, =21+1, IV. RESULTS
n= A. Simulation Results
g Fig. 3 shows an example of the ECS estimate and the EDS
f2 =2 estimate for the four simulated radial dipoles as illustrated in
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Fig. 4. The estimated equivalent source distributions corresponding to the source configuration illustrated in Fig. 2(b). (a) Equivalenuccerdrtsity. (b)
Moment of equivalent dipole sources. (c) Theomponent of equivalent dipole sources. (d) Th@mponent of equivalent dipole sources. (e) Tr@mponent
of equivalent dipole sources.

Fig. 2(a). The ECS imaging results are shown in Fig. 3(a). Thex direction depending on their outward/inward orientations
EDS moment;: componenty component, and component [Fig. 3(e)]. The maximum strength of the estimatedompo-
imaging results are shown in Fig. 3(b)—(e), respectively. Theent andy component appears between layees 0.4 andz =
64-level color scales, as shown by the color bar on the right @5, while thez component reaches its maximum strength at
the figure, is used to illustrate the strength distribution of tHayer> = 0.3.

inverse solution. The ECS strength and the EDS moment Magrig. 4 shows an example of the ECS imaging and the
nitude (nonnegative) are respectively normalized by their abgeng imaging for four tangential dipoles as illustrated in
lute maximum values. The three EDS directional componeqiﬁg_ 2(b). The method of display is the same as that in Fig. 3.
are normalized by the absolute maximum value of all three comy, 4(a) shows that the ECS estimate represents four pairs
ponents, and the positive value indicates the component is al%? ource—-sink distribution resolving the four source dipoles.
the += or+y axis, while the negative value indicates the COMrhe maximum source strength was estimated on layer0.5
ponent is along the-x or —y axis. instead ofz = 0.4, similar to the EDS moment distribution as

Fig. 3(a) shows that the ECS estimate represents well fo|h'Lsztrated in Fig. 4(b). Again, the orientation information of the

regions of activity close to the four source dipoles. The max;: .
. . : ipole sources can be further revealed by examining the three
imum source strength was estimated on layet 0.5 instead

of z = 0.4. Such bias is a common phenomenon of the LWM?DS compo-nentls’ distribution as depicted in Fig. 4(c}—(e).
algorithm, not related to the ECS model. Since the two outwa (!'I1e tange?tlalhﬂlp(::]e Iocat(Td éﬂ;’ ;0'?’ %4)0 jhogvj onhe+a:
dipoles and two inward dipoles are all along radial directi0|"f,0rnponen » While the one ‘ocaled a (0,0.4, 0. ).S OWS one
the sinks of the two outward dipoles gradually merge with the” component [Fig. 4(c)]. Similarly, the two tangential dipoles
sources of the two inward dipoles at deeper layersdike0.1 ocated at(£0.4,0,0.4) show one+y component and one
andz = 0.0, where only few weak activities can be observed¥ component, respectively [Fig. 4(d)]. Notably, Fig. 4(c)
Similarly, the EDS moment estimate shown in Fig. 3(b) illusShows relatively weak 9h°5t _source in left and right, and
trates a bias of shift of the maximum source magnitude sonfd9- 4(d) shows similar “ghost” source in top and bottom of
where between layees= 0.4 andz = 0.5. While the EDS mo- the subplots. Interestingly, although actually there is no
ment imaging suggests four source dipoles from its distributié@MpPonent exists for th“e S'm:"ated dipole sources, Fig. 4(e)
at deep layers, its distribution at the layers close to the souf&¥eals relatively weak “ghost” components corresponding to
dipoles ¢ = 0.4 andz = 0.5) is blurred because only magthe four tangential dipoles. The generation of these “ghost”
nitudes are depicted_ To have a Comp|ete picture of the EBSUrces may contribute to the intrinsic limitations of the MN or
distribution, the three EDS directional components are exatd/MN based inverse solutions [29]. While Fig. 4 demonstrates
ined in Fig. 3(c)—(e). Clearly, the two outward radial dipolethat the proposed ECS imaging is, in principbguivalentto
located at+0.4,0, 0.4), respectively, show onez component the EDS imaging approach, in that it provides source-sink
and one—x component at horizontal axis [Fig. 3(c)], while thedistribution corresponding to the dipole sources, it also suggests
two inward radial dipoles located @i, +-0.4, 0.4), respectively, its limitation, in cases like this, that additional information is
show onet+y component and oney component at vertical axis needed to determine the current flows. Fig. 4 suggests that, in
[Fig. 3(d)]. All the four radial dipoles show components or practice, a more complete picture on the 3-D neural current
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source distribution may be obtained by combining ECS amturces. The current sources/sinks configuration in this example
EDS estimates. can be approximately represented by four tangential dipoles as
Fig. 5 shows an example of the ECS imaging and the EDifustrated by the dashed arrows shown in Fig. 2(c). Therefore,
imaging for four current sources/sinks as illustrated in Fig. 2(d¥ig. 5(c)—(d) reasonably shows the equivalent EDS components
Fig. 5(a) shows that the ECS estimate represents well the famrz andy directions, while Fig. 5(e) shows the “ghost” ERS
areas of activity overlying the four sources/sinks. The informaemponent corresponding to the current sources/sinks.
tion on the distribution of the current sources/sinks is well repre- Fig. 6 shows another example of the ECS imaging and the
sented in the estimated ECS distribution. The maximum souf€®S imaging for a current source and a current sink as illus-
strength was estimated somewhere between layer®9.4 and trated in Fig. 2(d). Fig. 6(a) shows that the ECS estimate repre-
» = 0.5. Note that the EDS moment and three directional corsents well the source configuration consisting of a current source
ponents’ distributions shown in Fig. 5(b)—(e) are similar to thosd a current sink, with the maximum estimated source strength
shown in Fig. 3(b)—(e), which correspond to four radial dipollocated close to layer = 0.4. The EDS moment distribution
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Fig. 7. (l) Top-back view of the scalp potential maps at P100 of VEP experiment. (a) Subject A was presented with the left visual field stimulic{® Subje
was presented with the right visual field stimuli. (See text for details.)(Il) The estimated (a) ECS, (b) EDS moment, {c¢&B$nent, (d) EDg component,

and (e) EDS: component distributions corresponding to the scalp potential map shown in Fig. 7(l-a). (Ill) The estimated (a) ECS, (b) EDS moment; (c) EDS
component, (d) EDg component, and (e) EDScomponent distributions corresponding to the scalp potential map shown in Fig. 7(I-b).

illustrates a single dipole approximately located at the cent®er Human VEP Experimental Results

of the line connecting the source and the sink [Fig. 6(b)]. The

orientation of this equivalent dipole can be approximately il- The pattern reversal VEP data at the P100 were analyzed
lustrated by the dashed arrow depicted in Fig. 2(d). Therefol®;, using both ECS and EDS imaging approaches. Two repre-
Fig. 6(c) and (d) reasonably shows the equivalent EDS compentative examples are given below as illustrations. Subject A
nents onz andy directions, while Fig. 6(e) shows the “ghost’was presented with the left visual field stimuli, and Fig. 7(I-a)
EDS ~ component corresponding to the current source/sink. displays the top-back view of the scalp potential map at P100,
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which shows a dominant positive potential component symmétem neuronal membrane excitation [20], [45]-[48]. The
rically distributed over the occipital area of the scalp. On thequivalent monopole source models have been previously
other hand, subject B was presented with the right visual fielged in investigations on equivalent surface sources [30]-[32].
stimuli, and the top-back view of the recorded scalp potentigthe equivalent 3-D current source modeling, which we have
map at P100 is shown in Fig. 7(I-b), which can be characterizgden pursuing in our laboratory at the University of lllinois
by a widely distributed positive potential componenton the rigii{ 3 represents a further effort toward modeling of bioelectric
scalp. sources. Since the three-concentric-sphere inhomogeneous
For the P100 scalp potential map elicited by the left visughodel has been widely used as a reasonable approximation of
field stimuli in Subject A, Fig. 7(ll-a) and (11-b), respectively,the head volume conductor, our theoretical work in developing
shows the ECS distribution and the EDS moment distributioghe closed form solution of the scalp potentials due to a point
while thez, y, andz component distributions of the EDS esti,rrent source provides not only a basic forward solution for
mate are illustrated in Fig. 7(ll-c)—(lll-e), respectively. The EC{,o proposed ECS imaging, but also a solution which would

estimate shows the maximum strength source at layer0.3, o \sefyl to researchers for other work involving modeling and
located on the right occipital area of the brain close to the ”gnﬁaging of brain electric sources

visual cortex. The estimated strongest sink lies at layer0.1,

located at a more medial and deeper position as compared witinaging of brain electrical activity has received significant at-
the maximum strength source position. The EDS moment disigntion in the past decades. A number of techniques have been
bution shows strongest activity between layets 0.1 andz = developed for estimating and imaging electric activity in the
0.2, in the position close to the right visual cortex. The estimat&igin from noninvasive electrical or magnetic measurements.
directional EDS components show dominant activity aleng Dipole localization techniques have been used for localizing
direction between layers = 0.1 andz = 0.3, and apparent one or few well-localized brain sources [3]-[5]. Scalp Lapla-
activity along+z direction around layet = 0.1, and all these cian mapping techniques have been used to enhance the spa-
activities are located close to the right visual cortex. Clearlffal resolution of the scalp potential maps for estimating the
the source/sink distribution estimated by the ECS imaging agertical electrical activity [2], [33]-[36]. Cortical imaging has
proach suggests a current flow pathway consistent with the ED&en developed to de-convolve the smoothing effect of the head
imaging results. volume conductor, providing estimation of cortical electrical
For the P100 scalp potential map elicited by the right visuakttivity [2], [13], [35], [37]-[43]. Recently, 3-D imaging tech-
field stimuli in Subject B, Fig. 7(lll-a) and (lll-b), respectively, niques have been further developed to estimate the distribution
shows the ECS distribution and the EDS moment distributioaf electrical sources throughout the neuronal tissue in the brain
while the three directional EDS component distributions are {8]-[18], [46], including reconstruction of equivalent dipole dis-
lustrated in Fig. 7(Ill-c)—(lll-e), respectively. The ECS estimatgibution or electrical potentials in the 3-D volume.
shows the aximum ;trength source at Iag/et. 0.3, located In the present study, we have developed a new approach to
otheIeft 0(_:C|p|tal brain area close to the left visual Cortex'Tneestimate the 3-D equivalent current source distribution from
estimated smk_has strongest stre_n_gth at_Iaye-r_ 0.1, Iocate_d calp EEG. We have realized the inverse estimation by using
at a more medial and deeper position, with a little extensmnﬁg . . . .
e LWMN algorithm, while other inverse algorithms may be

the left occipital area of the brain. The EDS moment estimatte : . . .
) used in equivalent current source imaging. The present com-
shows strongest magnitude between layers 0.1 andz =

0.2, in the position close to the left visual cortex. The estimat t;r S|mulat|cr:]n_re§ults .clea;LIy %err;otl: stt_rate tfhe eff|ca|1cytof the
directional EDS components show dominant activity aleng ; approag 12 IrEaglngF eb |tsh r;hu Ido.n CI) equivaien c(:jutrh
direction between layers= 0.1 and> = 0.3. Apparent activity rent sources in the brain. or bo € dipole sources and the

along+~ direction around layer = 0.1 and some activity along point current sources, the ECS imaging approach can resolve
+ direction between layers — 0.1 andz — 0.2 can also be the source configuration to the degree of the spatial resolution

observed, and all these estimated EDS components are loc&eg!l0wed by the LWMN algorithm. The limited spatial resolu-
close to the left visual cortex. Again, the source/sink distribiOn of the LWMN algorithm is due to the constraint inherited to

tion estimated by the ECS imaging approach suggests a Cun@mimize theT Laplacia}n of thg source distribution, thus, effec-
flow pathway consistent with the EDS imaging results. tively removing the high spatial frequency components. Such
operation is to ensure the reconstruction of a unique solution

for the highly underdetermined inverse problem. The limitation
V. DisCUSSION of the MN or WMN algorithms has been addressed by sev-

Bioelectrical sources have been estimated by using a numBE! investigators [9], [15], [40] and is beyond the scope of the
of equivalent source models, in particular, the equivalent dipdl€sent paper. Although we only used the LWMN algorithm in
models. The wide use of equivalent dipole models is partiall)€ Present study to implement the inverse estimation, other in-
due to the fact that the dipole represents well a localized ané&{S€ estimation techniques (for example, the inverse estimators
of neural activity inside the brain. On the other hand, it hayovided in [14]-{18]) can also be used to implement the equiv-
been shown that both the equivalent volume current souf@€nt current source imaging.

(monopole) and the equivalent volume dipole source (dipole)lt is noteworthy that the ECS imaging results are consistent
can equivalently represent the bioelectric sources originatingth those obtained by using the EDS imaging approach,
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in that the ECS imaging provides important information on [4]
the source—sink configuration of the “actual” sources (see
Figs. 3—6). Theoretically speaking, either the equivalent dipole
source model or the equivalent current source model shouldS]
be able to represent the electrical source distribution. While
the EDS imaging can also reveal the direction information of
the dipole sources, by simultaneously displayingzits;, and
z component distributions, the ECS imaging approach reduceg]
the solution space to one third of that of the EDS imaging
approach, thus, substantially improves the computational[8
efficiency. Our simulation studies have demonstrated that
the EDS moment estimate only reveals the dipole intensityl®]
distribution without orientation information, which should be
retrieved by examining the EDS component distribution in[10]
three dimensions. The ECS estimate, however, can effectively
reconstruct the source/sink configuration, which may suggesi1]
the orientation of the source dipoles, or the pathway of the
current flows in the brain. e
The present 3-D brain electric source imaging technique was
also applied to the VEP data analysis, and consistent results

2]
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B. He, T. Musha, Y. Okamoto, S. Homma, Y. Nakajima, and T. Sato,
“Electric dipole tracing in the brain by means of the boundary element
method and its accuracyEEE Trans. Biomed. Engvol. BME—34, pp.
406-414, 1987.

B. N. Cuffin, “EEG dipole source localization)EEE Eng. Med. Biol.
Mag., vol. 17, pp. 118-122, 1998.

6] J. C. Mosher, P. S. Lewis, and R. M. Leahy, “Multiple dipole modeling

and localization from spatio-temporal MEG datl5EE Trans. Biomed.
Eng, vol. 39, pp. 541-557, 1992.

M. S. Hamalainen and R. limoniemi, “Interpreting measured magnetic
fields of the brain: Estimates of current distributions,” Helsinki Univ.
Technol, Helsinki, Finland, Tech. Rep. TKF-F-A559, 1984.

] B. Jeffs, R. Leahy, and M. Singh, “An evaluation of methods for

neuromagnetic image reconstructiolfEEE Trans. Biomed. Engvol.
BME-34, pp. 713-723, 1987.

I. F. Gorodnitsky, J. S. George, and B. D. Rao, “Neuromagnetic source
imaging with FOCUSS: A recursive weighted minimum norm algo-
rithm,” Electroenceph. Clin. Neurophysiplol. 95, pp. 231-251, 1995.
R. D. Pascual-Marqui, C. M. Michel, and D. Lehmann, “Low resolution
electromagnetic tomography: A new method for localizing electrical ac-
tivity in the brain,”Int. J. Psychophysiglvol. 18, pp. 49-65, 1994.

R. D. Pascual-Marqui, “Reply to comments by Hamalainen, limoniemi,
and Nunez,1SBET Newslettno. 6, pp. 16—28, 1995.

G. Lantz, C. M. Michel, R. D. Pascual-Marqui, L. Spinelli, M. Seeck, S.
Seri, T. Landis, and |. Rosen, “Extracranial localization of intracranial
interictal epileptiform activity using LORETA (low resolution electro-
magnetic tomography),Electroenceph. Clin. Neurophysiplol. 102,

pp. 414-422, 1997.

were obtained from both ECS and EDS imaging approachegs] p. Yao and B. He, “The Laplacian weighted minimum norm esfimate of

(Fig. 7). It is widely accepted that the half visual field stimuli
activate the visual cortex on the contralateral hemisphere of the
brain. But paradoxically, the half visual field stimuli elicited [14]
stronger positive potential distribution over the midline or ip-
silateral side of the scalp. However, both the ECS estimate angl;
the EDS estimate clearly indicate that the contralateral visual
cortex was activated [44], thus, effectively eliminated the mis-
leading far field observed in the scalp potential. Consistent with
the simulation study, the ECS estimate of the source/sink dis-
tribution underlying the scalp VEP measurement gave almosiz
equivalent information on the source location and orientation
information as those revealed by the EDS estimate.

In summary, the simulation and experimental studies haves)
demonstrated the excellent performance of the ECS estimate in
imaging brain electrical sources. The ECS imaging approachg]
gives consistent results as the EDS imaging approach, but Is
much more computationally efficient. The ECS imaging ap—gﬂ
proach may become an important alternative to imaging of bio-
electric sources in the brain and other organ systems. [22]
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