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Source Localization Using a Current-Density experimental noise. Simulations are also presented which illustrate the
Minimization Approach effects of structured noise.

Relevant references with respect to methods of source localization

Michael I. Miga*, Todd E. Kerner, and Terrance M. Darcey  can be found in a review by Koles [7]. Relevant references regarding

the finite-element method and simulated annealing in the inverse EEG

. ) ) » problem are [8]-[11].
Abstract—Determining the location of cortical activity from electroen-
cephalographic (EEG) data is important clinically. In this paper, a method
is presented which uses the powerful optimization method of simulated Il. METHODS

annealing in conjunction with a finite-element-based model of the search . - . e
domain for single-time slice solution of the EEG-inverse problem. The The model equation describing the quasistatic distribution of elec-

algorithm highlights a new objective function based on the current-density  trical potential in a heterogeneous volume subjected to a current source

boundary integral associated with the finite-element formulation as the (2 is described by Poisson’s equation

basis for parameter optimization. In two-dimensional experiments in a

shallow tank containing saline, single dipoles are located within 2 mm. V- (oVg) =, (1)
Simulations studying the algorithms response to structured noise are also ' ’

presented. The new objective function is shown to take advantage of the \here, is conductivity,s is the electrical potential, and the boundary
natural framework associated with finite-elements and the results suggest " '

that the approach is capable of resolving dipole locations in simulations conditions are pure_Nt_eumarm(&;’)/an) = 0. Equation _(1) has been
and experiments. the standard description for the forward-based solution of the elec-

tropotential distribution resulting from a dipole in the neuroanatomical
context. The treatment of (1) in the finite-element framework begins
with the volumetric integration of (1) after multiplication by a spatially
continuous weighting functioty;

Index Terms—DBipole, EEG, finite-element, inverse problem, simulated
annealing.

I. INTRODUCTION
. . {6V - oV o) = (:0) e

Over the past three decades, there has been considerable effort di-
rected at localizing and characterizing the electrical sources of cortigghere(-) indicates integration over the problem domain ands the
brain activity [1]-[6]. If accurate reconstructions of brain activity couldth member of a complete set of standard finite-elend&htocal La-
be generated, this would allow physicians and researchers to localiggnge polynomial interpolants. Applying an integration by parts to the
critical brain functions and focal pathophysiologies of the brain such rgt-hand side of (2) yields the weak form
in epilepsy. The primary foci of research have been on the development .
of appropriate head and source models, in addition to robust methods —(oVé - Vi) = — f n - oVoids + (1) (3)
of equivalent source localization (parameter optimization).

In this paper, we demonstrate and evaluate an equivalent SOUgare ¢ denotes integration over the boundary enclosing the problem
reconstruction algorithm which utilizes a novel objective functiofomain and# is the outward-pointing normal direction to this
based on surface current density and that combines finite-elemgglnqary. Spatial discretization of (3) is completed in Galerkin
models with the powerful optimization technique of simulated aRzghion by expanding the unknown potential, as a sum of un-

nealing. While previously published methods use measured potenfighwn coefficients multiplied by known functions of position,
differences as the basis for optimization, our approach takes advantgg;e y) = 3. 6,4, (x,y), when substituted into (3) gives
7y & 3 StV

of the finite-element framework by using an objective function based
on the current-density boundary intergral associated with standard
finite-element formulations. Our algorithm also incorporates user-de-
fined target search regions to enable more efficient computation when
there is prior knowledge regarding possible source location. For tiwbere/ is the current density{o V ¢). When integrated over the entire
present purpose of feasibility demonstration, the method is impldemain, (4) can be rewritten in matrix form As® = b.
mented in two dimensions and employs a single time-slice dipole(s)To model current sources within the finite-element mesh, we
localization approach, although the approach could easily be genesgecify current dipoles (i.e., current source and sink pairs) with
ized to three dimensions and more sophisticated source models. A timixnowns being position:( y), orientation §), and strength /) for
dimensional physical system consisting of 32 electrodes and a shallatotal of four unknown parameters per source. The distribution of the
tank containing saline is employed to demonstrate the algorithnseurce to nodes is computed using the linear basis associated with
ability to localize a dipole in a system subjected to single-time slidmear triangular finite elements. For source parameter optimization,
we employed a simulated annealing algorithm, the details of which
were reported by Alotteet al. [9]. In our algorithm, we have also
incorporated user designated search regions in the case where general
Manuscript received May 25, 2001; revised March 8, 2002. The work of T. Nlocalization information may be available. Results not shown here
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Fig. 1. Single dipole reconstructions for positions at tank (a) boundary and (b) center, respectively, along with their respective curreimtegasity
reconstructions (c) and (d). In (a) and (b) all domains are #%a/ scale. In (c) and (d), the solid line represents the initial configuration with a source strength
of zero while the asterisks represent the current-density boundary integral values at the electrodes with the reconstructed dipole present.

with the inherent boundary conditions, each current dengitynust IIl. RESULTS

approach the limit of zero as the dipole estimation improves, hence the._. . . . .
boundary integral in (4) must also approach zero. Using this measurg,: '9. 1(a)_(t2) |Ikl)ustr3tes the drecor:stlrlucitlon togdlptc:? stLocat(Td Intpol;
our optimization search is characterized by the minimization of sitions near the boundary and centraily located within the saline tank,

N N respectively. The accuracy of localization at four different positions
al , al " ) 2 within the tank was on average H80.7 mm, with an orientation
; C(xp, Yr, Ok, M), = ; <% - J;'u)zd5> ®) error of 1.3+ 1 deg which is within the certainty that we could phys-
o - ically measure the source location parameters. The magnitudes of the
where C(«r, yi., 6, My ) 1s the objective/cost function associated,gjtages were not equivalent to the experimertab V, but the lo-
with the Ith electrode resulting fronk dipoles, V' is the number of - ¢i7ation was quite satisfactory. It is likely that this source magnitude
electrodes/; is the current density associated with tle electrode oo i associated with the manner in which we discretize our source.

g'e'ﬁ ’]’dls ]f’; function of¢, whsref_ onl:y/ contributions 'r? the _nﬁ'_gh' Fig. 1(c)—(d) demonstrates that at the global minimum, the conditions
orhood oft are nonzgro), and, finaflyl; represgnt; t 1€ welg N9 oted in (1) are achieved, i.e., the current-density integral at each
function associated with tHeh electrode. This optimization approach lectrode approaches zero. In results not presented here, the approach

avoids issues regarding data differentiation when calculating tﬁe ) .
. . . . . s: 1) capable of reconstructing sources to the same accuracy level
current density and is advantageous in three-dimensional (3- 5/

. L . . en above in the presence of heterogeneities; 2) found to be sensi-
calculations when using iterative solvers (i.e., only need to compyte . .
. o . Ive to mesh resolution; and 3) enhanced when using targeted search
inverse or precondition matrix once). .
. ; . ._.regions.
To test algorithm performance, a simple testing apparatus consisti . .
he performance of the algorithm in the presence of large amounts

of a 32 electrode loop and a shallow circular 20-cm tank filled with d noi deled by six interfering diooles) is sh .
saline was used to reconstruct the position, orientation, and magnitt?é_lewucmre noise (modeled by six interfering dipoles) is shown in

of a simulated EEG source. The source was created by connecting 2(a)~(d) and Table I. Fig. 2(a) shows the potential distribution
stainless-steel leads to a dc voltage supply and suspending the lead®'? 20% noise level while Fig. 2(d) shows how the reconstruction
the saline tank. Cylindrical heterogeneities were also placed in the t4fKUces the peak due to the dominant dipole (circled region above
to study the effects of conductivity. No specific model of the skull corglectrode #25). The localization and orientation error for this noise
ductivity was analyzed in that the focus of this work is on intracrani&§Vel over a series of 20 inverse calculations was#2068 mm and
EEG monitoring_ Fo”owing the tank experiements’ a series of numéﬂz:t 5.7 deg., respeCtiVely. The results for five different noise levels
ical simulations were performed to test reconstruction robustness in 84€ listed in Table I.

presence of correlated noise. The effects of corelated noise were as-
sessed by positioning a high-magnitude strength dipole approximately
1 cm from the surface electrodes with six surrounding dipoles of lower
strength added to confound the surface data in a structured manner. Thgaditionally, in the EEG inverse problem, the electrode potentials
strength of the surrounding dipoles was chosen to be a fixed percentaig@sured are sought by varying the position and orientation of mod-
level of 5%, 10%, 20%, and 40% of the dominant dipole strength andéted dipoles within the brain. In the new approach described here, the
referred to as structured noise for the remainder of this paper. It shoafetimization objective is to vary the modeled dipole such that the Neu-
be noted here that all localization statistics were based on executingnienn boundary condition is satisfied. The results in Fig. 1 illustrate
algorithm 20 times for each source reconstruction. that the approach is feasible and accurate in the idealized experimental

IV. DiscussiON ANDCONCLUSION
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Fig. 2. The results from 20% structured noise dipole reconstruction using a target-region inclusive of all dipoles and a refined grid withu @)l stoisz
potential distribution; (b) reconstruction; (c) the difference in electrode potentials between noiseless and 20% noise levels; (d) thensityrértedeal error
associated with 0% and 20% noise levels and the reconstruction effects also shown. All grayscale domaing-&r&/stale.
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