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Abstract

Objectve: to irvestigate the accurgoof forward and imerse techniques for EEG and MEG dipole
localization. Design and Methods: a human skull phant@s eonstructed with brain, skull and
scalp layers and realistic relaticonducitrities. Thirty two independent current dipoles were dis-
tributed within the “brain” rgion and EEG and MEG data collected separately for each dipole. The
true dipole locations and orientations and the morphology of the brain, skull and scalp layers were
extracted from X-ray CT data. The location of each dipas estimated from the EEG and MEG
data using the R-MUSICwerse method and foewd models based on spherical and realistic head
geometries. Additional computer simulations were performedvesiitate the &ctors aecting
localization accurac Results: localization errors using the refaly simpler locally fitted sphere
approach are only slightly greater than those using a BEM approachveragealocalization error
over the 32 dipoles &as 7 — 8 mm for EEG and 3 mm for MEG. Conclusion: The superior perfor-
mance of MEG wer EEG appears to be because the latter is more gensigrrors in the forard
model arising from simplifying assumptions concerning the condtyctf the skull, scalp and

brain.

Key words: MEG, EEG, dipole localization, phantom, boundary element methods, locally fitted

spheres.
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1. Introduction

ElectroencephalogragifEEG) and magentoencephalograpMEG) can be used, respeety,
to measure scalp sade potentials andkegernal magneticiélds produced by the neural current
sources associated with sensonptor and cognie actvity. Inverse procedures in EEG and MEG
are used to estimate the spatial disiiitn of the underlying, possibly focal, neural sources. The
equvalent current dipole, and clusters of such dipoles, are a widely used source model for repre-
senting focal neural aegity. For this model the werse procedure must estimate the locations and
amplitudes of the equalent dipoles.

An important step in assessing the accyrith which these sources can be estimated is to per-
form experimental studies in which the true location and temporatigchf the dipoles are
known. In this vay we can study thefett on accuracof errors in the head and sensor models and
of noise in the data. Studies of this type can be performed using computer simulateverthe
majority of published results that use computer simulations assume simplified models for the head,
instrumentation and noiseygical simulations use a spherical head with point measurements of
the scalp potential or magnetic field and aslditvhite Gaussian noise (cf. Mosher et al. 1998). T
establish practical limits on the accuyadth which dipolar sources can be estimated, the models
should talk into account the non-ideal nature of the sensors, realistic head geometries and correla-
tions in the noise. Furthermore, we must also consider tbetebf inaccuracies in the foand
model associated with uncertainties in the estimated contdiestiin the head and thefedt of
simplifications and numerical errors associated with either spherical head approximations or
boundary element methods based on more realistic head geometries.

While more elaborate simulations could bgaleped to include thesadtors, galuation using
data collected directly from a péical system has the ahtage that the results can more closely
reflectin vivo performance since tiignclude fictors that cannot readily be included in simula-
tions, such as eironmental noise and diations of the pisical system from our model. Such
studies hae been performed using dipolar sources implanted in epilepsy patients (Cohen et

al. 1990); havever, the procedures required to implant these sources, including making holes in the
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skull, may result in seere distortion of glume currents. While such studies are importany, dine
not ideal for galuation of general forard and imerse methods. The other functional modalities
(fMRI and PET) ofer the potential for prading ground truth for clinical andolunteer studies;
however, the relationship between hemodynamic and elecyiplogical processes are currently

not suficiently well understood to pwide reliable crossalidation.

A multiple dipole phantom as used in (Phillips et al 1997) faraduation of seeral MEG imag-
ing methods. This “dry” phantom is based on the theoretical description in (IImonieni@8%).
in which the resulting fields are sk to be identical to those produced by a current dipole in a
uniformly conducting medium. The major limitations of this phantom are its inability to generate
the wolume currents associated with realistic head geometries and its unsuitability for EEG. Inter-
esting studies va@ been performed with dipoles implanted in a vadhead (Barth et al986)
and gelatin filled skulls by (Greenblatt and Robin£884, Lavine et al.1995) and more recently
by (Baillet et al. 1997). Here wauitd on these studies using agamumber of dipoles implanted

in a human skull phantom.

Motivated by the desire to produce realistic data corresponding to cosplio-temporal cur-
rent sources and to include théeets of realistic head geometries, we designed almdchted a
multiple dipole phantom consisting of 32 independently programmable and isolated dipoles which
can be inserted in a skull mount and used to collect both EEG and MEG data. The design of the
phantom vas first described in (Spend&96). Here we report on the design of this phantom and
include the results of a localization study using EEG and MEG. The design of the phantom and
data collection procedures are described in Section 2. In Section 3 we describe our data processing
methods that include gestration of the MEG and phantom-based coordinate systemsrtbrw
head modeling for EEG and MEG, and current dipole fitting. Experimental results are reported in
Section 4. These include tahtions of the localization errors for each of the dipoles using EEG
and MEG data with spherical and realistic head models. In the discussion in Section 5 we include

the results of seeral simulations that are compared with tRpezimental data in order to assess
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the impact of diierent error sources on the total localization effforal conclusions are dva in

Section 6.

2. Experimental Design and Data Acquisition

2.1. Phantom Design

The phantom design consists of three components: (i) a 32-element current dipole array; (ii) a
personal computer (PC) controlled dipolevdriwith 32 isolated channels allmg independent
control of each dipole; and (iii) a human-skull mount in which the dipole array is plaged. W

describe each of these three componentsibelo

2.1.1. Dipole Array

The dipoles were constructed from semi-rigid coaxial cableQB4FSS-SS, Micro-Coax, UTI,
Collegeville, PA) consisting of a 0.84hm outside diameter shield made from stainless stegl allo
(#304) tubing, a @flon PTFE (Polytetrafluorostiene) insulator and an inner stainless steel con-
ductor The semi-rigid coax &as insulated using standard 3/64 inch heat shrinkable tubing and then
striped back toxpose 1 mm of the shield and 1 mm of the inner conductor tethme conduct-
ing medium, as illustrated in Fid. Thirty-two dipoles were constructed and arranged to approxi-
mately follov a pair of sulcal folds. Sixteen of these dipoles were dig&thalong, and arranged
normally to, a nominal left central sulcus. Another fourteen dipoles were arranged along a nominal
left calcerine fissure. The remaining dipoles were positioned to represent a pair of frontal sources.
The semi-rigid nature of the cable al®us to bend the cable to imdiually position the dipoles

for the desired locations and orientations.

2.1.2. Driver Design

The dipoles are dren by isolated current sources which in turn are controlled through a special
purpose intedce to a DOS-based PC. Arbitrargweforms can be generated simultaneously at
each of the 32 dipoles. Thesawsforms are designed using NMIBAB software (The Mathwrks,
Natick, MA) on the PC and directed to the dipoleveirs. The disk file on the PC can contain data

Los Alamos Technical Report LA-UR-98-1442 Release: March 20, 1998



Leahy et al., Phantom Sudy Page 6 of 39

to drive all dipoles for as long as one hour with a sampling rate of 1000 samples per second per
channel. “Streamer” sof@ve and a PDMA-16 Digital DMA Board @fthley Metrabyte, &unton,
MA 02780) in the PC are used to clock the data at a constant rate in I dstter the xternal

dipole drver chassis.

In the external chassis, a parallel intece and clock generator format the digital data for 32 elec-
trically-isolated Digital-to-Analog (D/A) corerters. The 32 channels are electrically isolated from
the ground and each othand each channel can generate a fully bipolar signal. Each channel has
optical isolators for the serial data, clock and load signals and has a transformer isolated DC-to-DC
power corverter The digital data is carerted to an analog signal using abi?D/A corverter (Lin-
ear TechnologyLTC1257). The signal from the D/A cearter is then filtered with a second order
bandpass filter with a passband d¢iA4.to 200Hz and a transconductance amplifier is used to con-
vert the wltage signal to a current in the dipole. The dipole iedriwith a current source so that
the resulting dipole current is independent of the impedance of the dipplpdch-based acqui-
sition, a synchronization signal formed byiding the clock signal by 1000 is supplied from the

dipole drver chassis to the EEG or MEG machine.

2.1.3. The Skull Mount

To study the irrgular, eccentric morphology of the head, a human skull moast milt. The
whole skull vas boiled in saline solution and gelatin to ingprate the bone and acihéean appro-
priate conductiity relative to the interior @lume. The skull s then filled with a saline-gelatin
mixture to represent the brainlume. D provide a scalp layethe outside of the skullag coated
with forty layers of rubber lakemolding compound (GP 306, Gerisch Produatsrance, CA) to
an approximately uniform thickness ofrin. The latg was mibed with sodium chloride to aclve
the desired condueity. To determine the relat conductiities of the brain, skull and scalp lay-
ers, separate@n x 3cm samples, each approximatelyng thick, where prepared for each layer

and the impedance measured using a pairrofi2diameter gindrical Ag/AgCl electrodes. The
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ratio of the conductities measured using this methoasvapproximately 53:1:100 for
scalp:skull:brain.

The skull phantom as attached to a plieglass base containing the dipole array using a rubber
flange glued to the enlged base of the skull. The base has a fill/drain plug for filling the bokin v
ume of the phantom. A pressurized atume in the neck of the base pushes on a membrane,
which is in contact with the conducting medium, in order to compensateliong loss due to
evaporation. Vithout wolume compensationyaporatve losses through the skull and scalp layers
can cause airaps to form between the brain and skull layers and interolne currents in the

skull. All materials in the base and phantoms were nonferrous for MEG sensor compatibility

2.1.4. Electrode Placement

Sixty-five 2mm diameter Ag/AgCI electrodes (Inw Metric Inc., Healdsirg, CA) were
affixed to the scalp layer of the phantom. Most of the EEG electrodes were placed at the left and
back portions of the phantom scalp sod, with a f& placed at other ggons. for this electrode
placement, the angular distance betweemnearby electrodes is about 1@ues relatie to the
center of a spherical approximation to the scalp. The reference elecasgdased at the center
of the electrode arrayhis distritution of electrodes puided denser sampling of the scalp poten-
tials close to the actual dipole locations thauld have been achieed with a more uniform dis-

tribution of sensors.

2.2. Data Acquisition

2.2.1. CT Scanning

To obtain ground truth information on the locations of the electrodes and coaxial dipoles and to
extract the shape of the skull and scalp, the phantamssanned using a Siemens Somatom Plus
X-ray CT scanneiThe original CT wlume data consisted ofi@m thick coronal slices with a pk
size 0f0.29% 0.29 mm. The original glume data \&s then resampled ag286 x 256 x 325 voxel
isotropic wlume using the AIR (Automatic Imaging éistration) softvare package (@dbds et

al. 1992). The wxel size of the interpolated CT datas\0.58% 0.58x 0.58 mm. An X-ray pro-

Los Alamos Technical Report LA-UR-98-1442 Release: March 20, 1998



Leahy et al., Phantom Sudy Page 8 of 39

jection of the phantom is siwo in Fig.2 and a single CT slice in Fig. The geometric suates
of the scalp and outer and inner skull were found by thresholding the imagegtbbly manual
editing of the boundaries in each of the resampled CT slices. Renderings of each of the three sur-

faces are shen in Fig.4.

The electrode and dipole locations were found byiwvig the interpolated CT slices. The dipole
orientations were found from the CT coordinates oksd points along the tip of the coaxial
dipole using a best straight line fit. Since MEG is blind to the radial component and mostesensiti
to tangential dipoles, it is important for this compasasitudy of MEG and EEG localization errors
that the study be conducteden a range of orientations. In Figwe shav the deiation from a
radial orientation of each of the 32 dipoles. Since the dipoles are neither predominantly radial or
tangential, there appears to beaqiori bias in this study t@ards superior performance of either

MEG or EEG.

The 3-D coordinates of the dipoles in CT space, after scalingot@l gize, are our “ground
truth” data. The EEG electrode locationdracted from the CT data are als@iable in these
ground truth coordinates, as well as in coordinates established by a probe position indicator system
provided with the MEG equipment. Thus these-&iracted EEG electrode locations were also

used to rgister the MEG coordinate system to ground truth, as we will describe. belo

2.2.2. MEG and EEG Acquisition

The MEG data were collected using the Neuromag-122 (Neuromag Ltd., Helsinki, Finland)
whole head system at the Wélexico Institute of Neuroimaging in Allmuerque, N& Mexico.
This machine contains 61 dual-channel plagradiometer sensorswvyig a total of 122 spatial
measurements. The EEG data were collected separately using a 32-channel Synamps (Neuroscan
Inc., Sterling, \fginia) EEG system at the Umirsity of Southern California Signal & Image Pro-
cessing Institute. Since our Synamps is limited to 32 channels simultaneeeigigquired data
over the 64 EEG electrodes indvgeparate Ui identical runs. As anx&ra precaution agnst

increased contact impedance due to separation of the lmlames from the skull, the EEG data
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were collected with the skullwerted. In the results presented beltocalization accuracies are
compared for 122 channels of MEG data and 64 channels of EE€nhsTire that dérences in
performance are not simply due to thdeténce in the number of channels, simulations studies of

the efect of increasing the number of channels were also conducted (see Sgction

Using the Head Position Indicator (HPI) systemvpted with the Neuromag-122, we placed
three standard magnetic dipole fiducials on the skull and calibrated a “patient coordinate system”
(PCS) on the skull. The PCSwestablished by selecting and marking on the phantom a nominal
nasion and te prearicular points. The 64 EEG electrodes, the reference electrode and the system
ground electrode were also located in the PCS coordinate system with the HPI. The skull phantom
was then placed under theviza@ and the locations of the three magnetic dipole fiducials were mea-
sured relatie to the helmet arrayhereby establishing the location of the MEG sensor coils in the

PCS coordinate system.

A period of 60 seconds of “pre-stim” data containing novatiin were collected, folleed by
120 seconds of signal generation, then finally another 60 seconds of quiescent data. Htisdrack
of the signal generation by quiescent periodsipges measurements of the background noise for
each channel, from whicharviance and correlation statistics can be computadthits studywe
generated a 10 Hz sineave for one second for each dipole, with each dipole fired sueebssi
with no overlap. The sinusodialaveforms were digitally generated in NIRAB at 1000 samples
per second, with a peak amplitude of 100 microampere. Since the coaxial sovecas &posed

region of 2-3 mm, the dipolar sources had amplitudes of 200 - 300 nA-m.

A 0.1 Hz highpass filter and a 100 Havlpass filter were applied to the MEG data before sam-
pling at 500 samples per second. The standard equip@miergejting vas used, yielding approx-
imately 25 fT per bit. The EEG data were passed through a 0.3 Hz high pass and w(Qaizslo
as well as a 60 Hz notch, before digitally sampling at 250 samples per second. The eqaim®ent g

and sampling yielded about 0.04V per bit.
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3. Data Processing

3.1. Data Registration

Ordinarily, only a fev fiducial marlers are @ailable between d#rent modalities to prade data
alignment, ot the EEG sensorsfaded to the phantom scalp prded a rich set of maeks which
were used for gistration. The MEG and EEG sensor locations were foundvelatithe patient
coordinate system (PCS) using the head position indicators (HPI) as describedTd®EEG
sensor locations were also manually identified amicheted from the CT images. The EEG sensor
locations in the PCS, measured using the HPI, and the CT identified locations of the same EEG
electrodes, pnaded a set of 64 correspondence points from which the coordinate transformation
between PCS and CT coordinatessveomputed. Using this transformation, the MEG sensor loca-
tions were found in the CT coordinate system so thgitieee in rgister with the phantom sade

geometry and the dipole and electrode locations.

The reyistration vas performed by computing a least-squaitesf fa rotation, translation and
global scaling parameter between the twordinate systems. A closed form solution to this prob-
lem can be found using the Procrustes method (Sib888, Golub and & Loan1983). ur of
the 64 electrode points were not used due to uncertainty about the correspondence between the tw
modalities. The resulting root mean square eras 2t26nm between the HPI and CT based loca-
tions. The fit produced a scalingctor of 1.0027 between thedwnodalities indicatingery little
calibration error in the absolute coordinates in either PCS or CT coordinate systems. In the EEG
dipole fitting described belg the electrode locations that werdracted from the CT data were
used in solving the forard problem, rather than those obtained by transforming the HPI locations

from PCS to CT coordinates.

3.2. Forward Modeling

To find the locations of the dipoles from the measured EEG or MEG data, we must fest solv
the forward problem. This problemvnlves calculating the electric potential or magnetic field gen-

erated by knen current sources for augin head model. The typical model used in MEG and EEG
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analysis is that the head consists of a set of connecteches, typically representing the scalp,
skull and brain. If the condugtties within each of these gmns are isotropic and constant, the
electric potentials can begressed in terms of sade intgrals. The fonard EEG and MEG prob-
lems can then be s@d using a boundary element method (BEM). If, in addition, theme of
constant conduatity can be modeled as concentric spheres, then analytic solutishi®e EEG

and MEG.

The BEM method used in this studyasva linear collocation method (Mosher etl&97a,
Mosher et. al1997b) for solving the electric potentials, an approach similar to the one introduced
by (Schilitt et al1995). The approach of (Fgrson et al1994) was used for calculating the mag-
netic field \alues from the suate potentials. Instabilities due to thegaconductiity differences
between brain and skull were minimized using the isolated skull approach of (Haméalainen and

Sanas1989).

The BEM requires a tessellated representation of the inner and outer skull and saagssurf
The suréce tessellation procedure that we used is straigtdgfdreach susgice of the phantomas
first approximated using a pre-tessellated sphere, then the radii of the triangles on the pre-tessel-
lated sphere were adjusted to match the reaseidbtained from Gvhile the eleation and azi-
muth angles were presed. The number of triangles on each of the three tessellatedeurf
meshes as 2,292, corresponding to 1,148tces. Vith this tessellation the triangles were about
6--8 mm on a side with a smaliwability. Several nodes were manually adjusted in the vicinity of

the g/e soclets, nose, andyato prevent intersection of the sades.

We also approximated the skull using a locally fitted sphere, for which closed-form solutions are
available (Brody et al1973, Saras1987, Zhand.995). The 32 dipoles formed dwnain clusters
that represented the somatosensory and visual areas; for each cluster a locally fitted sphere model
was huilt. In the EEG case the modehwobtained by fitting three concentric spheres to the local
cunvature of the scalp, outermost skull, and innermost skalIMEG a single sphereas fitted to

the innermost skull. The folavd models used in the MEG data included the gradiomdéemtsef
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and true sensor orientation, and in the EEG includédrdiftial measurements relatito the ref-

erence electrode.

3.3. Source Localization using R-MUSC

MEG and EEG data were processed using the R-MUSIC source localization method (Mosher
and Lealy 1996). This method is aaviant of the MUSIC method applied to MEG and EEG data
as described in (Mosher et 4892). The MUSIC methods are based on estimation of a signal sub-
space from a set of spatio-temporal data using a singallae decomposition (SVD) (Golub and
Van Loan1983). The source locations are then found as the 3-D locations for which some orienta-
tion of a dipolar source at that point produces a éodamodel (“@in”) vector that lies approxi-
mately in the signal subspace. The measure of the distance betweeairthiscgor and the
estimated signal subspace is computed asirtepfinciple angle (Golub andavi Loan1983)
between the gn matrix for a source at that point and the signal subspace. Once the source loca-
tions are found, the dipole orientation is then computed as we describe in (MoshE9@2alThe
R-MUSIC method used here fdifs from the original MUSIC method primarily by performing a
recursve search in which we localize only one source at each recurseohaM/found that this
method imprees the robstness of the MUSIC approach. In the results we presemt belshov
the cosine of the principal angles, alsownas canonical or subspace correlations, since these are
a useful measure of howell the main dipole modeit$ the estimated signal subspace dug
s, = 1 indicates a perfect fit). As such, subspace correlation is a good measure of whether the data
produced are truly dipolaand is robst, to some dgee, to the presence of additional non-dipolar
sources and noise. In contrast, the “percariance gplained” of a least-squares fit stwthe total
difference between the data corresponding to the estimated source(s) and the true data, which does
not distinguish between contubons from source modeling error and those from noise. W
include both functions belo

In our study we generated a grid throughout the brastume comprising 1100 dipolar loca-
tions, with locations nearest the inner skull more densely arrangethe pre-calculated the for-

ward model for this grid into EEG and ME@ig matrices, using both our BEM and the locally
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fitted sphere model. The R-MUSIC prograrasathen run through the grid to find the grid point
with the highest subspace correlation. Starting with this grid point, a Ndkeksl simpl& method

was used to refine the dipole location by locally maximizing the subspace correlation. Once the first
source vas found, the R-MUSIC procedurasvrepeated to search for a second and third dipolar

source as described in (Mosher and Lyeh996).

4. Experimental Resultsfor the Skull Phantom

4.1. The Data

The MEG and EEG data corresponding to each of the 32 dipoles were used to compute estimates
of the dipole locations, orientations and time series. Before presenting the results of the localization
study we first irvestigate the signal to noise ratios (SNRs) of the tlata sets. In Fih we hae
plotted the SNR for each MEG and EEG data set. Here, we define SNR as the root mean square
(RMS) walue of the measured signal across all the measurement channels and timesslges di
by the RMS noise &l estimated from the pre-stim data. Our recorded EEG Sairabout tw

to three times lger than that for MEG (i.e., four to nine times more signalgrn

For both MEG and EEG, the original data were collected continuously for the 32 sequentially
fired dipoles. Each dipoleas fired indridually as a 10 Hz sineave for 1000 ms. @ avoid tran-
sient efects, we used only the central 600 ms of data in our analysis, representing six fudvgine w
cycles and 150 (300) time slices for the EEG (respelgtiMEG) data. Fig7(a) and (b) she the
measured MEG and EEGavweforms for a representedi dipole. Both EEG and MEGaweforms

clearly contain measurement noise, with the EEG data visibly less noisy than the MEG.

For dipole localization using R-MUSIC processing, we need to estimate the signal subspace as
described in (Mosher et dl992). If the only signal measured by the EEG/MEG system is due to
a single dipole, we wuld expect a rank one signal subspace. Thisi be indicated by a single
large singular &@lue in an SVD of the data matrix. The singulalues plotted in FigZ(c) and (d)
for a typical data matrix (dipole #1), skadditional compleity. In addition to the lae first sin-

gular walue, the second and third singulatues also appear to contain significant gyesspe-
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cially for the EEG data. Theaét that the signal subspace is greater than rank one indicates that
there are other “sources” conuiing to the measurements. These sources may be due either to
additional current fields inside the phantom orxtemal noise sources which produce measure-
ments across the sensors that are strongly spatially correlateidie®rthat these sources are not

fully coherent with our dipolar source, then the true source subspace should remaiabtentif
within the higher dimensional signal subspace. MUSIC techniques are particulady tolver-
specifying the dimension of the signal subspace, so for each of the 32 EEG/MEG data sets, we
attempted to localize three dipoles in an eight-dimensional signal subspace using R-MUSIC

(Mosher and Leah 1996).

4.2. EEG Results using BEM and Locally Fitted Sphere Approximation

Fig. 8 shavs the EEG localization errors for all 32 dipoles using the BEM approach and the
locally fitted sphere model. As we summarize abl€1, the mean error in localizing each source
for the BEM approach is 7.68m. Using the tw locally ftted spheres model, the mean error
increased only slightly to 8.06m. The corresponding@rage errors in the tangential component
of the dipole moment were 10.00 and 8.80 for the spherical and BEM models, vebpatk
obsere from Fig.8 that the performanceuvies for diferent dipoles, with each foesd model out-
performing the other in indidual cases. In particulaas shan in Fig.2, dipole#12 is a deep fron-
tal-temporal source, neargiens where the shape of the skull is highlygruiar and the 64 EEG
channels do not ka good ceerage. This poor electrodevewage results in thewoSNR shavn
in Fig. 6. If we eclude this dipole, the mean error using BEM decreases to 7.20 mm and that for
locally fitted spheres goeswio to 7.39 mm.

In Fig.9(a)-(c), the EEG subspace correlations of the 32 dipolar sources are plott&¢a)Fig.
shaws the subspace correlation of the first dipole with the rank eight signal subspace for both the
BEM and two-sphere models. The highgtee of correlation indicates arcellent agreement
between the dipole model and all of our sources. The second dipole is found by holding the first
dipole location and orientatioikéd and searching for the second dipole location as that which

maximizes the second subspace correlation. The good subdpieetltiis second dipole, as
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reflected in the second subspace correlationsshir Fig.9(b), indicates that a second dipole is
apparently present. Coersely the poor correlations sivo for the third dipole model in Fi§(c)

indicate that there is littlevedence for a third dipolar source.

As a comparison to a more a@mtional measure of performance, we also calculated the “per-
cent \ariance gplained” (PVE) by the idenié#d three-dipole spatio-temporal modi] this is
plotted in Fig.9(d). For most of the dipoles the PVEaeeds 90%, with the twdeep frontal
dipoles (#5 and #12) kg the lavest PVE. In most cases, the first identified dipole dominates the
PVE, with the identified second dipole contting about 10% to the PVE; the poorly correlated

third dipole contrilites at most 2%.

Fig. 10(a) shws the true locations and orientations of the 32 dipoledaid on a transparent
rendering of the tessellated inner skull aad. The fitted dipole locations and orientations using
BEM and locally itted sphere approximation are plotted in Hi§(b) and (c), respeugly. We
obsere qualitatvely in these figures the general concurrence among the true and estimated dipole
locations and orientations. &\agin note dipole #12, the deep frontal sourcensho Fig.2,

which is the dipole in FiglO(b) and (c) that is localized outside the acet

In Fig. 10(d), we she the locations and orientations of the second dipolar source for all 32 data
sets for both the spherical and BEM models. These dipolar sources are oriented approximately
radially and are locatecewy close to the reference electrode used for all channels. Examination of
the channel impedances indicated a possible mismatch with the reference channel, adding an
apparently spatially correlated noise component across all channels. Interegtm@zG for-
ward model can apparently compensate for this type of correlated noise by placing a small radial
dipolar source at the electrode, which, as we noted, accounts for about 10% of the PVE. Since the
presence of a second source can impact on the agafrbocalization of the first (Mosher et al.

1993), we ran simulation studies to determine the potential impact of this second source on the first.
We used a similar configuration to that in the true phantom with and without the second source for
each of the 32 dipole locations. White noisssvadded to the simulated data at an SNR to match

that of the true phantom data. The time series were set equal toxtiasted from thexg@erimen-
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tal dipole fits. V& found that the error in the localization of the true current dipodeaged ver

the 32 dipoles, as afected by less than 0.3mm.

4.3. MEG Results using BEM and Locally Fitted Sphere Approximation

The localization errors for the MEG data using the BEM and locally fitted sphere models are
plotted in Fig.11. Again, performance is similar for theaviorward models with thexeeption of
the frontal-temporal dipol#12, in which the BEM outperforms the locallitdd sphere model.

The two spheres used apparently did not account well for this deep source or the other frontal
source, dipolét5, also markd in Fig.2. As summarized inablel, the aerage localization error

using the BEM approach is 3.40 mm, while footlecally fitted spheres theerage is 4.14 mm.

If we exclude the tw poorest dipoles, the mean error for BEM becomes 3.03 mm and that for the
locally fitted sphere model only slightly greater at 3.47 mm. The corresponding errors in the tan-
gential components of the dipole moment&raged wer all 32 dipoles, were 6.80 and 7.70 for

the spherical and BEM models, respesiiy.

Analogous to Fig9, Fig.12(a)-(c) shar the subspace correlations of the first, second, and the
third fitted dipoles for all 32 MEG data sets, for both head modeds) aging a rank eight signal
subspace. From Fig2(a), the first identified dipole am shavs high subspace correlationsit b
these correlations are not as high as in the EEG case (c@(&)j. We also note that a second
dipole did not correlate well with the remaining signal subspace, nvooudy did a third. The
locations of these secondary dipoles appear random and do not form a cluster as in the EEG case.

The lover correlation of the first dipole is probably due to the significantly poorer SNR of the
MEG data, yielding lager subspace estimation errors. Similatttye PVE shan in Fig.12(d) is
significantly poorer than the comparable EEG PVEwhio Fig.9(d). The first fitted dipoles am
dominate the PVE, while the contuifions from the second and third dipoles are onlynader-
cent. Nonetheless, the poorer SNR MEG data yieldeellent localization results, and the loca-
tions of the fitted dipoles using the BEM approach and the locally fitted sphere model are plotted
in Fig.13(a) and (b), respeeély. The strong similarity among theseotwets of locations and the

CT identified dipole locations (Fig0(a)) is clear
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5. Discussion

The results presented atleoshav that MEG dipole localization errors are as small as could be
expected (~3nm) given the arious sources of gestration error between the true dipole locations,
the CT atracted locations and the HPI-based localization of the MEG sensors. In contrast the
errors for EEG localization are significantlydar (~7—8mm), although still well within bounds
that could be considered useful in clinical and research localization studies. Here we discuss the
factors that contrilte to these localization errors and present the resultyefassimulations
designed to further uesticate thesedtctors.

The small MEG localization errors are comparable in magnitude to gistregion errors. The
average rgistration error obseed between CT and HPI-based coordinate systems for the EEG
electrode array as 2.26mm, and consequently we caxpect a similar misigastration between
the CTFextracted dipole locations and the HPI-based MEG sensor locations. Additional localiza-
tion errors of up to inm can be attrilied to the finite @xel size in the original CT data (0.28m
by 0.29mm pixels and a 2nm thick slice) and manual identification of the dipole locations in the
isotropically resampled CT images.

The EEG data were of higher SNR arateghigher correlations between the dipole models and
the estimated signal subspace than for MEG (compar@@@&pand Figl2(a)); hevever, the local-
ization errors were arse for EEG than MEG. By comparing the localization errors for EEG when
using BEM to those using locallytted spheres model, we note that there is a velgtsmall
adwantage gined from using the considerably more com@&M method, i.e. a dérence on
average of less than Orbm in a total error inxeess of imm. These localization errors are sum-
marized in ablel.

One distinct adantage of EEG for source localization is that it is sesesit the radial compo-
nent of the dipole while MEG is not. Rided that the dipole has some tangential component, then
it can be localized using either modaliby this study the dipoles had orientations ranging from
near radial to near tangential aswhan Fig.5. There is no strong correlation between the local-

ization errors in the tawmodalities and the dipole orientations. This is becauseideathe tan-
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gential component is didiently lage to produce a reasonable SNR, othetdrs such as foavd

model accuracdominate the localization errors. The relatimportance of thesadtors are wes-

tigated belw. Since MEG cannot reliably estimate the radial component of the dipole moment, we
compare only the tangential components, while askeaiging that EEG is abously superior in
estimating the radial component. Theeage errors in the tangential components for MEG and
EEG using spherical and BEM foand models are all within 100. Since our uncertainty in the esti-
mated orientations is also on the order of 100, there isideree in our data for significant dif-
ferences in tangential orientation estimation between MEG and EEG. In concluding this discusison
of dipole orientation, we note that with a widely distribed range of orientations, both MEG and
EEG are able to produce reasonably accurate source localizations. This may indicate that some of
the concernsx@ressed in the literaturever the blindness of MEG to radial sources are possibly
exagerated, since this is éky to afect only the relatiely small proportion of the cortical sade

where the sudce normals are strongly radial.

To investicate the difierence between EEG and MEG performance in our phantom data, we per-
formed a series of computer simulationse ¥dnsidered the fetcts of the BEM approximations
and sensor a@rage in both noiseless data and data with norsésleomparable to thejgerimen-
tal data. © investicate the dects arising from the approximations and numerical errors in our
BEM methods, we used a three concentric spheres simulation so that the true fields could be com-
puted eactly. The configuration of the spherical simulatioasrdesigned to mimic the pattern of
the skull phantom in terms of the angular placement of the dipoles and sensors, and the distance
between the dipoles and the inner skull boundémng simulated forard data were computed ana-
lytically for each source locationoFthe noisy simulations, white Gaussian noises &dded to
yield SNR lerels comparable to thexgerimental lgels shavn in Fig.6. The BEM approach as

then used to localize each dipole using the same tessellation pattern as used in the phantom data.

The first simulation study used the same array pattern as the phantom data. The simulated head
geometry vas based on fitting the real phantom using 3 concentric spheres representing the simu-

lated scalp, outermost skull, and innermost skulles@s. Br the simulated MEG we used the true
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Neuromag-122 MEG sensor array geomelthe EEG electrodes were found by radially mapping

the phantom electrode locations onto the sphere. Simitarlsimulate the dipole locations, we
radially mapped them inside the innermost sphere so that the distance to the innermost surf
remained about the same as in the phantom data. The orientations of the dipoles were also set to

approximate those of the phantom.

To test the décts of electrode placement, we also simulatexidther EEG array patterns. The
first simulated patternas generated by mapping each of the 61 Neuromag MEG dual-channel sen-
sor locations along their radii onto the simulated spherical scajcsuifhese locations were then
used for an EEG array with spatiaveoage comparable to that of the MEG Neuromag-122. The
final simulated patternas 148 EEG sensor sites about the upper hemisphere, representing the sort

of dense array a@rage not usually seen in practice. These sensor patterns\areistiog. 14.

R-MUSIC (Mosher and Leagh1996) vas a@in used to localize the dipoles for the simulated
data, and thevarage localization errors are summarizedablél. The localization errors per
dipole are plotted in FidL5(a) for all of the EEG and MEG simulationsrlEomparison, we a
also replotted the skull phantom EEG and MEG results in15i(h). We obsere that for the
majority of dipoles, the EEG localization erroshibit only minor diferences due to the specific
EEG array pattern, including both noisy and noiseless simulations. The MEG localization errors
are submillimeterindicating a strong ralstness to our BEM approximations, which is to be
expected since the near radial orientation of the MEG sensormssntiag measurement relatiy
insensitve to wolume currents. The lger errors for the EEG dipole fits are due to Hut that EEG
forward calculations are more sensitito the approximations and numerical errors in the BEM

method than is the fomvd model in MEG.

In conclusion, the obsezd MEG phantom errors can probably be aiteld primarily to rgis-
tration errors, since the BEM simulation errors appear t@besmall. The EEG BEM simulation
errors appear to be comparable tgistration errors, yet both are madty lover than the EEG
skull phantom localization errors. The simulations also indicate that the presence of noise in the

data and EEG array eerage do not appear to be significaatdrs in this lager error Our suppo-
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sition is that the layer error lies in the forard model itself, i.e. errors in the estimated congucti

ities for the phantom and discrepancies between the piece-wise isotropic and homogeneous
conductor model and the true nature of the brain, skull and scalp layers in the phantom. While we
expect that the gelatin “brain"olume in the phantom is approximately isotropic, this may not be
the case for the scalp layer which is formed by repeated application of a thin layer of conducting
latex. Furthermore, our model of the skull does not include considerations of the coityuati-

ations. V& epect these to be particularly pronounced mioles where there are substantial frac-
tions of the skull glume occupied by the diploic space - theggores are clearly visible in the CT

slice of Fig.3. A more accurate model that considers thecebf the diploic space should lead to
better localization of the dipolar sourcese Wbte, hwever, that the conduatity properties of a
human head aref more compbethan those of our phantom. Unless we can produce high-resolu-
tion images of spatiallyarying conductiitiesin vivo, it is unlikely that forward models for human
subjects can be made much more accurate than thartbrmodel used for the phantom described
here. Consequently we conjecture that it wdty difficult to localize dipoles in human subjects

using EEG with accuracies much better than thenir8reported here.

6. Conclusions

We have presented a study of MEG and EEG dipole localization agcusiieg a human skull
phantom containing 32 independently programmable and isolated dipolar sources. This phantom
provides insights not readily obtainable from either simulatiorxpeemental human data:the
skull phantom praides realistic bone structure and morphologyth® EEG and MEG data can be
collected on commercial systems, adding the uncertainties of instrumentalvanhmental
noise; iii) the sources are kno to be piecwise dipolar and can also be grouped to form more
comple sources;\) a ground-truth for the sources and aoes can be readily obtained using X-
ray CT, v) the relatvely large number of dipoles alles a “macro” study of the ffcts of processing
trade-ofs, without unduly emphasizing yone dipole location; vi) the multiple-modality compat-

ibility allows registration errors to bexamined and the EEG and MEG modalities compared.
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In order to \alidate the design of the phantom axdraine some fundamental localization
issues, we restricted this study to single dipole sources. The mis-localizations of both EEG and
MEG were quite small, in general bel@mnecm; havever, the MEG localization errors were on
average half the size of the EEG errors, and indeed, the MEG localization errors were comparable
to the probable gstration errors. The mean errors in the tangential components of the dipole ori-
entation for MEG and EEG were within 100, with little sigraht diference between the ow
modalities. Simulation results demonstrated that the EEG localizatifarsstrom errors (~1—

2 mm) due to the BEM technique applied; in contrast the MEG simulation errors were sub-milli-
meter The simulation errors for EEG, Wwever, were still markdly less than for the phantom, indi-
cating that the Igyest sources of error are discrepancies between the homogenous isotropic shell
models used in our formvd computations and the true, probably anisotropic, nature of the phantom
itself.

In addition to comparing EEG and MEG localization errors, the phantom data were also used to
examine the dierences between twforward head modeling techniques, namalpoundary ele-
ment method and a locallittéd sphere approach. The resultsvstibat the boundary element
method, on eerage, gies slightly less localization error than the locally fitted sphere model for
both EEG and MEG data. This ngaval improsement, hwever, is gained at thexpense of signif-
icantly higher computational cost, in both time and memidng locally fitted sphere model results

indicate that this approximation may yield acceptable acgdoadoth MEG and EEG data.
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|
Diameter: 1.65mm 0.84mm 0.85mm 0.20mm

Fig. 1: Dimensions of the stainless steel coax and outer
sheath used to g enerate the dipolar sour ces.
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EEG
Electrodes

Dipole #12

Source Connector

o ™

Fig. 2: X-ray projection of the skull phantom and EEG electr  odes. The 32 coaxial cab les that
form the dipoles at the tips were inser ted thr ough the base . The other ends of the cab les
were connected with the driver thr  ough the sour ce connector . The filler thr oat was used to
fill/drain the brain v olume of the phantom with a conductive g  elatin. The EEG electr odes
were affixed to a conductive late x “scalp” la yer. Dipoles #5 and #12 are noted and dis-

cussed in the te xt.
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Latex “Scalp” EEG Electrodes

~

Gelatin “Brain”

\ Coaxial Leads

Fig. 3: X-ray Computed T omograph y Slice sho ws the diff erent compar tments of the phan-
tom, namel y scalp, skull, and brain. Also visib le are the coaxial leads and the EEG elec-
trodes. The original CT data were acquired at 0.29 x 0.29  mm, with an inter slice dimension

of 2 mm. We isotr opicall y resampled the data to a v olume comprising 0.58 mm?3 voxels.

The coaxial leads were traced thr ough the v olume to identify their dipolar tips and orien-
tation.
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Fig. 4: CT surface e xtraction vie wed fr om fr ont-right. (a) The original scalp surface with the EEG
electr odes; (b) Scalp surface after deleting the EEG electr  odes; (c) Outermost skull surface; (d)
Innermost skull surface
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Angle between CT identified dipole orientation and radial orientation of local spheres
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Fig. 5: The deiation of each of the 32 dipoles from a nominal radial orientation. The angle
measured relate to the radial @ctor pointing way from the center of the locally fitted sphere
used in the spherical head models in Section 3
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Fig. 7. EEG and MEG waveforms and their singular v alue plots f or a representative dipolar
sour ce. (a) the EEG waveforms; (b) the MEG wa veforms; (c) singular v alue plot of the EEG
waveforms; (d) singular v alue plot of the MEG wa veforms.
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Fig. 9: The subspace correlations and per cent v ariance e xplained (PVE) f or the EEG solutions: (a)
the subspace correlation f  or the fir st dipole model and the signal subspace; (b) the correlation f or
a second dipole; (c) the correlationf  or a thir d; (d) the per centv ariance e xplained f or the EEG three-

dipole fit.
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Fig. 10: Fitted dipole locations and orientations using EEG: (a) the 32 CT -identified dipole loca-
tions and orientations plotted in the tessellated inner skull surface; (b) the 32 fitted dipole loca-

tions and orientations using BEM; (c) the 32 fitted dipole locations and orientations using a tw o}
locall y fitted sphere model; (d) the second identified dipolar sour ces, whic h form a c luster with
radial orientation at the top of the head, under the ref  erence electr ode.
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Fig. 11: The MEG localization err ors for all the 32 dipole sour ces using a BEM appr oach and a
locall y fitted spheres model.
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Fig. 12: The subspace correlations and per cent v ariance e xplained f or the MEG solutions. See
Fig. 9 for plot descriptions.
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Fig. 13: The 32 MEG fitted dipole locations and orientations; (a) the 32 fitted dipole locations and

orientations using BEM; (b) the 32 fitted dipole locations and orientations using a tw
fitted sphere appr oach. The true CT locations are given in Fig.
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Fig. 14: The arrays used in the spherical head model sim ulations, as vie wed from the upper
front-right: (a) the sim ulated EEG arra y containing 64 ¢ hannels to mimic the true EEG arra y used
for the skull phantom (the arra vy is plotted on the tessellated spherical scalp, and the asterisk is

the ref erence electr ode); (b) the sim ulated EEG arra y containing 61 ¢ hannels, to mimic the 61
dual c hannel sites used in the Neur omag-122 MEG array (the ref erence is at the lo wer region);

(c) a sim ulated arra y comprising 148 sensor s about the upper hemisphere; (d) the Neur omag-
122 MEG array.
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Fig. 15: Testing the BEM accurac y for EEG and MEG: (a) the sim ulation results f or EEG and
MEG, using a three sphere anal ytic solution f or the f orwar d model and a BEM on the in verse, for
diff erent arra 'y patterns and noise; (b) f or comparison, the BEM localization results fr  om the

phantom (cf . Fig. 8 and Fig. 11).
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Table 1. EEG and MEG mean localization errors. The smulationswere
generated using an analytic forward model calculation of three concentric
spheresand a BEM for the inver se, with white noise added per the SNR
displayed in Fig. 6. See Fig. 14 for simulation array patterns.

EEG (mm) | MEG (mm)

Phantom, BEM Approach 7.62 3.40
Phantom, Locally Fitted Spheres Modgl 8.00 4.14
Noiseless Simulation,rlie Array Rttern 1.78 0.16

Noisy Simulation, Tue Array Rttern 1.85 0.23

Noisy EEG Simulation,

Neuromag-122 pattern (61 Sensor) Artay 204 B

Noisy EEG Simulation,

148 Sensor Array L B
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