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Abstract

The inverseproblemin the field of EEG and MEG requiresthe repeatedsimulationof the field distribution for a given
dipolar sourcein the humanbrain usinga volume-conductionmodel of the head. High resolutionfinite elementhead
modelingallows the inclusionof tissueconductvity inhomogeneitieandanisotropies.We will presentnew approaches
for individually determininghe direction-dependergonductvities of skull andbrainwhite matter basedon non-invasive
multimodalmagneticresonancémagingdata,andfor generatinga high resolutionrealistically shapedanisotropicfinite
elementmodelof thehumanhead.Forwardcalculationandinverselocalizationerrorsindicatethe necessityf thechosen

comple forward model.

1 Intr oduction

For the EEG/MEG forward problem, the human head
has to be modeledas a volume-conductor The skull

is known to have an anisotropicconductvity with a ra-

tio of up to 1:10 (radially:tangentiallyto the skull sur

face)[1]. For brain white matter a similar anisotropy

ratio is known, but still, no techniqueexists for its ro-

bustandnon-irvasive direct measurementRecently for-

malismshave beendescribedor relatingtheeffective elec-
trical conductvity tensorof white matter tissueto the
effective water diffusion tensor as measuredby Diffu-

sion Tensor Magnetic Resonancémaging (DT-MRI)[2;

3. [2] introducedthe assumptiorthat the effective elec-
trical conductvity tensorshareghe eigervectorswith the

effective diffusion tensorof water which can be mea-
suredfor white mattertissueby DT-MRI. First studies
shav thatwhite matterconductvity anisotroy hasanin-

fluenceon the forward solutionsfor EEG and MEG [4;

5]. In this paperwe will presenimeasuremertechnigques
andmethoddor obtaininga realisticallyshapechigh res-
olution volume conductormodel of the humanheadin

a non-irvasive way with anisotropicallyconductingcom-

partmentsskull andwhite matter Our goalis the studyof

the influenceof tissueanisotroly on forward andinverse
problemin EEG/MEGsourcdocalization.

2 Methods

A prerequisitdor a realisticmodelingof the volumecon-
ductoris the segmentationof headtissueswith different
conductvity propertiesFig. 1 (left) shavsanaxial sliceof
thesegmentedb-tissueheadmodelfrom bimodalMRI [5].

Figure 1: Axial dice of the 5-tissue segmentation result
(left). Smooth surface spongiosa model on underlying T1-
MRI (right).

2.1 Generationof an anisotropic skull layer

We first describeour modeling approachfor the low-
conductinganisotropicskull compartment. A first step
in the modelingprocessds the segmentationof innerand
outerskull surfaces.We useda bimodal T1-/PD-MRI ap-
proachyieldingin particularanimprovedsegmentatiorof
the inner skull surface[5]. We basedthe determination
of skull conductvity tensoreigervectorson the resulting
meshof a discretedeformablesurface model. The de-
formable modelwas appliedherein orderto generatea
smoothsurfacespongiosanodel,i.e.,astronglysmoothed
triangularmesh,which wasshrunlenfrom the outerskull
maskonto the outer spongiosasurface[5] (Fig. 1, right).
For eachpoint in the skull layer, we determinethe ra-
dial skull directionby meansof the normalvectorof the
surfacevertex with minimal distance andthe two tangen-
tial directionsby vectorproduct. For our simulations we
useconductvity tensorsof the form ¢ = SAST with S
the eigervector matrix as describedabove and simulated



Skull White matter

ratio )\rad )\tang )\tTans /\long
11 0.0042 0.0042 0.14 0.14
1:2 0.0026 0.0053| 0.111 0.222
1:5| 0.00143 0.0072| 0.0818 0.41
1:10 | 0.000905 0.00905| 0.065 0.65

Table1: Skull andwhite matterconductvity tensoreigen-
valuesettings(in 1/Q2m). Thetensorvolumeis keptcon-
stantfor agivenanisotropy ratio[5].

eigervaluesA = diag(Mang; Atang; Araq) (Tablel). Arqq
is the conductvity tensoreigervaluefor radial and A¢qng
for tangentialdirection.

2.2 Generation of an anisotropic white mat-
ter layer

8 DTl measuremergessionsgachwith 4 axially oriented,
5mm thick sliceswith in-planeresolutionof 2 x 2 mm?

werecarriedout. CoregisteredT 1 imagesallowedthereg-
istrationof the DTI dataon the 3D T1 dataset. Thereg-
isteredDT datawerethenresampledo 1 x 1 x 1 mn?®

andeachdiffusiontensomwasrotatedwith therotationma-
trix of the respecitie registrationprocessvia a similarity
transform[5]. Fig. 2 (left) shavsthetraceof the diffusion

Figure2: Trace of the diffusion tensor of the 8 registered
DT-MRI sessions (left). Fractional anisotropy index of the
DT-MRI, masked with the white matter mask of the 5-tissue
segmentation result (right).

tensors,i.e., the sumof the diagonaltensorelements pof

the8 registeredTI sessionsSincewaterdiffusioncoefi-

cientsin CSFaremuchlargerthanin thebrain,alargecon-
trastis achievedatthebrainsurface whichallowsaquality
checkof theregistration.Fig. 2 (right) shavs a mapof the
fractionalanisotroy index (0 < FA < 1) of theregis-
teredDT data[5]. ThehighestF' A valuewasfoundin the
spleniumof the corpuscallosumwhere FA = 0.74. For

our simulations,we useconductvity tensorsof the form

o = SAST with S the orthogonalmatrix of eigervectors
of themeasurediiffusiontensorsandsimulatedeigerval-

uesA = diagAong; Atrans, Atrans) ( Tablel). Ajopg is

the eigervalue parallel (longitudinal) and \;,....s perpen-
dicular (trans\erse)to thefibre directions.

2.3 FE modeling

Figure3: Conductivity tensors in the barycenters of skull
elements (left) and white matter elements (right).

We generatedh surface-basedetrahedraFE tessellation
of the relevant5 compartmentsiising[6]. Isotropiccon-
ductiity tensorswereassignedo skin (0.33 1/Qm), CSF
(1.79 1/2m), braingray matter(0.33 1/©2m) andventricu-
lar system(1.79 1/Qm). An anisotropicconductvity ten-
sorwasassignedo the barycentref eachfinite elemenin
the skull andthe white mattercompartmen(Fig. 3). Ten-
sor validation and visualizationwas carried out with the
SIMBIO visualizationmodule[7]. The resultingmodel
consistof 147287nodesand892115tetrahedralements.
For solvingthe sparselargescale linear FE equationsys-
temwith mary differentright-hand-sidesye make useof
our parallel NeuroFEM software [7], which is basedon
a parallel algebraicmultigrid solver [8]. The NeuroFEM
computatiorplatformusedhereis an architecturallysim-
ple Linux PC-clustewith 100MBit ethernet.For inverse
localization,we useda singledipolefit NelderMeadsim-
plex algorithmfrom the SimBio inversetoolbox ST41[7;
9l.

3 Resultsand discussion

EEG: Radially oriented source EEG: Tangentially oriented source
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Figure 5: RDM errors in EEG forward result due to
anisotropy with ratios from 1: 1 to 1:10.

Fig.5 shaws the topographyerror, RDM [5], in 71 elec-
trode EEG forward solutionsfor a somatosensorgource
with largeradial(left) andlargetangentiabrientationcom-
ponent(right). Theerrorsdueto anisotropy effectsof skull,
white matter(WM) andbothskullandWM arepresented.



Figure4: EEG localization errors due to 1:10 anisotropy of skull and WM compartment. The pole is at the position of the
simulated dipole, it points to itsinverse localization result. Smulated dipoles with large radial (left) and large tangential
orientation component (middle and right). Errors are presented on underlying (transparent) WM and inner skull surfaces.
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Figure6: Errorsin MEG forward result due to anisotropy
with ratios from 1:1to 1:10.

For theradial orientation,the RDM is mainly dueto WM
anisotropy, the errorof the skull layerwasonly abouthalf
theoneof theWM compartmentFor thetangentiakource,
the RDM is mainly dueto the skull, whereaswe found
that WM anisotroyy is negligible. For both orientations,
the magnitudeerror, MAG [5], is closeto the optimumof
1.0 (not shavn). An increaseof radial or tangentialskull
conductvity contractswhereas decreasspreadoutthe
isopotentialdistribution on the surface. The isopotential
patternis alsodistorted,sothatanapproximatiorof skull
anisotroy effectsby meansof anincreaseor a decrease
of a scalarisotropicskull conductvity valuein boundary
elementheadmodelsseemsto be difficult. Fig.6 shavs
RDM andMAG in wholeheadBTI 148channeMEG for-
ward solutionsfor both sources. With RDM < 1% and
MAG = 1, skullanisotroy wasfoundto have noinfluence
on the MEG (not shavn). For WM anisotropy, the RDM
is moderatefor the tangentialsource,whereast is much
largerfor theradialone. Thelargererrorcanbeexplained
by the factthat tissueanisotropy only influencesthe sec-
ondary(return)currentsandthattheratio of the secondary
to the whole magneticflux increaseswith increasingra-
tio of the radial dipole orientationcomponent.The MAG
is againcloseto the optimum. Furtherresultsconcerning
theinfluenceof WM andskull anisotroly ontoEEG/MEG
forwardsolutionscanbe studiedin [5].

We thencomputedthe EEG at 71 electrodedor 43 neo-
cortical sourceswith large radial (Fig.4, left) andfor 46

with large tangentialorientationcomponent(Fig.4, mid-
dle andright). For eachof them, the EEG in isotropic
andin 1:10anisotropidboth,WM andskull) volumecon-
ductorswere computed. We validatedthe single dipole
fit methodby reconstructingeachdipole by meansof its
EEG resultin theisotropicmodel. Maximal localization
error was 0.6mm. We thenreconstructeacachdipole in
the isotropic model by meansof its EEG resultin the
anisotropianodel.For theradialsourcesthelargestiocal-
ization erroris 10.2mm,the average5.1mm(Fig.4, left),
for the tangentialit is 17.2mmand 8.8mm,resp. (Fig.4,
middle andright). Tangentialsourceshave in particular
localizationerrorsin depth. They arelocalizedtoo deep
in thetemporallobe (Fig.4, middle) andtoo superficialin
particularin parietalandoccipitalareaqFig.4,right).
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