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Abstract
The inverseproblemin the field of EEG andMEG requiresthe repeatedsimulationof the field distribution for a given
dipolar sourcein the humanbrain usinga volume-conductionmodelof the head. High resolutionfinite elementhead
modelingallows the inclusionof tissueconductivity inhomogeneitiesandanisotropies.We will presentnew approaches
for individually determiningthedirection-dependentconductivitiesof skull andbrainwhite matter, basedon non-invasive
multimodalmagneticresonanceimagingdata,andfor generatinga high resolutionrealisticallyshapedanisotropicfinite
elementmodelof thehumanhead.Forwardcalculationandinverselocalizationerrorsindicatethenecessityof thechosen
complex forwardmodel.

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 anisotropicconductivity 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-
bust andnon-invasive direct measurement.Recently, for-
malismshavebeendescribedfor relatingtheeffectiveelec-
trical conductivity tensor of white matter tissue to the
effective water diffusion tensor as measuredby Diffu-
sion TensorMagnetic ResonanceImaging (DT-MRI)[2;
3]. [2] introducedthe assumptionthat the effective elec-
trical conductivity tensorsharestheeigenvectorswith the
effective diffusion tensorof water, which can be mea-
suredfor white matter tissueby DT-MRI. First studies
show thatwhite matterconductivity anisotropy hasan in-
fluenceon the forward solutionsfor EEG and MEG [4;
5]. In this paper, we will presentmeasurementtechniques
andmethodsfor obtaininga realisticallyshapedhigh res-
olution volume conductormodel of the humanheadin
a non-invasive way with anisotropicallyconductingcom-
partmentsskull andwhite matter. Our goal is thestudyof
the influenceof tissueanisotropy on forward andinverse
problemin EEG/MEGsourcelocalization.

2 Methods

A prerequisitefor a realisticmodelingof thevolumecon-
ductor is the segmentationof headtissueswith different
conductivity properties.Fig.1 (left) showsanaxialsliceof
thesegmented5-tissueheadmodelfrom bimodalMRI [5].

Figure 1: Axial slice 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 modelingprocessis the segmentationof inner and
outerskull surfaces.We useda bimodalT1-/PD-MRI ap-
proach,yieldingin particularanimprovedsegmentationof
the inner skull surface[5]. We basedthe determination
of skull conductivity tensoreigenvectorson the resulting
meshof a discretedeformablesurface model. The de-
formablemodel was appliedherein order to generatea
smoothsurfacespongiosamodel,i.e.,astronglysmoothed
triangularmesh,which wasshrunkenfrom theouterskull
maskonto the outerspongiosasurface[5] (Fig. 1, right).
For eachpoint in the skull layer, we determinethe ra-
dial skull directionby meansof the normalvectorof the
surfacevertex with minimal distance,andthetwo tangen-
tial directionsby vectorproduct. For our simulations,we
useconductivity tensorsof the form ��� �
	���

with
�

the eigenvectormatrix asdescribedabove andsimulated



Skull Whitematter
ratio ������� ��������� ����������� ���! "���
1:1 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 andwhitematterconductivity tensoreigen-
valuesettings(in 1/# m). The tensorvolumeis keptcon-
stantfor a givenanisotropy ratio [5].

eigenvalues
	 � diag$%�������&�('����������)'��������+* (Table1). ���,�-�

is the conductivity tensoreigenvaluefor radial and ���������
for tangentialdirection.

2.2 Generation of an anisotropic white mat-
ter layer

8 DTI measurementsessions,eachwith 4 axially oriented,.&/0/
thick sliceswith in-planeresolutionof 10231 mm

�
werecarriedout. CoregisteredT1 imagesallowedthereg-
istrationof the DTI dataon the3D T1 dataset. The reg-
isteredDT datawere thenresampledto 452647264 mm

�
andeachdiffusiontensorwasrotatedwith therotationma-
trix of the respective registrationprocessvia a similarity
transform[5]. Fig. 2 (left) shows thetraceof thediffusion

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,of
the8 registeredDTI sessions.Sincewaterdiffusioncoeffi-
cientsin CSFaremuchlargerthanin thebrain,alargecon-
trastis achievedatthebrainsurface,whichallowsaquality
checkof theregistration.Fig. 2 (right) showsa mapof the
fractionalanisotropy index ( 8:9<;>=?9@4 ) of the regis-
teredDT data[5]. Thehighest;>= valuewasfoundin the
spleniumof thecorpuscallosum,where ;>=A�B8�CED+F . For
our simulations,we useconductivity tensorsof the form
�G� �	��
�

with
�

theorthogonalmatrix of eigenvectors
of themeasureddiffusiontensors,andsimulatedeigenval-
ues

	 � diag$%���! H�&�(',�����,���I�+',�����,������* ( Table1). ���! H�&� is
the eigenvalueparallel (longitudinal)and ����������� perpen-
dicular(transverse)to thefibredirections.

2.3 FE modeling

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

We generateda surface-basedtetrahedralFE tessellation
of the relevant5 compartments,using[6]. Isotropiccon-
ductivity tensorswereassignedto skin ( 8�C J�J 1/# m), CSF
( 4�CED&K 1/# m), braingraymatter( 8�C JIJ 1/# m) andventricu-
lar system( 4�CED&K 1/# m). An anisotropicconductivity ten-
sorwasassignedto thebarycentreof eachfinite elementin
theskull andthewhite mattercompartment(Fig. 3). Ten-
sor validationand visualizationwas carriedout with the
SIMBIO visualizationmodule[7]. The resultingmodel
consistsof 147287nodesand892115tetrahedraelements.
For solvingthesparse,largescale,linearFEequationsys-
temwith many differentright-hand-sides,we make useof
our parallel NeuroFEMsoftware [7], which is basedon
a parallelalgebraicmultigrid solver [8]. The NeuroFEM
computationplatformusedhereis anarchitecturallysim-
ple Linux PC-clusterwith 100MBit ethernet.For inverse
localization,we useda singledipolefit Nelder-Meadsim-
plex algorithmfrom theSimBio inversetoolboxST41[7;
9].

3 Resultsand discussion
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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 shows the topographyerror, RDM [5], in 71 elec-
trodeEEG forward solutionsfor a somatosensorysource
with largeradial(left) andlargetangentialorientationcom-
ponent(right). Theerrorsduetoanisotropy effectsof skull,
whitematter(WM) andbothskull andWM 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 its inverse localization result. Simulated 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: Errors in MEG forward result due to anisotropy
with ratios from 1:1 to 1:10.

For theradialorientation,theRDM is mainly dueto WM
anisotropy, theerrorof theskull layerwasonly abouthalf
theoneof theWM compartment.For thetangentialsource,
the RDM is mainly due to the skull, whereaswe found
that WM anisotropy is negligible. For both orientations,
themagnitudeerror, MAG [5], is closeto theoptimumof
1.0 (not shown). An increaseof radialor tangentialskull
conductivity contracts,whereasa decreasespreadsout the
isopotentialdistribution on the surface. The isopotential
patternis alsodistorted,sothatanapproximationof skull
anisotropy effectsby meansof an increaseor a decrease
of a scalarisotropicskull conductivity valuein boundary
elementheadmodelsseemsto be difficult. Fig.6 shows
RDM andMAG in wholeheadBTI 148channelMEG for-
ward solutionsfor both sources.With RDM � 4�� and
MAG � 4 , skull anisotropy wasfoundto havenoinfluence
on theMEG (not shown). For WM anisotropy, theRDM
is moderatefor the tangentialsource,whereasit is much
largerfor theradialone.Thelargererrorcanbeexplained
by the fact that tissueanisotropy only influencesthe sec-
ondary(return)currentsandthattheratioof thesecondary
to the whole magneticflux increaseswith increasingra-
tio of theradialdipoleorientationcomponent.TheMAG
is againcloseto theoptimum. Furtherresultsconcerning
theinfluenceof WM andskull anisotropy ontoEEG/MEG
forwardsolutionscanbestudiedin [5].
We thencomputedthe EEG at 71 electrodesfor 43 neo-
cortical sourceswith large radial (Fig.4, left) and for 46

with large tangentialorientationcomponent(Fig.4, mid-
dle and right). For eachof them, the EEG in isotropic
andin 1:10anisotropic(both,WM andskull) volumecon-
ductorswere computed. We validatedthe single dipole
fit methodby reconstructingeachdipole by meansof its
EEG result in the isotropicmodel. Maximal localization
error was 0.6mm. We thenreconstructedeachdipole in
the isotropic model by meansof its EEG result in the
anisotropicmodel.For theradialsources,thelargestlocal-
ization error is 10.2mm,the average5.1mm(Fig.4, left),
for the tangentialit is 17.1mmand8.8mm,resp. (Fig.4,
middle and right). Tangentialsourceshave in particular
localizationerrorsin depth. They are localizedtoo deep
in thetemporallobe(Fig.4,middle)andtoo superficialin
particularin parietalandoccipitalareas(Fig.4,right).

Acknowledgements

This work wassupportedby the IST-programof the Eu-
ropean Community, project SIMBIO (contract no.IST-
1999-10378), by Prof.E.Zeidler and by the Leibniz-
Prize of the GermanResearchFoundationawarded to
Prof.A.D.Friederici.

References

[1] Marin etal.,Human Brain Mapping 6, 1998.
[2] Basseretal.,Biophys.J. 66, 1994.
[3] Tuchetal., ISMRM, Sydney, 1998.
[4] Haueisenetal.,NeuroImage 15, 2002.
[5] Wolters et al.,http://www.mpg.de/billing/, to appear,

2001.
[6] Curry45, http://www.www.neuro.com/neuroscan/

prod05.htm, 2000.
[7] SimBio,http://www.simbio.de, 2000.
[8] Woltersetal.,Biomag2002, Proceedings.
[9] Dümpelmannetal.,Biomag2002, Proceedings.


