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To achieve a deeper understanding of the brain, scientists, and
clinicians use electroencephalography (EEG) and magnetoencephalog-
raphy (MEG) inverse methods to reconstruct sources in the cortical
sheet of the human brain. The influence of structural and electrical
anisotropy in both the skull and the white matter on the EEG and
MEG source reconstruction is not well understood.

In this paper, we report on a study of the sensitivity to tissue
anisotropy of the EEG/MEG forward problem for deep and superficial
neocortical sources with differing orientation components in an
anatomically accurate model of the human head.

The goal of the study was to gain insight into the effect of
anisotropy of skull and white matter conductivity through the
visualization of field distributions, isopotential surfaces, and return
current flow and through statistical error measures. One implicit
premise of the study is that factors that affect the accuracy of the
forward solution will have at least as strong an influence over solutions
to the associated inverse problem.

Major findings of the study include (1) anisotropic white matter
conductivity causes return currents to flow in directions parallel to the
white matter fiber tracts; (2) skull anisotropy has a smearing effect on
the forward potential computation; and (3) the deeper a source lies and
the more it is surrounded by anisotropic tissue, the larger the influence
of this anisotropy on the resulting electric and magnetic fields.
Therefore, for the EEG, the presence of tissue anisotropy both for
the skull and white matter compartment substantially compromises the
forward potential computation and as a consequence, the inverse
source reconstruction. In contrast, for the MEG, only the anisotropy of
the white matter compartment has a significant effect. Finally, return
currents with high amplitudes were found in the highly conducting
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cerebrospinal fluid compartment, underscoring the need for accurate
modeling of this space.
© 2005 Elsevier Inc. All rights reserved.
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Introduction

The inverse problem in EEG and MEG aims at reconstructing
the underlying current distribution in the human brain using
potential differences and/or magnetic fluxes measured non-
invasively directly from the head surface or from a close distance.
The goal of this study was to examine the sensitivity of the
associated EEG/MEG forward problem especially to conductive
anisotropy within the brain. We computed forward solutions for
both isotropic and anisotropic versions of realistic head models
using the finite element approach and evaluated the results
throughout the head using sophisticated visualization techniques
as well as statistical metrics.

A major premise of this study is that there are regions of the
head that do not conduct electrical current isotropically, i.e.,
equally in all directions, but rather they conduct preferentially in
directions related to the underlying tissue structure (Geddes and
Baker, 1967; Haueisen, 1996). The human skull consists of a soft
bone layer (spongiosa) enclosed by two hard bone layers
(compacta). Since the spongiosa has a much higher conductivity
than the compacta (Akhtari et al., 2002), the skull can be
described by an effective anisotropic conductivity with a ratio of
up to 1:10 radially to tangentially to the skull surface (Rush and
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Driscoll, 1968). It is also known that brain white matter has an
anisotropic conductivity with a ratio of about 1:10 (normal:
parallel to fibers) (Nicholson, 1965), but no direct techniques
exist for its robust and non-invasive measurement. Recently,
however, formalisms have been described for relating the
effective electrical conductivity tensor of brain tissue to the
effective water diffusion tensor as measured by diffusion tensor
magnetic resonance imaging (DT-MRI) (Basser et al., 1994b;
Tuch et al., 2001). The underlying assumption is that the same
structural features that result in anisotropic mobility of water
molecules (detected by DT-MRI) also result in anisotropic
conductivity. The quantitative expression for this assumption is
that the eigenvectors of the conductivity tensor are the same as
those from the water diffusion tensor (Basser et al., 1994b). Even
more specifically, Tuch et al. have applied a differential effective
medium approach to porous brain tissue and derived a linear
relationship between the eigenvalues of the DT and the
conductivity tensors (Tuch et al., 2001).

A critical component of source reconstruction is the numerical
approximation method used to reach an accurate solution of the
associated forward problem, i.e., the simulation of fields for
known dipolar sources in the brain. Although there are several
different approaches in common use for this type of problem the
finite element (FE) method is able to treat both realistic
geometries and inhomogeneous and anisotropic material param-
eters (Haueisen, 1996; Buchner et al., 1997; van den Broek et al.,
1998; Marin et al., 1998; Schimpf et al., 2002) and so is the
approach we employed. Previous work has not sufficiently
investigated the impact of tissue anisotropy on EEG and MEG.
One impediment to using the FE method — and to this type of
modeling in general — has been the high computational cost of
carrying out the simulations. The use of recently developed
advances in the FE method in EEG/MEG inverse problems
(Weinstein et al., 2000; Wolters et al., 2002; Gencer and Acar,
2004; Wolters et al., 2004b) dramatically reduces the complexity
of the computations, so that the main disadvantage of FE
modeling no longer exists. In realistic FE models, sensitivity
studies have been carried out for the influence of skull anisotropy
on EEG and MEG (van den Broek et al., 1998; Marin et al.,
1998; Wolters, 2003), while, to our knowledge, only a few
studies have investigated the influence of realistic white matter
anisotropy (Haueisen et al., 2002; Wolters, 2003). Those studies
support the hypothesis that modeling anisotropy is crucial for
accurate source reconstruction. The major limit of these studies
that we have addressed is that their result evaluation was
restricted to scalp potentials/fields. In this study, we have
computed, compared and visualized potentials and especially
the return current flow throughout the volume of the head. Those
additional information allows a much more detailed examination
of the effects of anisotropy than is possible from the evaluation of
scalp values alone.

Using our realistic, anisotropic head model and a variety of
sources, we were able to compare throughout the head volume
the effects of anisotropic conductivity on bioelectric fields. Our
results support those from previous studies suggesting that
inclusion of anisotropy can be essential to accurate modeling of
electric and magnetic fields and, by extension, to accurate source
localization. In addition, our results show the nature of the
current flow in regions of anisotropy and provide fundamental
indications of the interplay between tissue characteristics and
bioelectric fields.

Methods

To carry out the analysis of sensitivity of brain source
simulation requires the construction of detailed realistic head
models, in this case, from MRI image data. Here, we outline the
steps we used to construct such a model and then apply advanced
numerical techniques to the solution of forward problems.

MRI data acquisition

T1-weighted MRI is well suited for the segmentation of tissue
boundaries like white and gray matter, outer skull, and skin. In
contrast, the identification of the inner skull surface is more
successful from proton density (PD) weighted MRI sequence
because the difference in the quantity of water protons between
intracranial and bone tissues is large. We regarded the skull and
white matter layers as anisotropic compartments, the description of
which we obtained from T1-/PD-MRI and whole-head DT-MRI
with the associated segmentation process.

Measurement of T1- and PD-MRI

MR imaging of a healthy 32-year-old male subject was
performed on a 3-T whole-body scanner (Medspec 30/100,
Bruker, Ettlingen/Germany). For the T1-MRI, an inversion
recovery MDEFT sequence (Lee et al., 1995) was employed (flip
angle of 25°, TR = 11.7 ms, TE = 6 ms, Typ = 1.3 s). For the 3 D
PD-MRI, acquired 1 week later, we used a 3 D FLASH protocol
(Haase et al., 1986) with TE = 6 ms, a flip angle of 25°, and TR =
11.7 ms. The scan resolution was 1 x 1 x 1.5 mm’ in both
acquisitions, which were linearly interpolated to an isotropic 1
mm® voxel size.

Whole-head DT-MRI measurements

Whole-head DT-MRI was performed using a 4-slice displaced
Ultra-Fast Low Angle RARE (U-FLARE) protocol with centric
phase encoding (Norris and Bornert, 1993). Diffusion weighting
was implemented as a Stejskal—Tanner type spin-echo preparation
(Koch, 2000). Although Echo Planar Imaging (EPI) is widely
applied for DT-MRI purposes, U-FLARE avoids spatial deforma-
tion of the DT-MRI and the resulting misregistration between it and
the anatomic 3 D data. The effective echo time was TE = 120 ms
and TR = 11 s. The diffusion weighting gradient pulses had a
duration of 0 =22 ms, and their onset was separated by 4 =40 ms.
Four different b matrices with evenly spaced trace b between 50
and 800 s/mm* were applied through variation of the gradient
strength (Koch, 2000). The slices were axially oriented and 5 mm
thick with in-plane resolution of 2 x 2 mm?. In order to increase
the signal-to-noise ratio, 5 to 16 images (depending on b) with
identical diffusion weighting were averaged. Due to the long
measurement time (50 min for 4 slices) data acquisition was split
into 8 sessions. Diffusion tensor calculation (Basser et al., 1994a)
was based on a multivariate regression algorithm in IDL
(Interactive Data Language, Research Scientific, Bolder, Colo-
rado/USA). T1-weighted images were acquired in the same session
as anatomical reference for the offline registration process.

Registration and segmentation
To construct a realistic volume conductor model requires

segmentation of the different tissues within the head with special
attention to the poorly conducting human skull and the highly
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conductive CSF (Héméldinen and Sarvas, 1987; Cuffin, 1996;
Roth et al., 1993; Huiskamp et al., 1999; Ramon et al., 2004).

T1-/PD-MRI

In order to correct for different subject positions and
geometrical distortions, we first aligned T1- and PD-MRI with a
voxel similarity based affine registration without presegmentation
using a cost function based on mutual information (Wolters, 2003).
The T1 images provided the information on soft tissues while the
registered PD image enabled the segmentation of the inner skull
surface.

Our nearly automatic segmentation process consisted of a 3D
implementation of an Adaptive Fuzzy C-Means -classification
method that compensates for image intensity inhomogeneities
(based on the original work in two dimensions of Pham and Prince
(1999)), followed by a deformable model algorithm to smooth the
inner and outer skull surfaces (Wolters, 2003). We segmented five
head compartments out of the bimodal dataset: skin, skull, CSF,
gray, and white matter. In source reconstruction, it is generally
accepted that the weak volume currents either outside the skull or
far away from EEG and MEG sensors have a negligible influence
on the measured fields (Bruno et al., 2004). We therefore did not
make any effort to segment the face and used instead a cutting
procedure like that reported in standard boundary element head
modeling (e.g., Wagner, 1998).

Fig. 1 shows an axial, a coronal, and a sagittal cut through a
five tissue segmentation result, in which one can observe the
segmentation produced by our method.

DT-MRI

The coregistered T1 images of the same slices allowed the
registration of the DT-MRI data onto the 3D T1 data set. The
registered DT data were then resampled to 1 mm®. In order to
handle the orientation information in the registered DT images
appropriately, the matrix of each diffusion tensor, D°, was rotated
with the rotation matrix R of the respective registration process via
the similarity transform D = RD°TR”. Since water diffusion
coefficients in CSF are much larger than in the brain, a large
contrast was achieved at the brain surface, which provided a
quality check of the registration.

Fig. 2 shows a map of the Fractional Anisotropy (FA, for the
definition see Basser and Pierpaoli, 1996) of the registered DT
data, masked with the white matter mask from the segmentation
procedure. The first row shows the FA values overlaid on the T1-
MRI. With FA = 0.74, the highest value was found in the splenium
of the corpus callosum. In the second row, the color coded

axial coronal

directions (Pajevic and Pierpaoli, 1999) of the first tensor
eigenvector weighted with the FA are presented and overlaid on
the T1-MRI. Note the strong anisotropy of the corpus callosum and
the pyramidal tracts. Furthermore, as Fig. 2 shows, the registered
DT-MRI slices were not exactly parallel because the images were
acquired in multiple sessions. Any missing values were filled with
isotropic tensors with a trace value characteristic of white matter.

Volume conductor FE mesh generation

A prerequisite for FE modeling is the generation of a mesh that
represents the geometric and electric properties of the head volume
conductor. To generate the mesh, we used the software CURRY
(2000) to create a surface-based tetrahedral tessellation of the five
segmented compartments. The procedure exploits the Delaunay
criterion, enabling the generation of compact and regular tetrahe-
dra, and is described in detail elsewhere (Wagner, 1998; Wolters,
2003). The process resulted in a finite element model with 147,287
nodes and 892,115 tetrahedra elements as shown in Fig. 3.

Finite element conductivity

The finite elements were then labeled according to their
compartment membership and assigned the following conductiv-
ities for the isotropic reference model (Geddes and Baker, 1967;
Rush and Driscoll, 1968; Haueisen, 1996; Baumann et al., 1997):
skin = 0.33 S/m, skull = 0.0042 S/m (skull to skin conductivity
ratio of approximately 1:80), CSF = 1.79 S/m, gray matter = 0.33
S/m, and white matter = 0.14 S/m.

Modeling the skull conductivity anisotropy

The human skull shows a conductivity with high resistance in
the radial direction (as a first approximation, a series connection of
a high, a low, and a high resistor for inner compacta, spongiosa,
and outer compacta) and much lower resistance in the tangential
directions (parallel connection of the same three resistors) (Rush
and Driscoll, 1968).

Determination of the tensor eigenvectors. Marin et al. have
pointed out the importance of well-defined skull conductivity
tensor eigenvectors by reporting errors in the simulated EEG for
the case of an erroneous modeling (Marin et al.,, 1998). We
determined the radial direction from a strongly smoothed triangular
mesh, which was shrunken from the outer skull onto the outer
spongiosa surface using a discrete deformable surface model
(Wolters, 2003).

sagittal

Fig. 1. Five tissue head model: the result of the segmentation in axial (left), coronal (middle), and sagittal (right) view. The color labels correspond to yellow—
white matter, dark blue—gray matter, light blue—CSF, green—skull, brown—skin.
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coronal

sagittal

Fig. 2. Visualization of the fractional anisotropy (FA) of the DT-MRI measurements in the white matter compartment. The first row shows the FA values in
red—yellow—white color scale overlaid on the TI-MRI. The second row shows the orientation of the principal tensor eigenvector in color coding according to
the red—green—blue sphere (shown in the left figure) with red indicating mediolateral, green anteroposterior and blue superoinferior direction. The brightness
of the color is scaled to the FA (max. 0.75). The white matter fiber orientation map is overlaid on the T1-MRI.

Fig. 4 shows the result on the underlying T1 image. For each skull
finite element, we then defined the radial orientation component
from the outward normal direction of the computed surface.

Determination of the tensor eigenvalues. Realistic modeling of
the conductivity tensor eigenvalues in the skull is a difficult task,
not only because the absolute and relative thicknesses of spongiosa
and compacta layers vary and their boundaries are difficult to
segment, but especially because of inhomogeneous skull resistivity
and an inter- and intrasubject variability which can be related to
age, diseases, environmental factors, and personal constitution
(Rush and Driscoll, 1968; Law, 1993; Haueisen, 1996; Pohlmeier
et al., 1997; Ollikainen et al., 1999; Akhtari et al., 2002). We

Fig. 3. Sagittal cut through the five tissue tetrahedra model (color labeling
like in Fig. 1). For visualization, the software tool SimBio (2000—2003)-
VM (VM: visualization module) was used.

therefore started from the commonly used isotropic conductivity
value of g = 0.0042 S/m (Huiskamp et al., 1999; Cuftin, 1996;
Buchner et al., 1997; Wagner, 1998) and simulated the anisotropic
case in the following way: for a given anisotropy ratio, ¢™%:¢'*€,
we calculated radial and tangential eigenvalues by obeying one of
the following two constraints:

(1) Wang et al. (2001) constraint, which states that the product
of radial and tangential conductivity has to stay constant and
has to be equal to the square of the isotropic conductivity:

rad _tang ! 2
o0 = Ogkull® (1)

(2) and a volume constraint (Wolters, 2003), which retains the
geometric mean of the eigenvalues and thus the volume of
the conductivity tensor, i.e.,

4 4
370 (0") S5m0k @)

According to Rush and Driscoll (1968); de Munck (1988); Peters
and de Munck (1991); van den Broek et al. (1998); and Marin et al.
(1998), the skull has an anisotropy ratio of 1:10. Given the paucity of
measurements of skull anisotropy, we decided to include a wide
range of values, spanning the only measured value of 1:10 (Rush and
Driscoll, 1968) by an order of magnitude in both directions. Our
primary goal was then to evaluate the overall effect of anisotropy on
the electric and magnetic fields. Table 1 shows the 5 chosen
anisotropy ratios and the calculated eigenvalues under the respective
constraint.

Fig. 5 shows the modeled conductivity tensors of the skull.

Modeling the white matter conductivity anisotropy

Determination of the tensor eigenvectors.  Following the propo-
sition of Basser et al. (1994b), we assumed that the conductivity
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Fig. 4. Visualization of the computed surface for the determination of radial skull anisotropy directions onto the underlying T1-MRI.

tensors share the eigenvectors with the measured diffusion tensors.
Shimony et al. measured diffusion anisotropy in 12 regions of
interest in human white and gray matter and showed that in
commissural, projection, and also association white matter, the
shape of the diffusion ellipsoids is strongly prolate (“cigar-
shaped”), while gray matter was measured to be close to isotropic
(Shimony et al., 1999). Therefore, we assumed prolate rotationally
symmetric tensor ellipsoids for the white matter compartment and
modeled the conductivity tensor ¢ for a white matter finite element
as

=S diag (O.long7O.trans’o.trans)ST7 (3)

where S is the orthogonal matrix of unit length eigenvectors of the
measured diffusion tensor at the barycenter of the white matter
finite element and ¢'°"¢ and ¢™ are the eigenvalues parallel
(longitudinal) and perpendicular (trans-verse) to the fiber direc-
tions, respectively, with ¢'°"¢ > ¢,

Determination of the tensor eigenvalues. As for the skull
compartment, we started from the commonly used isotropic
conductivity value of oy, = 0.14 S/m for the white matter
compartment (Geddes and Baker, 1967; Haueisen, 1996) and used
Wang’s constraint (see Eq. (1)) and the volume constraint (see Eq.
(2)) to setup the eigenvalues for the anisotropic case. According to
Nicholson (1965); Tuch et al. (2001); Shimony et al. (1999), the
white matter has an anisotropy ratio of 1:10. Given the paucity of
direct measurements of white matter conductivity anisotropy
(Nicholson, 1965), as for the skull, we decided to include the
same wide range of anisotropy ratios also for the white matter
compartment (Table 1). Fig. 5 presents the normalized and colored
(by trace) tensor ellipsoids for 1:2 (volume constraint) skull and
white matter anisotropy in the barycenters of the finite elements.
Note the left—right and top—bottom anisotropy of the corpus
callosum and the pyramidal tract, respectively.

Table 1

Finite element forward modeling

To represent the relationship between brain sources and
bioelectric fields, we made use of the standard approaches to
simulation based on the quasistatic Maxwell equations. These lead
to an expression of Poisson’s equation (Sarvas, 1987)

V (V)= —V-jPin Q, (4)

in which j” is the primary or impressed current, @ is the scalar
potential and is the head domain. Homogeneous Neumann
conditions apply on the head surface I = 002,

(6V &-m)| =0, (5)

where n is the unit surface normal. Additionally, a reference
electrode (FPz) is used with given zero potential. For the
forward problem, the primary current and the conductivity of the
volume conductor are known, and the equation is solved for the
potential distribution by means of an FE Ansatz. We used a
standard variational procedure in order to transform the
differential Eq. (4) into an algebraic system of linear equations
(Buchner et al., 1997; Wolters, 2003). For the modeling of the
primary current, we used a “blurred dipole”, which has been
previously described and intensively validated (Buchner et al.,
1997; Wolters, 2003). We solved the resulting high-resolution
linear equation system, which has a large but sparse symmetric
system matrix by means of an iterative Algebraic MultiGrid
(AMG) preconditioned conjugate gradient method, which was
parallelized for distributed memory computers (Wolters et al.,
2002, 2004a). The outstanding performance of the AMG
preconditioner in comparison with other methods has been
demonstrated previously (Wolters et al., 2000, 2002; Mohr and
Vamrunste, 2003). The AMG approach is especially suitable for
anisotropic problems, and in Wolters et al. (2002), we showed
its stability within this context.

Simulated values for the skull conductivity tensor eigenvalues: the ratio was given and the eigenvalues were computed under the respective constraint

Ratio Skull tensor eigenvalues

White matter tensor eigenvalues

Volume constraint

Volume constraint

Wang’s constraint Wang’s constraint

(de O_tang (de a,lang Gtrans a,long G_trans Glong
1:1 (iso) 0.0042 0.0042 0.0042 0.0042 0.14 0.14 0.14 0.14
1:2 0.0026 0.0053 0.003 0.0058 0.111 0.222 0.099 0.19798
1:5 0.00143 0.0072 0.00188 0.00938 0.0818 0.41 0.0626 0.31309
1:10 0.000905 0.00905 0.00133 0.01326 0.065 0.65 0.04427 0.4427
1:100 0.000195 0.0195 0.00042 0.042 0.03016 3.016 0.014 1.4
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Fig. 5. Conductivity tensor ellipsoids in the barycenters of the tetrahedra
elements: Normalized and colored (by trace) for 1:2 (vol.const.) skull and
white matter anisotropy. The highest trace values can be found in the CSF
compartment (red) and the lowest in the skull compartment (dark blue).
Note the mainly top—bottom fiber directions of the pyramidal tracts and the
mainly left—right orientation over the corpus callosum. Tensor validation
and visualization was carried out using the software BioPSE (2002).

To describe the associated magnetic field from brain sources,
one can define
1

€)= § [y ©

where 7" is the outer contour of a MEG coil. One can then compute
the magnetic flux ¥ at a MEG sensor as (Wolters et al., 2004b):

¥ =W, + ¥, with

u

p =4, [ I (C(y)dy, and (7)
Q
¥o= — 1 [ewVaw oy ®)
Q

In these equations, ¥, is the so-called primary magnetic flux
and ¥ the secondary magnetic flux, emerging from the primary or
the secondary (return) currents, respectively.

To perform these computations, we used the software package
NeuroFEM (NeuroFEM, 2000-2005) for EEG and MEG forward
modeling. We transformed both the potential distribution within
the volume conductor and, independently, the computed distribu-
tions at the EEG and MEG sensors to common average reference
before error analysis and visualization.

Simulated sources
We carried out forward simulation studies for two classes of
dipoles, superficial and deep sources. For the class of superficial

neocortical sources, we chose two dipoles in the right somatosen-
sory cortex, one of them approximately tangentially oriented (in
the posterior—anterior direction) and the other approximately
radially oriented (in the inferior—superior direction). Because it
is known that both EEG and MEG are especially sensitive to
conductivity changes in the vicinity of the dipole (Haueisen et al.,
2000; Gencer and Acar, 2004), we checked the environment of the
superficial somatosensory sources and found that only 15% of the
surrounding finite elements were labeled as white matter and 0% as
skull. The representative of the second class, deep sources, was
chosen in the left thalamus, where the source orientation is
approximately radial. The thalamus belongs to human gray matter
(Shimony et al., 1999), so that the vicinity of the dipole was
isotropic. The source strength of each dipole was 100 nAm.

Simulation setup to assess the influence of anisotropy

In order to model the EEG, 71 electrodes were placed on the
head surface according to the international 10/20 EEG system. For
the MEG, we used a BTI' 148 channel whole-head system. Each
magnetometer flux transformer was modeled by means of a thin,
closed conductor loop with a diameter of 11.5 mm, using
8 isoparametric quadratic finite row elements.

We based our evaluation of the effect of anisotropy on
forward field modeling on well-known statistical difference
metrics and especially on sophisticated, three-dimensional visu-
alization techniques.

Statistical difference metrics

Meijs et al. (1989) introduced the two difference metrics that
we used to compare forward solutions under different conductivity
assumptions. The first is the Relative Difference Measure (RDM),
defined as

m u _
R R

where m denotes the number of sensors and g,[;g and ggfﬂl the ith
component of the simulated field vector (u is either the potential ¢
or the magnetic flux ¥) in the isotropic and the anisotropic case,
respectively. The RDM is a measure for the topography error
(minimal error: RDM = 0). The second error measure, the
MAGnification factor (MAG), is defined as

$ (i)’

_ i=1 (
MAG 721 @H)z 10)

and gives an indication of errors in the magnitude (minimal error:
MAG = 1).

RDM

Visualization of return currents

In our experience, the visualization of return currents ¢E is
both intuitive and highly informative when trying to understand
the effect of anisotropy. Using a Line Integral Convolution (LIC)
technique (Cabral and Leedom, 1993), we computed the return

! 4-D Neurolmaging, San Diego, USA.
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current directly over the surface of the head and on coronal gives insight into the qualitative and quantitative aspects of the
slices through the head. This technique permits a continuous current flow.
depiction of the directional information of the current flow and is We also used a technique called stream surfaces (Garth et al.,
combined with a color mapping of the current magnitude that 2004) to assess the influence of tissue conductivity anisotropy.
RDM between iso. and aniso. model MAG between iso. and aniso. model
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Tensor eigenvalue relation 1:x

—e— Skull, EEG (Vol) —— WM, EEG (Vol) —— Skull+WM, EEG (Vol)
—o— Skull, EEG (Wang) —o— WM, EEG (Wang) —— Skull+WM, EEG (Wang)
—=— WM, MEG (Vol) —#— WM, MEG (Wang)

Fig. 6. Tangentially (top row) and radially (middle row) oriented somatosensory source and deep thalamic source (bottom row): EEG and MEG topography
error (left) and magnitude error (right) for different anisotropy ratios: for the EEG, errors due to anisotropy effects of skull, white matter and both skull and
white matter are presented for the tensor volume retaining (Vol) and Wang’s constraint (Wang). For MEG, only white matter anisotropy effects for both
constraints are presented because skull anisotropy was found to have no influence.
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Stream surfaces are defined as surfaces generated by an arbitrary
starting curve that is then advected along the vector field. They
often constitute a significant improvement over individual
streamlines because they provide a better understanding of depth
and spatial relationships in the exploration of three-dimensional
flows.

Results

The goal of this study was to evaluate the influence of
anisotropic conductivity on the simulation of electric and magnetic
fields from dipolar sources in the brain. We present here results
from the 3 dipole source types described above and, for each case,
compare the results with isotropic and anisotropic assumptions for
each of the white matter and the skull. We used a source magnitude
of 100 nAm and, except for the statistical metrics in Fig. 6, we
compared the isotropic case with the 1:10 (volume constraint)
anisotropic case, which is considered closest to realistic white
matter (Nicholson, 1965) and skull anisotropy (Rush and Driscoll,
1968).

Tangentially oriented superficial source

Fig. 6 (top row) shows the resulting topography (left) and
magnification (right) errors for various anisotropy ratios, when
either obeying the volume or Wang’s constraint. In Fig. 7, the
EEG and MEG field distribution, linearly interpolated between
the sensors (top row), and isopotential surfaces within the volume
conductor (bottom row) are shown for the isotropic case (left), for
anisotropy of skull (middle) and white matter compartment
(right). In Fig. 8, we used the stream surface technique to
visualize the effect of skull anisotropy with regard to the return
current flow.

Figs. 7 and especially 8 clearly show that skull anisotropy
smears out and weakens the EEG, resulting in a pattern that looks
more like one of a deeper and weaker dipole. In contrast to the
isotropic model, the isopotential surfaces for —5 pVand 5 pV were
no longer able to break through the skull compartment (Fig. 7). Fig.
8 furthermore shows the effect of the Neumann boundary conditions
(Eq. (5)) on the return currents, namely that the normal component
of the current is zero at the head surface which is expressed by the

isotropic
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wide opening of the stream surfaces at the head boundary. Skull
anisotropy led to a topography error (RDM) of about 10% and a
magnification factor of about 0.5 (Fig. 6, top row, circles). The
volume constraint (in black) produced larger errors in comparison to
the Wang constraint (in red). Skull anisotropy was found to have no
influence (RDM < 1%, MAG = 1) on the MEG topography and
magnitude for both constraints (not shown in Fig. 6).

Including white matter anisotropy (isotropic skull layer)
resulted in low RDM (5%) and magnitude (MAG of about 0.95)
eITOrS.

Including anisotropy of both skull and the white matter layer
led to a topography error of about 13% for EEG for both
constraints (Fig. 6, top row, triangles) which was only marginally
higher than the values for skull anisotropy alone.

Radially oriented superficial source

For the case of a radially oriented dipole, Fig. 6 (middle row)
shows the RDM(left) and MAG (right) errors and Fig. 9 the EEG
and MEG fields (top row) and isopotential surfaces (bottom row)
for the isotropic model (left) and the models with an anisotropic
skull compartment (middle) and an anisotropic white matter layer
(right).

Including anisotropy of the skull (Fig. 6, middle row, circles),
we found an RDM for the EEG of about 11% and a MAG of close
to 0.5. Again, the volume constraint (in black) produced slightly
bigger errors than Wang’s constraint (in red). As Fig. 9 shows,
skull anisotropy again smeared out and weakened the EEG, the
pattern looking like one of a deeper and weaker dipole. In contrast
to the isotropic model, the isopotential surfaces for —1 pV and 7
uV were no longer able to break through the skull compartment.
As with the tangential superficial source, we found no influence of
skull anisotropy on the MEG field distribution.

Including white matter anisotropy had a slightly weaker
influence on the topography of the EEG (less than 5% for both
constraints) compared to the tangential dipole case but a larger
effect (MAG = 0.85) on the magnitude error (Fig. 6, middle row,
squares). For the MEG, we note that both RDM and MAG errors
are nearly twice as large when compared with the tangential case
(Fig. 6, middle row, in blue).

If both compartments were simultaneously anisotropic (Fig. 6,
middle row, triangles), the errors for the EEG were very similar to

anisotropic skull

anisotropic white matter

Fig. 7. Linearly interpolated EEG isopotential lines (in a blue—white—red scale) and MEG isofield lines (in a rainbow scale) (top row) and isopotential surfaces
for —5 pV (blue), 0 uV (white), and 5 uV (red) (bottom row) for a mainly tangentially oriented source in somatosensory cortex: isotropic model (Left), 1:10
anisotropic skull using the volume constraint (middle) and 1:10 anisotropic white matter using the volume constraint (right).
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anisotropic skull

Fig. 8. Visualization of return current surfaces for the mainly tangentially oriented source in somatosensory cortex for the isotropic model (left) and the model
with 1:10 anisotropic skull compartment (right): in order to define a starting line for the flow integration, we divided the interval from highest to lowest surface
potential for both isotropic and anisotropic model into 19 intervals (18 isopotential lines). The flow computation then started at the maximal and minimal
isopotential lines for both models and integrated along the return current flow into the volume until close to the singularity of the primary current. We used the
color of the surface isopotential value for the color coding of the corresponding flow surface.

the errors of pure skull anisotropy, while the errors for the MEG
were approximately identical to the errors of white matter
anisotropy (not shown).

Influence on a deep thalamic source

Fig. 6 (bottom row) shows the resulting RDM and MAG errors
and Fig. 10 the EEG and MEG fields (top row) and isopotential
surfaces (bottom row) for the isotropic model (left) and the models
with an anisotropic skull compartment (middle) and an anisotropic
white matter layer (right) for the deep thalamic source.

Results in both figures show that for the deep source, with an
RDM of more than 10% for the EEG and more than 15% for the
MEG, white matter anisotropy (Fig. 6, bottom row, squares) was
the leading cause of topography error. Furthermore, this error was
strongly increasing for the 1:100 anisotropy ratio. With a MAG
error of about 0.7, white matter anisotropy strongly weakened the
EEG and MEG.

While the topography error was negligible, skull anisotropy
(Fig. 6, bottom row, circles) strongly weakened the magnitude of
the simulated fields, so that the isopotential surfaces for —3 pV
and 3 pV in Fig. 10 (middle) no longer reached the model
surface.
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Fig. 11 shows results from the line integral convolution
technique to visualize the return current flow on the surface of
the FE model. We found two return current areas of minimal
amplitude (in blue), one on the top and one on the bottom of the
model (not shown). The amplitude of the return currents was well
correlated to the thickness of the skull (compare the color scaling
of the return currents with the segmented model in Fig. 1). While
high return currents were flowing in the thin lateral areas, they
were significantly attenuated in the thicker occipital areas and in
the areas of the frontal sinuses. The white matter anisotropy mainly
weakened the surface return currents.

In Fig. 12, we visualized the projection of the return current
vector field onto a coronal slice (in black) for the deep thalamic
source for the isotropic case and the case of the anisotropic white
matter compartment. The amplitude of the return current was color
coded on two linear scales, one from 0.3 to 0.003 A/m? in the
neighborhood of the source and the second from 0.003 to 0 A/m?
for remote locations. In the isotropic case, the return currents
flowed on nearly circular loops in the classic dipolar pattern. In the
anisotropic case, we observe that the main direction component
(main eigenvector) of the conductivity tensors, i.e., the main fiber
direction, and the computed return current in the white matter
compartment are highly parallel.

anisotropic white matter

a3

Fig. 9. Linearly interpolated EEG isopotential lines (in a blue—white—red scale) and MEG isofield lines (in a rainbow scale) (top row) and isopotential surfaces
for —1 pVand 7 uV (bottom row) for a mainly radially oriented source in somatosensory cortex: isotropic model (Left), 1:10 anisotropic skull using the volume
constraint (middle) and 1:10 anisotropic white matter using the volume constraint (right).
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Fig. 10. Linearly interpolated EEG isopotential lines (in a blue—white—red scale) and MEG isofield lines (in a rainbow scale) (top row) and isopotential
surfaces for —3 puV, 0 pV, and 3 pV (bottom row) for a deep thalamic source: isotropic model (Left), 1:10 anisotropic skull using the volume constraint (middle)

and 1:10 anisotropic white matter using the volume constraint (right).

The results in Fig. 13 support this observation by showing
the cosine (color coded from 0 to 1) of the angle between the
main eigenvector of the white matter conductivity tensor in the
anisotropic model (its projection onto the coronal plane is
shown in black) and the return current vector (not shown here)

isotropic

pAIm?
36.5

anisotropic white matter

Fig. 11. Surface return current for the left thalamic source in the isotropic
model and in the model with 1:10 anisotropic white matter compartment
(volume constraint) visualized with the LIC technique. The magnitude of
the return current is color coded. The direction is indicated by the texture.

for a slice in the isotropic model and the model with anisotropic
white matter compartment. While in the isotropic case, values
close to 1 appeared just by chance, in the anisotropic case, there
was close concordance between current direction and local fiber
orientation, as the areas of red and yellow coloring in Fig. 13
show. The white matter anisotropy thus strongly influenced
the flow of the return currents and therefore the EEG and
MEG.

In Fig. 14, we applied the LIC visualization technique to the
return currents on a coronal slice of the model color coded with
the return current amplitude for the isotropic (top row) and
anisotropic (bottom row) white matter compartments to further
quantify the effect of volume conduction for the deep source.
Our first observation was that the currents close to the source
and, because of its high conductivity, in the CSF compartment,
have relatively high amplitudes. With regard to the white matter
compartment, the figure further underscores our hypotheses of
increased return current flow along the fiber bundles in the
anisotropic model (bottom row) when compared to the isotropic
case (top row). This figure also shows the effect of the poorly
conducting skull compartment; current flowed along the inner
skull boundary, entered the skull, and penetrated it in a clearly
radial direction while its amplitude was strongly weakened; it
entered the skin compartment and fulfilled the Neumann
condition at the head surface, i.e., the condition that the normal
component of the current is zero, by either flowing tangentially
to the surface or having a zero amplitude on top and on the
bottom of the model (compare to the areas with zero amplitude
in Fig. 11).

Discussion and conclusion

In this paper, we built a realistic finite element head volume
conductor model taking into account skull and white matter
anisotropy. We exploited a combined T1-/PD-MRI dataset for the
construction of a five-tissue model with an anisotropic skull
compartment and a whole-head DT-MRI dataset to determine
white matter anisotropy. Our goal was to study the influence of
anisotropic tissue conductivity on forward EEG and MEG
computations. We used sophisticated high-resolution visualization
techniques and statistical error quantifications to provide insights
into the effect of anisotropy.
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isotropic

Fig. 12. Visualization of the return currents (thalamic source) within the
white matter mask on a coronal slice passing through the thalamus overlaid
on the T1-MRI for the isotropic model and the corresponding model with
anisotropic white matter compartment (volume constraint): the projections of
the current directions on the image plane are shown as black lines and the
magnitude is color coded (two linear scales, one from 0.3 to 0.003 A/m? in the
neighborhood of the source and the second from 0.003 to 0 A/m? for remote
locations.

For a superficial tangentially oriented source in the somatosen-
sory cortex, our results concerning the influence of skull anisotropy
on the EEG potential distribution are in agreement with the
observations of others (Marin et al., 1998; van den Broek et al.,
1998). We visualized the effect of skull anisotropy on the return
currents and showed that skull anisotropy smears out and weakens
the EEG, resulting in a pattern that looks more like that of a deeper
and weaker dipole.

The MEG results, in contrast, suggest that skull anisotropy has
no influence (RDM < 1%, MAG =~ 1) on MEG topography and
magnitude. This is in agreement with the results of van den Broek
et al. (1998) in a realistic FE head model and with the generally
accepted idea that volume currents in the skull layer provide
negligible contributions to the magnetic field (Himaildinen and
Sarvas, 1987). The effect of white matter anisotropy was, by
contrast, negligible with an RDM of only about 5% and a MAG
close to 1.0 for a realistic anisotropy ratio of 1:10, observations
which agree well with those of Haueisen et al. (2002). Note here,
that only 15% of the finite elements in the vicinity of the
somatosensory source were labeled as white matter and, following
the results of Haueisen et al. (2000) and Gencer and Acar (2004),

we would expect a much larger influence for sources (even for
eccentric ones) which are closer to or which are even embedded in
an anisotropic medium.

For a superficial and radially oriented source, the EEG results
for skull anisotropy agree well with the observations of others
(Marin et al., 1998; van den Broek et al., 1998). With an RDM of
about 11% and a MAG of about 0.5, the influence on the potential
topography was similar to that for the tangential dipole. The
influence of skull anisotropy on the MEG was again minimal, in
agreement with the reports of other groups (Hdméildinen and
Sarvas, 1987; van den Broek et al., 1998). In our study, realistic
white matter anisotropy only had a weak effect on the topography
of the EEG (RDM < 5%), most likely because only few finite
elements in the neighborhood of the source were assigned to the
white matter compartment (Haueisen et al., 2000; Gencer and Acar,
2004). For the MEG, when compared to the error for the
tangentially oriented source, RDM and MAG errors were twice
as large, a result which again agrees with other reports (Haueisen et
al., 2002) (our MEG results have to be compared to the flux
density component B, in Table 2 of Haueisen et al., 2002). The
large MEG topography error can be explained by the fact that
white matter anisotropy influences the secondary (return) currents.

isotropic

Fig. 13. As a measure of the parallelity/similarity, the cosine of the angle
between the main eigenvector of the conductivity tensor in anisotropic white
matter (its projection onto the coronal plane is shown in black) and the return
current vector (not shown here) is color coded within the white matter mask
and overlaid on the T1-MRI for the isotropic model (top) and the
corresponding model with anisotropic white matter compartment (volume
constraint, bottom row).
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isotropic

Fig. 14. Return currents for the left thalamic source on a coronal cut through
the isotropic model (top row) and the model with 1:10 anisotropic white
matter compartment (volume constraint, bottom row): the return current
directions are indicated by the texture and the magnitude is color coded (the
upper scale was limited to 0.02 A/m?, see Fig. 12 for the correct magnitude
in the source area).

The ratio of the secondary to the primary magnetic flux increases
with increasing ratio of the radial to the tangential dipole
orientation components (Haueisen, 1996).

The last simulated source was a deeper and therefore mainly
radially oriented source in the left thalamus. In contrast to the
superficial sources, there was a strong remote tissue anisotropy in
the region between the source and the measurement sensors. From
the line integral convolution visualization of the return currents, we
found multiple areas where the main fiber direction and the return
current vector in the model with anisotropic white matter
compartment are highly parallel with highest degrees of parallelity
within the bigger white matter fiber bundles, e.g., the left and right
pyramidal tracts. In the isotropic case, the return currents are
smoothly dipolar in shape, but in the anisotropic case, the fiber
geometry influences the flow to be largely parallel to the white
matter fiber tracts. Thus, for deeper sources, the leading cause for
topography error was no longer the anisotropy of the skull but that
of the white matter compartment. With an RDM of more than 15%
for the MEG and more than 10% for the EEG and a MAG of about
0.7, the effect of white matter anisotropy should not be neglected.

We have presented here the effect of remote anisotropy, i.e., in
which the thalamus was modeled as an isotropic structure. Our

reasoning was that the thalami are part of the human gray matter
compartment (Shimony et al., 1999). Nevertheless, most histolog-
ical methods identify 14 functionally specific anisotropic thalamic
clusters referred to as nuclei (Buren and Borke, 1972). Recently, it
was shown that DT-MRI can non-invasively resolve the fiber
orientation of those nuclei, using an automatic segmentation
method (Wiegell et al., 2003). Therefore, in an even more realistic
volume conductor model, the thalamus by itself would have to be
considered as anisotropic gray matter tissue. Furthermore, the
whole cortex is known to have an anisotropy ratio of about 1:2
(Nicholson and Freeman, 1975). If we then take into account that
local conductivity changes in the vicinity of the sources have a
large effect on EEG and MEG (Haueisen et al., 2000; Gencer and
Acar, 2004), then the errors might be substantially larger than those
presented in this study.

Our visualization results also showed the importance of the
CSF compartment in determining bioelectric fields. Because of its
high conductivity, the return current in this layer was much more
distinct than in the rest of the head model so that it can be seen as a
compartment with a strong “current distribution” effect. Because
the conductivity of the human CSF is known quite accurately
(Baumann et al.,, 1997), this result further underscores the
importance of realistic high-resolution finite element head model-
ing when compared to boundary or spherical head modeling.

We conclude that with the new visualization techniques for
return current flow in high-resolution FE models, presented in our
paper, insight is gained into the effect of tissue anisotropy, which is
now more easily accessible. One implicit premise of our study was
that if anisotropy affects the accuracy of the forward solution, it
will have at least as strong an influence over solutions to the
associated inverse problem, which will be examined in a
consequent paper (Anwander et al., 2002, in preparation). We
summarize that the modeling of skull anisotropy is important for
EEG and can be neglected for MEG studies. Our results suggest
that the exact representation of the CSF compartment and the
modeling of gray and white matter anisotropy is important for both
EEG and MEG based reconstruction of the neural sources.
Concerning white matter anisotropy, this is especially true with
regard to the reconstruction of the orientation and strength
components of the sources in the associated EEG and MEG
inverse problem. The more the source is surrounded by anisotropy,
the larger the influence. Recent developments for the finite element
method in EEG/MEG source reconstruction (Weinstein et al.,
2000; Wolters et al., 2002, 2004b; Gencer and Acar, 2004)
dramatically reduce the complexity of the computations, so that the
main disadvantage of FE modeling no longer exists and such
modeling even with very high resolutions is now practical.
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