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Influence of Anisotropic Conductivity on EEG Source
Reconstruction: Investigations in a Rabbit Model
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Jürgen R. Reichenbach

Abstract—The aim of our work was to quantify the influence
of white matter anisotropic conductivity information on electroen-
cephalography (EEG) source reconstruction. We performed this
quantification in a rabbit head using both simulations and source
localization based on invasive measurements. In vivo anisotropic
(tensorial) conductivity information was obtained from magnetic
resonance diffusion tensor imaging and included into a high-res-
olution finite-element model. When neglecting anisotropy in the
simulations, we found a shift in source location of up to 1.3 mm
with a mean value of 0.3 mm. The averaged orientational devia-
tion was 10 degree and the mean magnitude error of the dipole
was 29%. Source localization of the first cortical components after
median and tibial nerve stimulation resulted in anatomically veri-
fied dipole positions with no significant anisotropy effect. Our re-
sults indicate that the expected average source localization error
due to anisotropic white matter conductivity is within the principal
accuracy limits of current inverse procedures. However, larger lo-
calization errors might occur in certain cases. In contrast, dipole
orientation and dipole strength are influenced significantly by the
anisotropy. We conclude that the inclusion of tissue anisotropy in-
formation improves source estimation procedures.
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I. INTRODUCTION

SOURCE localization based on electroencephalography
(EEG) data estimates neuronal activity with the help of

a source model (commonly a current dipole) and a volume
conductor model. Since the volume conductor model represents
the conductivity distribution in the head it, therefore, requires
knowledge about tissue conductivities. The conductivity is
known to be anisotropic (in particular in white matter struc-
tures) [1]–[6]. However, this property is usually neglected
because an in vivo determination of anisotropy has not been
available until recently. Magnetic resonance diffusion tensor
imaging (DTI) provides the key to extract this conductivity
tensor information individually [7], [8]. With this technique
the conductivity tensors are not measured directly but rather
inferred from the diffusion tensors using a model [8] which
describes the movement of both water molecules and electri-
cally charged particles (ions). Hence, DTI yields anisotropic
conductivity information. Application of finite-element method
(FEM), which has been used for more than two decades in
the field of EEG source localization [9]–[12], makes it then
possible to include this anisotropic conductivity information
into the modeling.

The question then arises how the neglect of anisotropic con-
ductivity (which has been basically done until now) influences
the electric surface potential and source localization in EEG ex-
periments. First studies in humans indicated that both the elec-
tric surface potential (forward solution) [7], [13] and the source
localization (inverse solution) [14]–[17] are affected. However,
the practicality to perform such studies in humans, despite being
highly important, is rather limited. Specifically, direct invasive
evaluation of source localization is difficult and the functional
and anatomical variability is high. Therefore, animal models
have always been important in neuroscience, and source local-
ization studies have also been performed recently in animals
[18]–[21].

In this paper, we investigated the influence of anisotropic
white matter tissue conductivity on EEG based forward and
inverse solutions in the rabbit. Additionally, we took advantage
of the precise anatomical knowledge available for the rabbit
and the possibility to perform invasive procedures in order
to validate our software and simulations with the help of
measurements.
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This paper presents three different studies with the aim to
quantify the influence of anisotropy:

In the first study (study I) we investigate the influence of white
matter anisotropy measured with DTI in the forward and inverse
calculation of focal sources. For this purpose we employ two
different types of volume conductors: 1) with isotropic conduc-
tivity; 2) with anisotropic conductivity in white matter. For the
forward computations the distribution of the electrical potential
computed with model 1 and 2 are compared. For the inverse
computations model 1 is used, with the forward computations
from model 2.

Since the results obtained in the first study were relatively
complex, we analyze the effects observed in study I in more de-
tail in the second study (study II). The irregularly shaped white
matter compartment of the rabbit was replaced by an artificial
cube of anisotropic conductivity tensors. This cube, due to its
regular geometrical structure, allows us to quantify how the
mutual interdependencies between dipole positions and orien-
tations, location and orientation of the gray-white matter inter-
face, and the orientation of the anisotropic conductivity influ-
ence the forward and inverse solutions. To test these influences
on multiple dipoles briefly, we have chosen three dipole posi-
tions selected from study II and performed a forward simulation
with combinations of these dipoles (study III). The last study
provides a validation of the simulations by means of source
reconstruction based on measured electrocorticogram (ECoG)
data.

II. MATERIALS AND METHODS

A. MRI

T1-weighted, high-resolution as well as a diffusion weighted
tensor MRI data were acquired at 1.5 T in a White New Zealand
rabbit during a single session by using a surface coil (Siemens
Magnetom Vision, Siemens Medical Systems, Germany, Er-
langen). The T1-weighted data set was obtained by employing
a three-dimensional (3-D) , RF-spoiled FLASH gradient echo
sequence with TR/TE 40/11 ms and 204 slices with an isotropic
resolution of 0.625 . For the diffusion tensor scan we
employed an interleaved Turbo-STEAM sequence [22] with
TR/TE 15614/68 ms, b-value 500 , 20 slices, 16 aver-
ages with voxels. The diffusion gradients were
oriented in six noncollinear directions and one null image was
acquired in order to normalize for nondiffusion attenuation.
The diffusion scan was acquired twice in an interleaved manner
to obtain overall 40 slices, which covered the head of the
rabbit completely. Since the high-resolution, anatomic scan
was run in sagittal orientation and the diffusion scan in coronal
orientation, an additional low-resolution 3-D, T1-weighted
data set with the same location and orientation as the diffusion
scan was acquired (TR/TE 600/14 ms, in-plane
resolution, 4-mm slice thickness,). The high-resolution sagittal
data set was then co-registered to the low-resolution coronal
data set by employing SPM2 [23].

B. Model Construction

The co-registered high-resolution T1 weighted data set
was semi-automatically segmented (Curry, Neuroscan, Ster-

ling, VA). The outermost surface (skin) and the outer brain
boundary were determined with the help of a region-growing
algorithm. The outer skull boundary was obtained by dilating
the outer brain boundary. In order to ensure a closed 3-D
skull layer we used a minimum thickness of one discretiza-
tion step (0.6 mm). White matter volume was determined by
applying a threshold-based, region-growing segmentation.
The FEM model included 662 937 nodes with cubic elements

. The isotropic conductivities
were set to (skin), (skull),

(gray matter), and (white
matter). For the anisotropic FEM, we assigned anisotropic
conductivity tensors to all volume elements, which belonged to
white matter. In the isotropic FEM, we used isotropic conduc-
tivity with isotropic tensors instead of using scalars. Following
the proposition of Basser et al. [24], we assumed that the
conductivity tensors have the same alignment as the measured
diffusion tensors, i.e., they share the eigenvectors with the
diffusion tensors. Shimony et al. [25], who measured diffusion
anisotropy in 12 regions of interest in human white and gray
matter, have shown that in commissural, projection and also
association white matter, the shape of the diffusion ellipsoids
is strongly prolate (“cigar-shaped”), whereas gray matter was
found to be closely isotropic. 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

(1)

where 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 (transverse) to the fiber
directions, respectively, with . Given the lack
of direct measurements of white matter conductivity anisotropy
in the rabbit brain, we started from the isotropic conductivity
value of and simulated the anisotropic case in
the following way: For a given anisotropy ratio of
equal to 10:1, we calculated the longitudinal and the transverse
eigenvalues by obeying the so-called volume constraint [14],
which retains the geometric mean of the eigenvalues and, thus,
the volume of the conductivity tensor, i.e.,

(2)

For the forward problem, we used a standard variation
procedure in order to transform the Poisson-like elliptic differ-
ential equation for the electric potential from the quasi-static
Maxwell equations into an algebraic system of linear equa-
tions [26]. To model the primary current in the FEM [27],
we used a “distributed dipole,” which has been previously
described and intensively validated [26], [28]. 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 preconditioned conjugate gradient
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Fig. 1. Overview of the setup for the forward simulation with measured con-
ductivity tensors. The left column shows sagittal slices of the MRI 3-D FLASH
scan, the segmentation result including four compartments (skin, bone, gray
matter, and white matter), and a diffusion weighted image of the DTI scan. The
second column shows a 3-D model of the isosurface of the rabbit model which
indicates the position of the sagittal slices in column one and the position of the
four axial planes in which the dipole source space was located. The third column
shows the four numbered (1–4) axial slices in which the dipoles were placed for
the simulation. The dipole source space is color coded indicating the distance
to the anisotropic tissue (yellow=close; red=distant). The fourth column shows
the FEM model of the rabbit including the position of the 100 electrodes.

method (AMG-CG), which was parallelized for distributed
memory computers. The outstanding performance of the AMG
preconditioner in comparison with other methods has been
demonstrated previously [26], [29]. The AMG approach is
especially suitable for anisotropic problems and its stability has
been shown by Wolters et al. [26]. For an efficient solution of
the inverse problem, we exploited a FE lead field basis approach
[30], [31], which dramatically reduces the complexity of the
computations and allows to perform the extensive inverse sim-
ulation studies in an acceptable time. All forward and inverse
computations were performed with the software developed in
the SimBio project [32] including the Inverse Toolbox and the
FE tool NeuroFEM [33].

C. Electric Measurements

Cortical somatosensory potentials were evoked by electric
stimulation of the median and the tibial nerve (0.5 mA constant
current square wave pulses, inter-stimulus interval 500 ms) on a
6 months old White New Zealand rabbit. The rabbit was anaes-
thetized (Ketamin 24–30 mg/kg per h and Xylazin 2.4–3 mg/kg
per h), kept normothermic and was allowed to breathe sponta-
neously. Small silver stimulation electrodes were placed on the
right median and right tibial nerve. After removing of the skin
and skull bone ECoG (Neuroscan Synamps, El Paso, TX) was
recorded by using a grid of 4 4 electrodes over the left hemi-
sphere. The diameter of each single electrode was 0.25 mm and
spatial distance between adjacent electrodes was 1.25 mm. Data
were recorded with a sampling rate of 2 kHz, a high-pass filter
of 0.3 Hz and a low-pass filter of 300 Hz. 2048 trials were aver-
aged. The position of the electrodes in relation to the somatosen-
sory cortex was determined. The experiments were approved by
the Ethics Committee of the State of Thuringia, Germany.

D. Forward Simulations

1) Study I: Conductivity Tensors Derived From DTI: The
conductivity tensors of the rabbit’s white matter, as derived from
DTI measurements, were used in the anisotropic model. We cal-
culated the electric potential produced by 1360 cortically lo-
cated dipoles (1 mm spacing) for both radial and tangential ori-
entation (with respect to the skull) at 100 electrode positions on
the rabbit skin (Fig. 1).

The positions of the electrodes were arranged in such a way
as to cover the dipolar potential distribution for each dipole
position and orientation, which occurred in the study. The
dipoles were placed only in gray matter with a minimum dis-
tance of 1 mm to the skull and to the white matter. The forward
computed data obtained with the isotropic and anisotropic
model were analyzed by calculating relative difference measure

values and magnitude difference values of
the electrical potential maps for each single dipole and each
orientation. and were calculated according to
Meijs et al. [34] as follows:

(3)

(4)

Thereby, the values obtained with the isotropic model were
interpreted as measurement and the values obtained
with the anisotropic model were used as reference . The
indices and represent the number of the electrodes used in
the setup. as well as values were then represented
as color-coded maps in the dipole source space, where 4 axially
cut planes were used (Fig. 1). The value, which occurs in
the forward analysis and the dipole magnitude change ,
which is computed in the inverse analysis, are typically around
unity, so that values below one indicate a decrease and values
above one represent an increase of the variables and MC.
Since the ranges of values below and above unity into which

and are mapped are different, therefore making a
statistical analysis difficult, we introduced an unsigned
in the forward analysis and an unsigned relative magnitude
change in the inverse analysis. These latter quantities
were calculated according to (5) and (6), respectively

(5)

(6)

2) Study II: Artificial Anisotropic Cube: In order to obtain
more specific information about the influence of anisotropic
conductivity we replaced the experimental derived conduc-
tivity tensors by an artificial cube of anisotropic conductivity
(dimension ) in the rabbit brain (Fig. 2).
The anisotropy ratio in the cube was set to a ratio of 10:1:1
( and ) in left-right ori-
entation. A total of 4104 single dipoles were placed around this
cube in 3 layers. For each dipole location all three independent
orientations (with respect to the orientation of the anisotropy
within the artificial cube) were considered [Fig. 2(d)–(f)], i.e.,
we used dipoles oriented in anterior-posterior (AP), left-right
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Fig. 2. Schematic view of the positioning of the artificial anisotropic cube
(light gray) employing the segmented rabbit model. Subfigures (a)-(c) show a
coronal, sagittal and axial slice, respectively. In (a) and (b), the positions of
the planes which were used for demonstration of the results (number 1-6) are
shown. (d) and (e) Zoomed view of the axial slice in subfigure c and demon-
strate the positioning and orientation of the dipoles as well as the conductivity
tensors in the anisotropic cube used for the forward analysis—(d) dipoles in an-
terior-posterior (AP) direction—(e) dipoles in the LR direction—(f) dipoles in
the IS direction. The full dipole source space is indicated by blue color.

(LR), and inferior-superior (IS) direction. The electrical poten-
tial was computed at the same 100 electrodes as in study I and
the forward computed data were compared analogously. The

and values were represented as color-coded maps
in the dipole source space above and below the cube (Fig. 4).

3) Study III: Multiple Dipoles: The investigation of the influ-
ence of anisotropic conductivity to the forward solution in EEG
using multiple dipoles leads to a vast number of possible spa-
tial as well as directional dipole arrangements. Therefore, we
selected one source position from the dipoles of the AP, LR,
and IS data sets, respectively, which were used in study II and
showed the largest within their respective data sets. The
maximum for the AP oriented dipoles was found on the
right hand side of the block, for the LR oriented dipoles below
the block and for the IS oriented dipoles also at the right hand
side of the block. The distance between the two AP and IS ori-
ented dipoles was 1.3 mm, their distances to the LR dipole were
8.05 and 7.42 mm, respectively. We performed forward simula-
tion with the combination of two dipoles ( , ,

) and all three dipoles .

E. Source Localization From Simulations

To examine the influence of white matter anisotropy on
source localization we employed the forward computed electric
potential data, which were obtained from the anisotropic model
for 4104 single dipoles separately, and reconstructed a single
dipole from each simulated distribution of the electric potential
using the isotropic model. The Simplex algorithm from the
SimBio Inverse Toolbox (IP) was applied to solve the non-
linear optimization problem [14]. The initial guess for source
localization was located at an average distance of 1 mm from
the position of the original dipole, which was used to compute
the forward solution. Such an initial guess should minimize

the effect of local minima in the goal function. The resulting
dipole positions, orientations, and strengths were compared to
the corresponding original dipole parameters and the changes
(dipole shift, orientation change, and magnitude change) were
visualized as color-coded maps in the dipole source space,
similar to the comparison of the forward solutions described
above. Source localization was performed separately for study
I and II.

F. Source Localization From Measurements

Based on the 16 channel ECoG measurements we recon-
structed the dipolar source evoking the potential map at the
peak of the first cortical answer (P1, see Fig. 10) following
stimulation of both the median or tibial nerve. Since the elec-
trodes were located directly on the cortex, we used only the
representation of gray and white matter for source localization
with the isotropic and anisotropic FEM model (consisting of
40 902 elements). Additionally, we crosschecked our localiza-
tion results with a boundary element method (BEM) model
comprising only the outer surface of the brain (one compart-
ment model) with 4000 elements. The BEM grid was generated
using Curry (Compumedics, Neuroscan, El Paso, TX) and the
inverse solution was performed employing also the Simbio
Toolbox, which uses the Isolated Problem Approach [34], [35].
The optimization was performed using the Simplex algorithm.

G. Statistics

To derive the mean and the variance of the distributions of the
calculated quantities ( , , dipole shift, magnitude
change , orientation change) we assumed a Rayleigh
distribution, which fits to the derived distributions. The Rayleigh
distribution is a special case of the Weilbull distribution and their
probability density function is defined by

(7)

For interpretation of the data the parameter from (7) was
fitted by finding the maximum-likelihood of parameter using

(8)

The mean and the variance were calculated according to

(9)

(10)

III. RESULTS

A. Forward Simulations

1) Study I: Conductivity Tensors Derived From DTI: Fig. 3
shows the results of the and mapping, which was
obtained from the comparison of the forward computation for
the isotropic and anisotropic rabbit head model. As can be seen
the histograms clearly show non-Gaussian distributions. The
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Fig. 3. Mapping of the RDM and MAG values obtained in study I in the
dipole source space for the radial and tangential dipoles. Note, that the color
maps of the MAG values are not equidistant for values below and above one.
Below the maps, the corresponding histograms are given, where theMAG anal-
ysis shows the relativeMAG value according to (5).

mean values for and in case of radial dipoles
are and , respectively,
and in case of tangential dipoles and

. It is also clear from Fig. 3 that with closer spacing
of the dipoles to the white matter, the and values
are more deviating. The largest and values are
found between anisotropic segments (cut plane 4 in the dipole
source space). In general the values were larger
for tangential dipoles in comparison to radial oriented dipoles.
This indicates that the electric potential distribution of tangen-
tial dipoles is more influenced by anisotropy than the one of
radial dipoles.

2) Study II: Artificial Anisotropic Cube: Fig. 4 displays the
and values of six transverse slices above (1–3)

and below (4–6) the artificial anisotropic cube (cf. Fig. 2). The
between the potential maps calculated with and without

anisotropy was less than 0.02. The maximum value for
the AP, LR, and IS oriented dipoles were 0.0099, 0.0073, and
0.019, respectively. The positions of these dipoles were used as
source positions for the multiple dipole tests in study III. The

values are very low with respect to the theoretical max-
imum of 2, whereas 2 means the compared signals are equal
but with opposite sign. The values for range from 0.94
to 1.04. Despite this relatively weak influence of the anisotropy,
Fig. 4 nevertheless clearly demonstrates that the quantities de-
pend on the distance between the source and the anisotropic
tissue. Furthermore, the dipoles located below the anisotropic
cube were more influenced than the dipoles above the cube.
On the maps the strongest influence is seen close to
the corners of the anisotropic cube for the two orthogonally
oriented dipoles. The maps show that the strongest in-
fluence of anisotropy is to be expected mainly central to areas
of anisotropic tissue. It is also quite interesting to note that the

and values appear to be spatially decoupled: with
high values the corresponding values are high

Fig. 4. Mapping of the RDM and MAG values obtained in study II
(anisotropic cube) in the dipole source space for dipoles in the AP (ante-
rior-posterior), LR (left-right), and IS direction. The arrows above the maps
indicate the orientation of the dipoles and the main direction of the anisotropy.
Note, that the scale of the color map of the MAG values is not equidistant for
values below and above one. The histograms of the MAG analysis show the
relative MAG value according to (5).

or low and vice versa. Again, the histograms in Fig. 4 show a
non-Gaussian distribution.

3) Study III: Multiple Dipoles: For the combination of mul-
tiple dipoles we obtained a and a of 0.0356 and
1.001 for the pair, 0.0137 and 0.970 for the

pair and 0.0215 and 1.0121 for the combination .
Using all three dipoles as a sources simultaneously we derived
a of 0.0449 and a value of 0.993. Except for the

combination all values are higher than the
values obtained for a single dipole. The values did not
exceed the limits found in study II.

B. Source Localization From Simulations

1) Study I: Conductivity Tensors Derived From DTI: All
dipoles were shifted in their location and changed their orienta-
tion due to the different volume conductor models, which were
used for the forward and inverse solution. Shifts up to 0.84 mm
and 1.26 mm were obtained for radial and tangential dipoles,
respectively, with a mean value of 0.26 mm (radial: 0.24 mm;
tangential: 0.28 mm). The mean deviation of the dipole’s ori-
entation was 10.32 (radial: 13.75 ; tangential: 4.92 ) and the
mean absolute magnitude change of the dipole was 28.8% (ra-
dial: 21.0%; tangential: 34.9%). In Fig. 5, the dipole shift and the
changes in dipole magnitude and orientation are mapped onto
the segmented slices of the rabbit’s brain (see Fig. 1). Similar to
the results of the forward solution (Fig. 3), the changes due to
anisotropy are largest close to the anisotropic white matter.

2) Study II: Artificial Anisotropic Cube: The forward com-
puted electric potential data obtained from the dipoles in the
model with the artificial anisotropic cube were used to perform
source localization with the model containing the isotropic cube.
Fig. 6 shows the resulting dipole shift, dipole magnitude, and
orientation change in six transverse slices above and below the
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Fig. 5. Mapping of the shift, orientation and magnitude change and corre-
sponding histograms of the inverse calculation in study I in the dipole source
space for the radial and tangential dipoles. The dipole shift is given in mm and
the orientation change in degree. Note, that the scale of the color map of the
values for magnitude change is not equidistant for values below and above one.
The histograms of the magnitude change analysis show the relative magnitude
change value according to (6).

Fig. 6. Mapping of the analysis and corresponding histograms of the inverse
calculation in study II in the dipole source space for the radial and tangential
dipoles. The dipole shift is given in mm and the orientation change in degree.
Note, that the color map of the values for magnitude change is not equidistant for
values below and above one. The histograms of the magnitude change analysis
show the relative magnitude change value according to (6).

cube (cf. Fig. 2). These maps clearly demonstrate an influence
of anisotropy for the lower planes (4–6), similar to the forward
computation (Fig. 4). For the upper planes the effect is less pro-
nounced. For the dipole shift we obtained values up to 2.64 mm.
However, in general the mean dipole shift was found to be very
small. The influence on the orientation change was found to be
significant at the edge of the anisotropic cube in case of dipoles
oriented in AP and LR direction and centered below the cube in
case of a IS dipole orientation.

C. Influence of Distance

To investigate the influence of the distance between the
dipoles and the anisotropic structure we merged the results for
AP, LR, and IS dipoles and grouped them by their distance to
the anisotropy. The mean and variance for , ,
dipole shift, relative magnitude change and orientation change
were computed according to (9) and (10) and are displayed in
Fig. 7. In addition, we considered the upper (1–3) and lower
(4–6) planes separately. Fig. 7 clearly demonstrates that all
values of all investigated quantities decrease with increasing

Fig. 7. Analysis of the influence of the distance onRDM ,MAG, dipole shift,
relative magnitude change and orientation change for results of study II. The
diagrams show the mean value with variance obtained by assuming a Rayleigh
distribution. Note that the variances for RDM and MAG are too small to be
visible. Level 1–3 indicates the different layers with respect to the anisotropic
cube. The results are given for all (green), the upper (blue) levels 1, 2, 3 and
lower (red) levels 4, 5, 6.

Fig. 8. Analysis of the influence of the original dipole orientation onRDM ,
MAG, dipole shift, relative magnitude change and orientation change for re-
sults of study II. The diagrams show the mean value with variance obtained by
assuming a Rayleigh distribution. Note that the variances forRDM andMAG
are too small to be visible. AP (anterior-posterior), LR (left-right), and IS indi-
cate the different original dipole orientation according to Fig. 2. The results are
given for all (green), the upper (blue), and lower (red) levels.

distance. The values for and relative magnitude change
show a stronger decreases (more than linear) with distance as
compared to , dipole shift and orientation change. Fur-
thermore, it is shown that in all cases the values for the planes
below (4–6) the anisotropic cube are influenced more than the
values of the planes above (1–3), which is also visible in Figs. 4
and 6.

D. Influence of Original Dipole Orientation

Fig. 8 displays the same data as Fig. 7, but this time grouped
with respect to the three original dipole orientations (Fig. 2).
Again the planes above and below the cube are considered sep-
arately. The results depicted in Fig. 8 are heterogeneous. There
seems to be no prevailing configuration of dipole orientation
versus anisotropy orientation producing larger or smaller errors
than any other. Intuitively, we expected that positions below the
anisotropy are influenced most strongly. However, in almost the
half of the cases [ , , dipole shift (AP), rel.
magnitude change (AP, IS), and orientation change (AP, LR)]
the mean value of all dipoles was found to be higher than for
the dipoles at the planes below the cube.

E. Regions of Strong Influence

Fig. 9 shows a qualitative analysis of the above results, which
was realized by employing 3-D models. From the upper 20%
of the distribution of each calculated quantity we created, fol-
lowing three dimensional smoothing (Gaussian kernel with a
width of 5.4 mm), an isosurface and visualized it along with
the anisotropic cube. Table I lists the corresponding threshold
values to the 0.8 percentile used in Fig. 9.

The strongest influence of anisotropy on was found
above the edges of the cube for dipoles in AP and LR orien-
tation, which differs from the result for the IS orientation. The

values are most strongly influenced if the dipole is ori-
ented parallel to the surface of the anisotropic cube. We obtained
very similar results for the relative magnitude change. Thus, the
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Fig. 9. Visualization of regions of strong influence when neglecting the
anisotropy information in study II. The matrix of 3-D models shows the
anisotropic cube in transparent blue, and regions of values above the 0.8
percentile for RDM , MAG, dipole shift, magnitude change and orientation
change are visualized by red surfaces. The isosurface model of the rabbit head
in the upper left corner indicates the orientation of 3-D models.

TABLE I
THRESHOLD VALUES CORRESPONDING TO THE 0.8 PERCENTILE USED IN FIG. 9

values of the forward computations predict quite well the
results of the dipole magnitude changes in the inverse computa-
tions. On the contrary, the correlation between dipole shift and

was found to be rather low, indicating that is not
well predicting the dipole shifts. One reason for this might be
due to the rather small values obtained for the dipole shift. The
change of orientation was influenced most strongly for dipoles
oriented perpendicular to the surface of the anisotropic cube.

Fig. 10. Source localization based on ECoG recordings resulting from stimula-
tion of the median nerve (a) and tibial nerve (b). Subfigure (c) shows the results
employing a BEM model, (d) shows the estimated dipoles using the isotropic
FEM model and (e) indicates the solution derived by using the anisotropic FEM
model. The red dipoles are the results for the median nerve and the blue dipoles
for the tibial nerve stimulation. Note, that the distance of the dipole positions is
not clearly visible in both FEM models, since they are located below the cor-
tical surface and a transparent visualization was not suitable as in the case of the
BEM model.

F. Source Localization From Measurements

We performed source localization for the time instant of the
first peak (Fig. 10), which is known to be generated in the so-
matosensory cortex S1. The latency of this peak after median
nerve stimulation was 17.5 ms and 22 ms for the tibial nerve.
The electric potential pattern was monopolar. In all inverse solu-
tions (BEM, FEM isotropic, FEM anisotropic) the dipoles were
found with slight differences in orientation and magnitude. The
spatial difference in the dipole localization for both nerves aver-
ages to 2.0 mm (2.00 mm for the BEM, 1.89 mm for the isotropic
FEM and 2.12 mm for the anisotropic FEM). This difference
matches the expected anatomical difference of 2 mm. More-
over, the localized sources were within an accuracy of 1 mm in
the expected cortical areas derived from anatomy. Fig. 10 also
displays the result of the crosscheck between BEM and FEM
based source localization (compare BEM and FEM isotropic).
The dipole location difference between these two models was
0.42 mm for the tibial nerve and 0.51 mm for the median nerve
stimulation. The dipole location difference between the results
obtained with the anisotropic and the isotropic FEM model was
0.76 mm for the median nerve and 0.17 mm for the tibial nerve
stimulation.

IV. DISCUSSION

In the present study, we investigated the influence of
anisotropic conductivity on the forward and inverse computa-
tion in EEG experiments by applying a high-resolution FEM
model of a rabbit head. Although FEM models permit the
inclusion of anisotropy, this information has been rarely used
in EEG source localization in the past due to the calculation
and memory expense. Nowadays, the availability of affordable
high-performance computing equipment and the recent devel-
opment of fast and efficient solvers allow extensive studies in
an acceptable time.

We found a strong influence of the anisotropy on the magni-
tude in the forward as well as in the inverse solution and on the
orientation of dipoles in the inverse solution. On average, dipole
shifts due to the anisotropy were within the limits of the proce-
dural accuracy of EEG source localization. However, about 2%
of the dipoles exhibited localization errors significantly higher
than the procedural limit. The low localization errors and the
relatively high magnitude changes are in good agreement with
the results of Haueisen et al. [7]. Furthermore, anisotropy in the
innermost layer of a four layer spherical volume conductor had a
strong effect on the magnitude of the electric potential produced
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by a tangential dipole, but only a weak effect on the topology
[36]. However, the presented results reflect only the influence of
neglecting anisotropy information in the used model. There are
further modeling errors which can lead to significant changes
of the forward as well as inverse solution. Slight changes of the
tissue conductivity next to the source, would affect the results
significantly [37], [38] as would a neglect of parts of the model
as shown by He et al. [39]. These modeling errors would super-
impose the effect of neglecting anisotropy.

In contrast to the low values for single dipoles found
in study II, a briefly tested setup of multiple dipoles (study III)
showed significantly higher values (up to 4 times). How-
ever, we found also that the could be lower compared
to a single dipole (based on the values obtained for the three
dipoles in study II). Since the investigation of multiple dipoles
can lead to a vast number of combinations, a general conclusion
from this limited test cannot be drawn. Nevertheless, it shows
that neglecting an anisotropic conductivity can strongly extend
the error in the forward solution using multiple dipoles.

A clear result of the presented studies I and II was that all
investigated result measures ( , , shift, magnitude,
and orientation change) were more strongly influenced the
closer the dipoles were placed to the anisotropy. Consequently,
we would expect a stronger influence on all quantities if the
dipoles would be located inside the anisotropic tissue.
and dipole shift seem to be more linearly dependent on the
distance between dipole and anisotropy, whereas, ,
magnitude and orientation changes seem to be nonlinearly
correlated to this distance.

One further result of our study II was that all investigated
result measures were influenced stronger for planes below the
cube than for planes above. This is in principal agreement with
Anwander et al. [14] and Wolters et al. [15], [16]. Despite the
three exceptions visible (see Fig. 9), our result measures seem
to be less affected when the dipoles are positioned above the
anisotropic cube. Such a setting is actually the most common
for animal studies in rabbit or rat, because of their lissencephalic
brain. Also, in the human brain such a geometrical situation is
common for the crown of a gyrus.

As presented in Figs. 8 and 9 of study II, the relation between
the orientation of the dipole and the orientation of the anisotropy
seems to have little influence on the estimated dipole orientation
and magnitude when neglecting anisotropy. In other words, the
influence of anisotropy seems not to be dependent on the direc-
tion of the dipole orientation relative to the anisotropy orienta-
tion, but on the dipole direction relative to the cube as such. If
the dipoles point perpendicular to the cube the influence is less
than if they point parallel to the cube. Since the orientation of
the dipole was strongly influenced by the anisotropy in the in-
verse computation, we would expect a correlation between the
orientation of the dipole and the anisotropy orientation. How-
ever, the results reflect that the anisotropic block as such has
more influence on the reconstructed orientation than the rela-
tion between the orientation of the dipole and the orientation
of the anisotropy. As an experimental confirmation for this ob-
servation we can consider at least in part the results by Liehr
and Haueisen [40]. They investigated by using magnetic mea-
surements in a physical phantom a variety of dipole orientations
relative to anisotropy orientations and found that for dipoles
both at 0 and 90 the orientation error was minimal. The cor-

responding magnitude changes, however, are not directly com-
parable to our results since their dipolar source was located
within the anisotropic material. Nevertheless, the tendency that
the 0 degree setup (in our case: LR) has lower values
and relative magnitude change values is also seen in our data
(Table I). A setup with dipoles within the anisotropic material
cannot be modeled with our current software and will be inves-
tigated in future studies.

Fig. 9 indicates a negative correlation between the magnitude
and orientation change (strong changes in orientation correlate
with weak changes in magnitude and vice versa). This is, how-
ever, true only for the largest 20% of the values presented in this
figure. For smaller values, there is a positive correlation between
both result measures, also independent of the orientation of the
dipoles.

The distribution (relative occurrence) of the result measures
was found to be clearly non-Gaussian, whereas a Rayleigh dis-
tribution fitted the data well. Visually similar distributions were
observed in a recent simulation study with a spherical head
model including anisotropy [41].

In the localization study with values taken from real measure-
ments (SEP after stimulation of median and tibial nerve, DTI de-
rived conductivity data of the rabbit white matter) we employed
three different volume conductor models (BEM, isotropic and
anisotropic FEM). We found comparable results with all three
models: the localization was in agreement with the anatomical
expectation and the distance between the two dipoles (median
and tibial nerve) was also as anatomical expected. These results
both verify the modeling approach itself and are consistent with
the above discussed relatively small influence found in the sim-
ulations of dipoles located above a white matter tract. The dis-
tance between our simulated dipole layers and the anisotropic
cube (study II) represents a typical anatomical distance for the
rabbit brain [42].

Finally, we conclude that source localization procedures in
animals will improve when including white matter anisotropy
information. This holds for dipole orientation and magnitude
estimations more than for dipole localizations. The influence
of anisotropy on source estimation was found to be complex.
Therefore, a direct transfer of our results to other species (in-
cluding humans) has to be considered with caution.
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