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Abstract EEG source localisation has proven to be a 
valuable tool in the presurgical evaluation of patients with 
epilepsy.  However, the typical volume conductor models used 
for this purpose do not take into account the anistropic 
properties of the skull and white matter in the brain.  We 
investigated the dipole localisation error due to not taking into 
account the anisotropic conductivities of the skull and white 
matter.  We found that only neglecting skull anisotropy causes 
an error of on average 20.16 mm for cortical test dipoles and 
4.14 mm for test dipoles in the thalamic shell.  Neglecting only 
white matter anisotropy causes an error of on average 4.23 mm 
for cortical dipoles and 17.05 mm for test dipoles in the 
thalamic shell. Neglecting both white matter anisotropy and 
skull anisotropy causes a dipole localisation error of 22.54 mm 
in the cortical region, while in the thalamic shell the error is on 
average 7.62 mm.  The error caused by not taking into account 
the anisotropic conductivity is not negligible. Therefore, one 
must incorporate the anisotropic conductivities in the volume 
conductor for EEG dipole source localization. 
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I. INTRODUCTION 
 

When several neurons are active in a relatively small 
volume of the cortex, the resulting synchronous electrical 
activity can be represented by an equivalent current dipole 
with a certain location, orientation and magnitude.  
Furthermore, when the neurons depolarize and repolarize 
synchronously, potential differences will be registered 
between scalp electrodes.  Starting from these potential 
differences one can estimate the source in a head model.  
This is called EEG source localisation.  It consists of a 
current source and a current sink, with opposite current 
strength, located infinitesimally close to each other.  The 
current dipole has three position parameters and three 
orientation parameters, called components. 

In EEG dipole source localization two problems need to 
be solved: a forward problem and an inverse problem.  The 

forward problem consists of calculating the potential 
difference between the electrodes for a given dipole.  The 
mathematical translation of the forward problem is a 
Poisson differential equation [1].  On the other hand, the 
inverse problem consists of finding the dipole which best 
represents the given potentials at the scalp electrodes.   

It is known that the skull and white matter in the brain are 
anisotropic, which means that the electrical conductivity of 
these tissues is direction dependent (see figure 1).  However, 
the head models commonly used assume anisotropic 
conductors for these tissues.  The skull is known to have an 
anisotropic conductivity with a ratio of up to 1:10 
(radially:tangentially to the skull surface).  The ratio of the 
anisotropic conductivity of white matter is 1:9 
(transverse:longitudinal along the nerve fibre).  In this study 
we investigated the impact of neglecting the anisotropic 
conductivity of skull and white matter on EEG dipole source 
localisation. 

 

Figure 1: The anisotropic conductivities of skull (left) 
and white matter (right). 

 
II. METHODS 

 
A. Head model 

Spherical head models have the advantage that an 
analytical expression for the forward problem exists.  Here 
we use a 5 shell spherical head model (see figure 2): scalp 
shell (radius 92 mm), skull shell (radius 86 mm), cortical 
shell (radius 80 mm), white matter shell (radius 70 mm) and 
thalamic shell (radius 20 mm).  The scalp shell, cortical 
shell and thalamic shell have an isotropic conductivity of 
0.33 S/m.  The skull shell and white matter shell can be 
made isotropic or anisotropic.  The isotropic conductivity is 
0.020 S/m and 0.33 S/m, respectively.  The anisotropic  
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Figure 2: A 2D representation of the 5 shell spherical head model.  The 

different compartments are shown as a different greyscale. 
 

conductivity of the skull shell is 0.043 S/m in the radial 
direction and 0.43 S/m in the tangential direction to the skull 
surface.  The white matter has been modelled as 
follows: the nerve fibres start from the thalamic shell and go 
in the radial direction to the cortical sphere.  In this way the 
white matter sphere also has a radial and tangential 
conductivity of 1.42 S/m and 0.15 S/m respectively.  The 
values for the radial and tangential direction can be 
calculated from the isotropic conductivity according to the 
volume constraint [2]. 

The electrodes were placed according to the international  
10-20 system, with 6 extra electrodes located at the temporal 
region, resulting in a total of 27 electrodes.  The placement 
of the electrodes is also shown in figure 3. 

 
B. Forward Problem 

The forward problem calculates the electrode potentials at 
the scalp electrodes, given a dipole location and orientation 
and a head model.  This is done by calculating the potential 
field distribution in the aforementioned head model.  As a 
source model we used the current dipole, which can be 
described as a current source and a current sink, with an 
infinitesimal distance between each other.  In this problem, 
quasi-static Maxwell equations can be used, because the 
time delays between source and measurements are  
 

 
Figure 3: the 5 shell spherical head model and the 

electrode placement. 

supposed to be negligible [3]. Therefore the potentials at the 
electrodes reflect the instantaneous parameters of the dipole.  
The potential field can be described by Poisson’s equation:  

( ) ,Vσ∇ ⋅ ⋅∇ = ∇ ⋅J                (1) 

where V is the potential field distribution in the head 
model.  J  represents the current density.  σ  is the matrix 
representation of the conductivity tensor at a specific 
location.  The Poisson equation is accompanied by a 
Dirichlet and Neumann boundary condition at each interface 
between two shells. 

The electric potentials at each electrode are calculated as 
follows: due to the 5 shell spherical head model, the 
potentials can be calculated by an analytical formula.  The 
analytical formula uses an infinite sum of Legendre terms.  
It was presented by de Munck et al. in [4].  This formula 
leaves room for the incorporation of anisotropic 
conductivities, but limited to radial and tangential direction 
of the conductivity only. 

This way we can calculate the electric potentials for all 
electrodes and solve the forward problem. 

   
C. Inverse Problem 

Solving the inverse problem consists of finding the 
parameters of the dipole source that best explain a set of 
measured potentials.  We find the optimal dipole position 

optr  and components 
optd  for the input potentails 

1k×∈ℜinV  at k scalp electrodes.  This is done by 

minimizing the relative residual energy (RRE) [5]: 
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where 1k×∈ℜmodelV  are the average referenced potentials 
obtained from the forward evaluation in the inverse 

problem.  ⋅  indicates the L2-norm.  ( )C r  is zero for 

dipole positions in the brain compartment (cortical shell, 
white matter shell and thalamic shell) and is set to a high 
value elsewhere.  This additional term will restrict the 
solution of the inverse solver to the brain compartment.  The 
Nelder-Mead simplex method is used to find the global 
minimum of the RRE, because of its simplicity and 
robustness against local minima [6]. 
 
D. Simulation Setup 

In the 5 shell spherical head model we considered 3 
planes through the origin.  The planes were oriented along 
the XY, XZ and YZ direction.  The X, Y and Z axes are 
shown in figure 3.  In these planes we placed dipoles 
uniformly spread in the cortical shell and thalamic shell and 
with 2.5 mm distance between each other.  The idea behind 
this is that the focal epileptic activity only originates from 
grey matter.  We considered dipoles in the X-, Y- and Z-



direction.  The flow chart of the simulation is shown in 
figure 4.  For each dipole location and orientation, we 
solved the forward problem in an anisotropic head model 
under three circumstances: for (a) the skull compartment, (b) 
the white matter compartment and (c) both compartments 
having anisotropic conductivities.  Using these electrode 
potentials we estimated the dipole in an isotropic head 
model.  The distance between the original and estimated 
dipole i.e., the dipole localisation error is used as a measure 
to compare the anisotropic with the isotropic head model. 

 

 
Figure 4 : The flowchart of the simulation for the comparison between 

anisotropic and isotropic head model. 
 

III. RESULTS 
 

A. Skull Anisotropy 
Figure 5 shows the dipole localization error as an arrow.  

The start of the arrow denotes the original dipole and the tip 
points to the estimated dipole.  We can see that the dipoles 
are estimated towards the center.  The average dipole 
localization error for all test dipoles and the three orienta-
tions in the cortical shell is 20.16 mm and we found a 
maximum error of 27.23 mm.  In the thalamic shell the 
average dipole localization error is 4.14 mm, with a 
maximum of 6.67 mm.  In figure 8 we can see that the error 
increases from the center to the edge of the brain 
compartment. 

 
B. White Matter Anisotropy 

Figure 6 shows the dipole localization error for in the case 
where white matter anisotropy is neglected.  The dipoles are 
estimated away from the center.  The dipole localization 
error in the cortical sphere is on average 4.23 mm and has a 
maximum of 11.08 mm.  In the thalamic sphere this error 
increases to an average of 17.05 mm; with a maximum of 
26.34 mm. 

 
C. Skull & White Matter Anisotropy 

In figure 7 we can see the dipole localization error in the 
case where skull and white matter anisotropy are neglected.  
The dipoles, located in the thalamic shell, are estimated 
away from the center.  The dipoles, in the cortical shell, are 
estimated towards the center of the head.  In the cortical 
shell the dipole localization error is on average 22.54 mm 
and has a maximum of 32.33 mm.  In the thalamic region 
the error is on average 7.62 mm and has a maximum of 
13.82 mm. 

 
Figure 5 : The dipole localization error when changing the 

conductivity of the skull compartment from anisotropic to 
isotropic and keeping the other compartments isotropic. The 

arrows represent the dipole localization error in an axial (XY) 
plane.  The tail is the original position, the tip is the fit position.  

The original dipoles were oriented along the X axis. The 
horizontal line in the bottom left corner represents a distance of 

5 mm. 

 
 Figure 6 : The dipole localization error when changing the conductivity 

of the white matter compartment from anisotropic to isotropic and keeping 
the other compartments isotropic. The arrows represent th dipole 

localization error in an axial (XY) plane.  The tail is the original position, 
the tip is the fitted position.  The original dipole were oriented along the X 
axis. The horizontal line in the bottom left corner represents a distance of 5 

mm. 

 
IV. DISCUSSION AND CONCLUSIONS 

 
We investigated the influence of not incorporating an 

anisotropic compartment in the spherical head model and 
quantified the influence in terms of the dipole localisation 
error.  This was done using the dipole localization error. 

From figure 8 we can appreciate that the errors for most 
of the test dipoles are larger than 15 mm.  Errors may rise up 



to 30 mm, which is unacceptable for EEG source analysis.  
It is therefore necessary to incorporate anisotropic 
information for a more accurate localization of the dipole in 
clinical settings.   

 

 
Figure 7 : The dipole localization error for changing the conductivity of 

the skull compartment and white matter compartment from anisotropic to 
isotropic and remaining the other compartments isotropic. The arrows 

represent the dipole localization error in an axial (XY) plane.  The tail is the 
original position, the tip is the fit position.  The original dipoles were 

oriented along the X axis. The horizontal line in the bottom left corner 
represents a distance of 5 mm. 

 
The skull remains to be a difficult obstacle to perform 

EEG dipole localization.  Therefore, a correct modeling of 
the skull is needed.  Other research [7,8,9] showed that not 
only the skull geometry, but also the value of the 
conductivity has an important effect on the dipole 
localization.  In this study we showed that a correct 
modeling of the anisotropic conductivities is also important, 
especially for the cortical focal activity (see figure 8).  

Although white matter fibres are not directed in the radial  
direction in a real human head, this study suggests that the 
anisotropic conductivity of white matter fibres should also 
be incorporated. 
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Figure 8 : The dipole localization in coronal planes (XZ) of the 5 shell 

spherical head model.  In horizontal direction one type of anisotropy is 
considered and in the vertical direction one dipole orientation is used.  The 

dipole localization error is shown as a colour, according to the color bar 
below. 
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