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o Numerical simulations of stereo-EEG measurements with detailed electrode and brain models were
carried out taking into account the physic laws governing the phenomena.
o The perturbation in the electric potential distribution due to the presence of the depth electrode is

negligible.
;(eyworg;:c e The heterogeneity and anisotropy of the brain’s tissues have a significant effect on the stereo-EEG
tereo- measurements.

Depth electrode
Forward problem
Inverse problem
Brain anisotropy

ABSTRACT

Objective: To quantify the perturbation due to the presence of a measuring depth electrode on the intra-
cranial electric potential distribution, and to study the effect of the heterogeneity and anisotropy of the
brain tissues’ electric conductivity.
Methods: The governing differential equations are solved with the Boundary Elements Method to com-
pute the perturbation on the electric potential distribution caused by the presence of the measuring elec-
trode, and with the Finite Elements Method to simulate measurements in an heterogeneous anisotropic
brain model.
Results: The perturbation on the measured electric potential is negligible if the source of electric activity
is located more than approximately 1 mm away from the electrode. The error induced by this perturba-
tion in the estimation of the source position is below 1 mm in all tested situations. The results hold for
different sizes of the electrode’s contacts. The effect of the brain’s heterogeneity and anisotropy is more
important. In a particular example simulated dipolar sources in the gray matter show localization differ-
ences of up to 5 mm between homogeneous isotropic and heterogeneous anisotropic brain models.
Conclusions: It is not necessary to include detailed electrode models in order to solve the stereo-EEG
(sEEG) forward and inverse problems. The heterogeneity and anisotropy of the brain electric conductivity
should be modeled if possible. The effect of using an homogeneous isotropic brain model approximation
should be studied in a case by case basis, since it depends on the electrode positions, the subject’s electric
conductivity map, and the source configuration.
Significance: This simulation study is helpful for interpreting the sEEG measurements, and for choosing
appropriate electrode and brain models; a necessary first step in any attempt to solve the sEEG inverse
problem.
© 2012 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction

Intracranial electroencephalography (iEEG) is an invasive tech-
nique which records the electric activity of the neurons in the brain.
It has been used since the first half of the last century in diagnosis
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and treatment of epilepsy and Parkinson Disease (Engel et al.,
2005). Given the far better signal to noise ratio and spatial resolu-
tion compared to scalp EEG recordings outside the low-conductivity
skull, studies on almost every aspect of brain function are carried
out with implanted patients (e.g. Halgren et al., 1994; Bechtereva
and Abdullaev, 2000; Lachaux et al., 2003; Engel et al., 2005; Shenoy
et al., 2008; Blount et al., 2008; Jerbi et al., 2009). The two main
types of clinical iEEG using macroscopic electrodes are electro-
corticography (ECoG) and stereotaxic-electroencephalography (SEEG)
(Benbadis et al., 2005). In the first case electrodes are placed on the
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surface of the cortex, while in SEEG depth needle-like electrodes
with multiple contacts are inserted in the brain.

There exists a large knowledge regarding the technique, gained
from direct analysis of the recorded signals in humans and animals
(e.g. Mitzdorf, 1987; Juergens et al., 1999; Logothetis, 2003; Chat-
illon et al., 2011), and this knowledge is of great importance for the
visual analysis and interpretation of the iEEG recordings performed
by expert neurologists. However, there is an increasing interest in
solving source estimation problems with iEEG, i.e. solving the iEEG
inverse problem, for ECoG recordings (Acar et al., 2008; Zhang
et al., 2008; Diimpelmann et al., 2009; Cho et al., 2011) and sEEG
recordings (Chang et al., 2005; Litvak et al., 2010). Automatic algo-
rithms to solve the inverse problem need the forward problem
solution, i.e. the ability to simulate the measurements that would
result from known sources. This requires the numerical solution
of the physic laws governing the phenomena. It is important then
to select proper models for the measuring electrodes, and to quan-
tify the effect of the measuring electrodes on the electric potential
distribution under study. To our knowledge there exist only very
crude analysis of these phenomena in the literature for iEEG mea-
surements (Chang et al., 2005; Zaveri et al., 2009).

Scalp electrode properties have been widely studied, both for
EEG (Ollikainen et al., 2000; Wendel et al., 2007) and for electrical
impedance tomography (Cheng et al., 1989; Somersalo et al., 1992;
Paulson et al., 1992). These studies show that the perturbation of
the electric potential distribution on the scalp due to the presence
of the electrodes is negligible. Then, a good approximation of the
forward problem is an ideal point size approximation for the elec-
trodes, which does not modify the electric potential distribution.
The reason behind the validity of this approximation is the spatial
smoothing effect of the low conductivity skull on the electric po-
tential distribution. The extension of this approximation to intra-
cranial electrodes is not immediate given the much more abrupt
spatial distribution of the electric potential inside the skull.

Given that sEEG deep electrodes are typically in contact with
different brain tissues (e.g. cortical gray matter, cortical white mat-
ter, subcortical nuclei), a detailed model of the brain should take
into account the heterogeneity and anisotropy of the electric con-
ductivity of the tissues. The conductivity of the cerebrospinal fluid
(CSF) is several times larger than the gray and white matter con-
ductivity, and the fibers tracts in the white matter exhibit a high
anisotropy. It is possible to build a brain model that incorporates
a detailed electric conductivity map, using Diffusion Tensor Mag-
netic Resonance Images (DT-MRI) (Tuch et al., 2001). In scalp
EEG measurements the heterogeneity and anisotropy of the brain
tissue has noticeable effects in the forward problem, the dominant
factor being the higher conductivity of the CSF compared to other
brain tissues (Wolters et al., 2006). It is reasonable to assume that
the effects of the heterogeneity and anisotropy are not smaller in
iEEG (Lachaux et al., 2003).

In this work, we investigate the sensitivity of depth electrodes
with different contact sizes and for different values of the contact
impedance. We also analyze the validity of approximate electrode
models. Finally, we present results regarding the effect of hetero-
geneity and anisotropy of the electric conductivity of the tissues
in which the electrodes are inserted, in order to guide the selection
of an appropriate brain model.

2. Methods

We study two aspects of the sEEG recordings. First, we study the
required detail level of the electrode model in an infinite isotropic
medium. Then, we explore how an heterogeneous anisotropic
medium affects the measurements. Each situation requires differ-
ent methods, described in this section.

2.1. Electrode model

We simulate measurements of a depth electrode in an infinite,
homogeneous, and isotropic medium. The depth electrode consists
in a very thin cylindrical stem with non-conducting walls, inter-
leaved with several conducting contacts. The electrode is inserted
into the brain, and the electric potential is recorded at the contacts.
The electrode is surrounded by ionic medium, such as intracellular
fluids in gray and white matter or cerebrospinal fluid. The equa-
tions governing this situation, in an infinite homogeneous medium
are (Cheng et al., 1989; Ollikainen et al., 2000)

aV2p(x) = V - Jo()
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where ¢ is the electric conductivity, ¢(x) is the electric potential,
Jo(x) is the primary current, source of the electric activity, n(x) is
a unitary vector normal to a surface at point x, Sy is the surface of
the non-conducting electrode wall, z is the contact impedance be-
tween the conducting electrode’s contacts and the (ionic) medium,
Sk, k- 1....x are the surfaces of the K electrode’s contacts, and @ is
the electric potential measured at the k-th contact. The first
equation is the Poison differential equation, the second and third
equations are the boundary conditions for the non-conducting
and conducting surfaces respectively, and the fourth equation im-
poses a net current of zero through every contact, compatible with
a high input impedance of the measuring amplifier.

In the contact surface between media with ionic and electronic
conduction a thin, highly resistive layer is formed. The value of the
resulting contact impedance is related to the fluid’s ionic
conductivity. For saline solution the product between the contact
impedance and the electric conductivity is nearly constant
20 =2.4 x 1073 m (Cheng et al., 1989; Somersalo et al., 1992). We
adopted this value for our simulations, with ¢ =0.3 S/m, and
z=8x102Qm?

In our simulations we chose a dipolar source model, i.e.
Jo(x) = q5(x — p), where q is the dipole moment (intensity and ori-
entation), &(-) is a Dirac delta in 3-D space, and p is the dipole posi-
tion. While for scalp EEG recordings a dipolar model is appropriate
in some occasions (de Munck et al.,, 1988; Merlet and Gotman,
1999; Kobayashi et al., 2005), we do not believe this is the general
case for intracranial recordings. In the latter, the source extent
could easily be of the same order as the distance between the
source and the electrode, and a dipolar model is expected to per-
form poorly in this situation. However, distributed sources can
be modeled by correctly selected dipole sets (Jerbi et al., 2004;
von Ellenrieder et al., 2009). Then, we chose the dipolar source
model because the associated results are easy to interpret and to
extrapolate to distributed source models.

The differential problem (1) is an exterior problem that cannot
be solved with numerical methods that discretize the whole do-
main, such as finite element or finite difference methods. Instead,
we use the Boundary Elements Method (BEM), which is appropri-
ate for solving exterior boundary value problems (Brebbia and
Dominguez, 1992). This method requires the differential formula-
tion (1) to be stated as an integral problem (see Appendix A):
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where S = |J{_,Sy is the surface of the electrode (conducting and
non-conducting), ¢(x) takes a value of 4n for points not in the
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surface, 27 for points on S, except at the electrode edges where
c(x) = 31/4. The function ¢o(x) is the electric potential distribution
that would be generated by the source in an infinite medium with
no electrode present, i.e. for a dipolar source

_ 1 q-x-p)
) = o5y p 3)
The unknowns are the K measured potentials, given by

(pk:Alk/sk sdsy), k=1,... K, (4)

where A is the surface area of the k-th contact.

We simulated measurements for a typical electrode of cylindri-
cal shape, with 0.5 mm radius and 25 mm length. The electrode
had 5 contacts uniformly spaced along the cylinder, the distance
between the center of two neighboring contacts was fixed at
5 mm, but the length of the contacts was variable (0.5, 1, 2, or
3 mm). The electric conductivity of the non-conducting walls of
the electrode stem was considered null, and infinite for the con-
ducting contacts. To apply the BEM the surfaces were tessellated
in 10,984 triangular elements and 5494 nodes (vertices), with local
refinement of the mesh in the interface between conducting and
non-conducting surfaces. More details regarding the BEM discreti-
zation are given in Appendix A.

One of the main objectives of this work is to determine under
what conditions a detailed electrode model can be omitted. We de-
fine then the unperturbed approximation as the measurements of
an hypothetical ideal electrode, with point-size electrode’s con-
tacts. The electric potential measured by this ideal electrode
approximation (IEA) is given by

D = Po(Xi), (5)

where xy is the center of the k-th contact. We compare the IEA with
the results obtained with the detailed electrode model (DEM) of (4),
for different contact impedance values and sizes of the electrode’s
contacts.

To compare the different simulation scenarios, we computed
the sensitivity of the measurements to the source intensity of a
dipolar source as a function of the source position p,

|0y

Se(p) = g

; (6)

where q = |q| is the intensity of the dipolar source. In this way we
build sensitivity maps for the different electrodes. We normalized
the sensitivity by its maximum value among all the tested sources,
i.e. among the different values of the source parameters q and p. The
sensitivity computed in this way is a ratio indicating the proportion
of the electric potential at a contact to the maximum electric poten-
tial at that contact due to a source of the same intensity but at a dif-
ferent position.

Since the final goal is to solve the inverse problem with iEEG
data, we also evaluated the effect of the different electrode models
in the inverse problem solution. We solved the inverse problem in
a very simplified setting, assuming there was no noise and a single
dipolar source. The forward problem was solved with the DEM, and
the inverse problem was solved adopting the IEA. The solution to
the inverse problem was chosen as the point at which the simu-
lated measurements vector (the electric potential in the five elec-
trode’s contacts) of the IEA is closest, in l,-norm, to the simulated
measurements vector of the DEM.

2.2. Brain model

For the selection of the brain model, our main interest is to com-
pare a detailed model including the heterogeneity and anisotropy

of the electric conductivity of the tissues with an homogeneous
and isotropic model. Since the first model is more realistic, we
adopted it as the reference. The homogeneous isotropic model is
considered an approximation.

When a detailed model of the brain is adopted, including the
electric conductivity heterogeneity and anisotropy of the tissues,
the governing differential equation for a dipolar source is given by

V- (0x)Vo(x)) = V- (qo(x —p)), )

where 6(x) is the electric conductivity tensor at point x. Since the
BEM is not appropriate to handle heterogeneity in the domain, to
solve this differential problem we resort to the Finite Elements
Method (FEM) (Wolters et al., 2006). The same formulation holds
for the homogeneous isotropic brain model, simply considering
the conductivity tensor 6(x) = ols, where I3 is a 3 x 3 identity ma-
trix, and x is any point in the brain.

As the electrode model we adopted the IEA defined in (5).
Hence, the geometric model did not include the electrode. We used
an average head model built from a sample of 152 MRIs of typical
participants provided by the International Consortium of Brain
Mapping (ICBM) (Mazziotta et al., 2001). The scalp and skull sur-
faces were extracted from the image using the brain extraction tool
(Jenkinson et al., 2005) and then corrected using MeshLab.

We built an homogeneous isotropic brain model (HoIBM) and
an heterogenous anisotropic brain model (HeABM). The HolBM as-
sumes the electric conductivity of the brain is 0.33 S/m (Dannhauer
et al.,, 2011). The HeABM incorporates the heterogeneity and
anisotropy using a diffusion tensor atlas based on 81 healthy par-
ticipants (Mori et al., 2008) co-registered with the ICBM model. We
considered the electrical conductivity as a tensor field through a
linear transformation of the diffusion tensor eigenvalues (Tuch
et al., 2001).

For both models, the scalp and skull were modeled as isotropic
homogeneous layers of electric conductivity of 0.33 and 0.0096 S/
m respectively (Dannhauer et al., 2011). The models were tessel-
lated using the ISO2Mesh toolbox (Fang and Boas, 2009), resulting
in a tetrahedral mesh with 2 mm mean side length, with a local
refinement in the neighborhood of the electrode limiting the side
length to 1 mm. This resulted in models with 774,020 tetrahedral
elements and 125,624 nodes. For the HeABM the conductivity ten-
sor was considered constant in each element.

To illustrate the heterogeneity and anisotropy of the HeABM we

compute the mean conductivity MC(x) =tr{G(x)}/3 and the

2 2

. o ., 2
anisotropy factor FA(x) = \/<"1 ) U dy) 4y 2s)

AR respectively,
where /4, /,, and /3 are the eigenvalues of the electric conductivity
tensor o(x).

To determine the influence of the heterogeneity and anisotropy
of the model we compared the forward and inverse problem solu-
tion of both models. We computed the combined sensitivity of all
the sensors to the intensity of a dipolar source

K 0@k>2
Se(p) = — . 8
=3 (% ®)

Note that this measure is proportional to the Fisher Information
on the source intensity ¢ when the measurements are corrupted
with normal additive noise uncorrelated between electrodes
(Kay, 1993).

We also compare the electric potential profile across the elec-
trodes, between models, with the normalized relative difference
measure (Meijs et al., 1989)

Drieasm

NRDM — H”(I’HolBM 7 )

Driopm]| - || Prieasm ||




1748 N. von Ellenrieder et al./Clinical Neurophysiology 123 (2012) 1745-1754

where the |-|| is the I, norm, and @yepy and @peapy are the vectors
with the electric potential at the contacts computed as the forward
problem solution of both models. For a dipolar source the NRDM de-
pends on the source position and orientation, but not on its inten-
sity. The NRDM varies between 0 and 2, it is null when both
vectors are equal, 2 when they are collineal but with different sign,
and 1 when the vectors are orthogonal.

3. Results
3.1. Electrode model

The described methodology allows us to compute the electric
potential distribution generated by any known source, and study
how it is perturbed by the presence of the electrode. The example
in Fig. 1 shows the current density lines produced by an hypothet-
ical dipolar source near a conducting electrode’s contact. The figure
was drawn using the line integral convolution technique (Cabral
and Leedom, 1993). The intensity of the current density is not evi-
dent in this figure, but it quickly decreases with the distance to the
source. It can be seen that the direction of the current density lines
is modified by the conducting contact of the electrode, becoming
normal to the surface. The modification of the current density dis-
tribution due to the presence of the electrode is very local, re-
stricted to less than half a millimeter around the electrode.

A result of more interest is the value that the electric potential
takes at the contacts, for different source positions and orienta-
tions. Fig. 2 shows the sensitivity maps of the electrodes of length
1 and 3 mm. Fig. 2a and b correspond to unipolar measurements
and Fig. 2c and d to bipolar measurements. The sensitivity maps
show a very fast decrease with the distance to the electrodes.
The sensitivity in an infinite and homogeneous medium has axial
symmetry, and is maximum for sources in front of the electrode’s
contact and pointing towards it (or in the opposite direction).
The sensitivity for sources with this orientation is shown at the
right of the electrode in the figures. Sources with orientation par-
allel to the electrode’s stem generate a signal of almost the same
amplitude than the normally oriented ones when placed in front
of the boundary between the electrode’s contact and the non-
conducting wall of the stem. The sensitivity for sources with this
orientation is shown in the figures to the left of the electrodes.
The sensitivity is null for sources with orientation normal to the
plane containing the electrode and the source. In the case of bipo-
lar measurements the sensitivity to sources parallel to the stem is
higher for sources located between the electrode’s contacts, and
the sensitivity to sources with orientation normal to the stem is
higher for sources located in front of the electrode’s contacts.

(a)

We also studied the effect of changes in the contact impedance,
finding that the results are not very sensitive to it. Fig. 3 shows the
relative difference between the sensitivity computed with the
nominal impedance z,=8 x 107> Qm?, and values ranging from
Z— oo and z,=8 x 107°Q m? Note that for the electrode of
1 mm length the contact area is of 3.14 x 10"°m?, leading to a
nominal contact resistance of approximately 2500 Q. The results
shown on Fig. 3a correspond to sources with the highest absolute
error, located in front of one electrode and pointing towards it.
Fig. 3b shows the spatial distribution of the relative difference be-
tween the sensitivity with nominal impedance and the sensitivity
for impedance one order of magnitude lower z=8 x 1074 Q m?.
Difference larger than 1% are limited to the vicinity (less than
2 mm) of the electrode.

We found that the IEA given by (5), is very good for sources lo-
cated farther than 1 or 2 mm from the electrode, and that the effect
of the electrode size is not very important except in the immediacy
of the electrode. Fig. 4a shows the sensitivity for sources located in
front of the electrode and pointing towards it, for the IEA and for
DEM of different contact sizes. The error of the IEA is restricted
to the vicinity of the electrode, and seems negligible at 2 mm from
it. The error of larger electrodes is a bit larger, but the dependence
with size is not direct, and varies for sources at different positions.
The logarithmic scale in both axes highlights the quadratic de-
crease of the sensitivity with the distance to the electrode.
Fig. 4b shows the spatial distribution of the IEA relative error for
electrodes with 1 mm contacts. Note that the relative error may
seem large for sources in front of the contact and with orientation
parallel to the electrode, but the absolute value of the error for
these source is actually very small since the sensitivity to them is
low, as seen in Fig. 2a.

Another point of interest is the effect that the IEA has in the in-
verse problem. We found that the errors are negligible from a prac-
tical point of view, regardless of the contact size. In Fig. 5 we show
the localization error of dipolar sources when the IEA is adopted for
solving the inverse problem, for electrode contacts of 1 and 3 mm
length. The localization error is in the worst case less than half a
millimeter, and much smaller for sources 1 or 2 mm away from
the electrode. A localization error of half a millimeter for sources
located at 1 or 2 mm from the electrode may be large from a math-
ematical point of view, but it is not significant from a practical one.

3.2. Brain model
We studied the effect of the heterogeneity and anisotropy of the

electric conductivity of the brain model. We simulated sEEG mea-
surements for 10 contacts on a depth electrode placed in the right

(b)

Fig. 1. Current density lines due to a dipolar source near the electrode. The figure shows how the current density distribution is disturbed by the presence of the electrode,
but only in its close proximity. The electrode is depicted in black at the upper left corner, it has a 0.5 mm radius. (a) Current density lines when the electrode is present.
(b) Current density lines if the electrode were not present. The current intensity is also modified, but it is not evident in the figure.



N. von Ellenrieder et al./Clinical Neurophysiology 123 (2012) 1745-1754 1749

=01
—
0.01
0.001
0 0
[mm] [mm]
(c) (d)

Fig. 2. Sensitivity maps of the depth electrodes. The color (or gray level - in the printed version of this article) of each point indicates the normalized sensitivity of the
electrode to a dipolar source located at that point. The results to the left of the electrodes correspond to sources with dipolar moment parallel to the electrode stem, to the
right of the electrode results correspond to sources with dipolar moment pointing towards the electrode stem. The arrows on the corners indicate the dipolar moment
orientation. The diameter of the electrode is 1 mm, the conducting contacts are depicted in light blue color (or - in the printed version of this article - light gray in the
electrode). (a) Unipolar sensitivity, 1 mm contacts. (b) Unipolar sensitivity, 3 mm contacts. (c) Bipolar sensitivity, 1 mm contacts. (d) Bipolar sensitivity, 3 mm contacts.

temporal lobe, as shown in Fig. 6a. The color (or - in the printed amplitude than the same primary current in a high conductivity re-
version of this article - gray level) scale of the image indicates gion. Fig. 7 shows the combined sensitivity (6) of all the contacts
the mean conductivity of the head model, and the white rectangle, for both brain models, the HolBM in Fig. 7a, and the HeABM in
shown in more detail in Fig. 6b corresponds to the analyzed source 7b. The sensitivity differences seem to be explained by the mean

positions. The dipolar moment of the analyzed sources is oriented conductivity of the regions, shown in Fig. 6b.

parallel to the electrode. While the sensitivity to the source intensity is correlated to the
The sensitivity of the electrodes to the source intensity is higher mean conductivity, the distribution of the electric potential at the

for sources located in regions with lower conductivity. This is rea- different contacts seems more correlated to the anisotropy of the

sonable since a primary current density in a region with low con- medium. In Fig. 8a we show the anisotropy factor of the medium,

ductivity (high resistivity) generates an electric potential of higher and in Fig. 8b the NRDM of the difference between the HoIBM and

10%

Difference to nominal impedance solution [%)]
A

s .
5 s 228107 m/S
areenes 7284074 m2fS
z=8-10° m*/S
"85 1 1.5 2 25 3 01
Distance to center of electrode [mm] [mm]
(a) (b)

Fig. 3. Effect of contact impedance value. (a) Relative difference between results obtained with the nominal contact impedance z, = 8 x 10~ Q m? compared to results for
other contact impedance values. Results correspond to dipolar sources with moment pointing towards the electrode and located in front of the contacts; these source show
the highest absolute difference. (b) Relative error maps between the z=8 x 107* Q m? and the z, = 8 x 10> Q m? results. To the left of the electrode results for sources with
moment parallel to the electrode stem and to the right results for sources with moment pointing towards the electrode stem, as indicated by the arrows on the corners.
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(b)

Fig. 4. Effect of electrode size, and quality of ideal electrode approximation (IEA). (a) Sensitivity as a function of the distance to the center of the electrode, for dipolar sources
with moment pointing towards the electrode stem located in front of a contact. Results are shown for several contact sizes and for the point approximation. (b) Relative error
of the point approximation for electrodes with 1 mm contacts. To the left of the electrode results for sources with moment parallel to the electrode stem and to the right
results for sources with moment pointing towards the electrode stem, as indicated by the arrows on the corners.

the HeABM results. The NRDM is very high in regions of high
anisotropy, indicating that the anisotropy of the tissue has an
important effect on the electric potential distribution.

The errors in the estimation of the source location can be signi-
ficative if the heterogeneity and anisotropy of the medium is
ignored. Fig. 9 shows the localization error when the simulated
measurements are computed with the HeABM and the source
localization is performed using the HoIBM. The sources are located
on the same brain slice than those used in the forward problem
analysis, and also have a dipolar moment parallel to the electrodes.
Due to the poor azimuthal resolution of the depth electrode around
its axis, for the analysis of the inverse problem performance we as-
sume three depth electrodes with ten contacts each are used. These
electrodes are placed separated by 30 mm, forming an equilateral
triangle. The top electrode is in the same plane as the sources,
the other two are outside the plane. The projections of these two
electrodes, located 15 mm above and below the plane, are shown
at the bottom of Fig. 9a. We see in this figure that the localization
error associated to the HoIBM can reach up to 15 mm. However,
the largest errors correspond to unlikely source positions, i.e. out-
side the gray matter. The white lines in the figure represent a crude
partition of the brain tissues, gray matter being located on the right
and bottom of the slice. In Fig. 9b we analyze the relationship be-
tween the localization error and the mean conductivity and anisot-
ropy factor of the position at which the source is located. The

largest errors correspond to regions with high mean conductivity,
i.e. CSF. White matter regions, with high anisotropy, show a mix-
ture of medium and small errors. The localization error for sources
of physiological significance associated to gray matter (low mean
conductivity and anisotropy factor), is smaller; a few of these
sources have a localization error between 5 and 10 mm, but for
most of them it is less than 5 mm.

4. Discussion

The simulation results show that the perturbation induced by
the presence of the electrode is quite local. The electric potential
distribution of a particular source is modified only in the close
neighborhood of the electrode. Also, the measurements of the elec-
trode’s contacts depend on the electrode model only if the source
of electric activity is located within 1 or 2 mm of the electrode.
Note that the difference between unipolar and bipolar configura-
tions shown in Fig. 2, while crucial for a visual interpretation of
the depth electrode recordings, is of little consequence if the in-
verse problem is solved automatically.

One important consequence of the local character of the perturba-
tions due to the presence of the electrode, is that the size (or surface
area) of the contacts is not too important from the point of view of the
forward or inverse problem. While larger contacts tend to distort the

1]

[mm]

(a)

4 3 2 1 0 1

L
oo
N
A
4

[mm]

(b)

Fig. 5. Effect of point approximation on the inverse problem results. Errors of the inverse problem results for a single dipolar source and no-noise. Measurements simulated
with the detailed electrode model and inverse problem solved with the point approximation. The mesh shows the estimated positions for sources on the intersections of the
original grid shown in dotted points. The triangles indicate the moment (orientation and intensity) of the estimated dipolar sources. To the left of the electrode results for
sources with moment parallel to the electrode stem and to the right results for sources with moment pointing towards the electrode stem. (a) 1 mm contacts and (b) 3 mm

contacts.



N. von Ellenrieder et al./Clinical Neurophysiology 123 (2012) 1745-1754 1751

1.8

-
T Xx

Fig. 6. Mean conductivity value of the head model. (a) Coronal slice showing the MC value of the electric conductivity tensor. The position of ten contacts in the right
temporal lobe is shown. (b) Detail of the MC value for the region indicated by a white rectangle on (a).

electric potential a little more, this distortion is still restricted to the
proximity of the electrode. This suggests that contacts with large sur-
face area leading to lower impedance on the measuring channels
could be used without compromising the quality of inverse problem
results. Existing empirical observations in rat sEEG recordings agree
with these results (Chatillon et al., 2011).

The contact impedance between ionic and electronic conduct-
ing media also has a limited and local effect restricted to the elec-
trode’s proximity. The same low sensitivity to the contact
impedance value was observed for scalp electrodes (Ollikainen
et al., 2000). As seen in Fig. 3, a very good approximation is ob-
tained with an infinite contact impedance, i.e. modeling the con-
ducting electrode’s contacts as non-conducting material. This is
justified by the high impedance layer formed in the interface be-
tween both media, and it explains the low impact of the electrode’s
contact size discussed in the previous paragraph. If this approxi-
mation is used, the whole wall of the electrode stem is non-con-
ducting so the contact size plays no role. It also simplifies the
forward problem solution since the last term in (2) vanishes. How-
ever, the much simpler ideal electrode approximation discussed in
the next paragraph limits the usefulness of this non-conducting
contacts approximation.

The main result of this paper is the validation of the IEA given
by (5). The simulation results show that an ideal electrode model
consisting in sensing the unperturbed electric potential in a point
at the center of the electrode’s contact is a good approximation
to the detailed electrode model. From the forward problem point
of view, the IEA is very good for sources located farther than
around 1 mm from the electrode surface. And from the inverse

(a)

problem point of view, the error for sources located less than
1 mm away from the electrode is negligible in practice. Hence, it
is not necessary to include the detailed electrode model in the for-
ward problem when the aim is to use the sEEG recordings for
source estimation algorithms. This result is important because it
allows to avoid the inclusion of the actual electrode in the models.
Due to the small electrode radius, the meshes modeling it would
need extremely small elements and drastically increase the com-
putational load of any numerical solution of the forward problem.

Adopting the IEA we studied the effect of the electric conductiv-
ity heterogeneity and anisotropy of the brain model. We compared
forward problem results obtained with an homogeneous isotropic
brain model (HoIBM) and with an heterogeneous anisotropic brain
model (HeABM). Our results show that the difference between the
models could be important. Higher sensitivity is observed for
sources located in regions with lower conductivity, and the distri-
bution of the measured electric potentials is highly dependent on
the anisotropy of the tissue were the source is located. Regarding
these results it is important to note that the region of interest
should be restricted to the gray matter, which has low anisotropy
and approximately constant conductivity. If we restrict our results
to such regions the difference between brain models is much
smaller.

From the inverse problem point of view we analyzed the local-
ization error for a single dipolar source, with no noise in the mea-
surements. The localization errors associated to the HolBM takes
values up to 15 mm, but are usually below 5 mm if the sources
are restricted to gray matter regions. We must point out that the
conductivity tensor maps used in the heterogeneous anisotropic

0.1

0.01

0.001

(b)

Fig. 7. Joint Sensitivity of the electrode’s contacts. The color (or - in the printed version of this article — gray level) of each point indicates the combined sensitivity to a dipolar
source at that point. (a) Homogeneous isotropic conductivity brain model. (b) Heterogeneous anisotropic conductivity brain model.
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Fig. 8. Electric potential distribution results. (a) Anisotropy factor of the head model. (b) Normalized relative difference measure between isotropic homogeneous and
heterogeneous anisotropic head model forward problem results. The color (or - in the printed version of this article - gray level) of each point indicates the corresponding

NRDM of a dipolar source located at that point.

model are an average of many subjects, thus it is spatially
smoothed compared to an individual conductivity tensor map, so
the effect of the heterogeneity and anisotropy in a particular sub-
ject might be larger than in the presented results. We consider this
error to be significative, but note that this is only an example. It is
clear that the localization error depends on the configuration of the
depth electrodes, the electric conductivity map, and the adopted
source model.

The source model is clearly another point of interest (Lachaux
et al., 2003). We adopted a dipolar model because the forward
problem results are easy to interpret and extrapolate to distributed
source, e.g. the sensitivity to a distributed source can be obtained
by averaging the sensitivity maps of Fig. 2, weighted by the inten-
sity of the distributed source at each point. While distributed
sources can be approximated by a set of dipoles (Jerbi et al.,
2004; von Ellenrieder et al., 2009), it should be done with care in
the case of intracerebral electrodes. Given the sharp sensitivity
profile of the electrodes, the approximation should be done with
a set of dipoles placed very near to each other.

The results obtained in this work correspond to sEEG depth elec-
trodes. While some of the results may apply also to ECoG electrodes,
the nonconducting substrate holding the electrodes in this case is
much larger, and could produce larger perturbations in the electric
potential distribution (Zhang et al., 2006). The nonconducting con-
tacts approximation could be of interest in this case. Regarding the
model of the brain, since the cortical electrodes are placed outside
the gray matter, probably the anisotropy of the white matter has a
limited effect, but the larger conductivity of the CSF may have an
important role, as in scalp EEG (Wolters et al., 2006).

We would like to point out that according to the literature, the
depth electrodes record activity of sources located very near to
the contacts (Mitzdorf, 1987; Juergens et al., 1999; Logothetis,
2003; Zaveri et al., 2009). This is in agreement with our results
showing a sharp decrease in sensitivity with the distance be-
tween source and contact. However, this may lead to an inexact
idea that the activity of sources farther away can not be sensed
with this kind of electrodes. Actually, this activity is also re-
corded, but with a lower amplitude. Then, if there is activity near
the contact it may complicate the detection of the farther sources,
but in some cases it is still possible (Wennberg and Lozano, 2003;
Acar et al., 2008; Wennberg, 2010; Wendel et al., 2011), and the
source estimation algorithms have the potential to take advan-
tage of this.

We consider this study of the appropriate models as a necessary
first step in the solution of the stereo-EEG inverse problem. We
found that an ideal point-size electrode that does not disturb the
electric potential distribution is an appropriate model for depth
electrode’s contacts. Regarding the model for the brain, it is clear
that if the detailed electric conductivity map of the subject is avail-
able an heterogeneous anisotropic brain model will lead to better
inverse problem results. If such a map is not available the inverse
problem errors associated to the homogeneous isotropic brain
model analyzed in this work will interact, in a non-linear fashion,
with other error sources. It is quite possible that in such a situation
the dominant factor would be the neural activity unrelated to the
phenomena under study, taking place in the proximity of the elec-
trode contacts. In such a situation, a detailed brain model may be
unnecessary.

15 09r
[mm]

0

Fig. 9. Localization error for a single dipolar source due to homogeneous isotropic brain model approximation. (a) The color (or - in the printed version of this article — gray
level) of each point indicates the localization error obtained for a source at that point. The white points correspond to contact positions, the lower ones are actually 15 mm
over and under the plane of the figure. The white lines delimitate the gray matter. (b) Scatter plot of the localization error as a function of the mean conductivity (MC) and
anisotropy factor (AF) of the point at which the source is located. Each point correspond to one of the sources in (a). The color (or - in the printed version of this article - gray

level) and size of the points indicates the localization error.
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Appendix A

To obtain the integral formulation of the differential problem
(1) we proceed as for scalp EEG forward problems (Geselowitz,
1967; de Munck, 1992). The only differences are that in this case
we solve the exterior problem (by choosing appropriately the nor-
mal direction on the surfaces), and that for the conducting parts of
the surface there is a mixed boundary condition. Starting from
Green'’s Theorem

/Q (W)\VA) — vV ) dy
~ [ (00)Vi) ~ bV - nydsiy). (10)

by choosing @(¥) = c¢(y) and Y(y) =y — x|7!, so that V2y(y)=4n
d(x —y) (a Dirac delta), choosing the domain Q as the exterior of
the electrode and S as its boundary, we get

C(19(x) ~4mdo(x) | ¢(y)v|x1—w n(y)ds(y)
" 1
*./5 oy Vo) n)ds(y). (11)

where c(x)/(47) is the proportion of the surface area of a sphere of
infinitesimal radius that lays inside the domain Q (de Munck,
1992), ¢o(x) = (—1/4m0) |, X —y| 'V -J,)d%y is the electric po-
tential generated by the source in an infinite medium. Since
Vo) -n(y) =0 on the non-conducting surfaces, and zaV¢(y)-
n(y) = &, — ¢(y) on the surface of the k-th conducting contact,
replacing this in (11) we get the integral problem formulation (2).

To solve the integral Eq. (2) with the Boundary Elements Meth-
od, the surfaces are tessellated in a set of plane triangles, and a lin-
ear approximation of the electric potential is adopted on each
triangle. In this way the electric potential on the surfaces is com-
pletely determined by the electric potential on the vertices or
nodes of the surface tessellation, and the problem results in a lin-
ear system of equations. To compute the coefficients of the linear
system it is necessary to compute several integrals.

i 1
/A )V - m)ds(y). (12)
1
|y 13
hiy
J, -y 14

where the domain s any plane triangle of the surface tessellation, and
h(y)is a linear function equal to 1 at one of the vertices of the triangle
and zero on the other two vertices. Analytic expressions for comput-
ing (12)and (13) can be found in the literature (de Munck, 1992; Fer-
guson et al., 1994). While analytic expressions for computing (14) can
also be obtained, they are very involved and we considered conve-
nient to approximate this integral with a Gaussian quadrature inte-
gration scheme. Each triangle is linearly transformed into an
equilateral triangle centered at the origin and on the x-y plane, cir-
cumscribing a circle of radius 1. We use a seven points rule (Abramo-
witz and Stegun, 1970, p. 893), then [, f(x,y)dxdy ~ ST wif (%0, y1),

with the seven evaluation points (0,0); ((v/15 +1)/7,0); (—(v15
+1)/14, £v3(V15 + 1)/14); (-(V15 - 1)/7,0); (V15 - 1)/14,+V3
(V15-1)/14) and the corresponding weights w;,270/1200,
(155 — v/15)/1200, (155 — v/15)/1200, (155 —+/15)/1200, (155+
V15)/ 1200, (155 + +/15)/1200, (155 + v/15)/1200.
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