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Abstract

Objectives: In order to obtain accurate EEG inverse solutions in patients subjected to surgery, we have studied the feasibility and influence

of incorporating brain and skull defects in realistic head models.

Methods: We first measured the conductivity of the methacrylate used for cranioplasty. Then, we designed realistic boundary element
method head models with a skull burr hole, a methacrylate plug or a temporal-lobe resection. We simulated the potentials that would be
produced at 71 electrode locations (10/10 system) by dipoles located near the defects. Then, we fitted dipoles on these potentials using a
defect-free head model. We also ran simulations in a noisy situation and with higher skull and cerebrospinal fluid (CSF) conductivity.

Results: The largest errors were found for burr holes, with a localization error up to 20 mm for a radial dipole located 30 mm below the
hole and an amplification factor of 8. Methacrylate plugs lead to errors up to 5 mm and 0.5; the resection only lead to errors of 2 mm and 1.3.
Results obtained with noise were consistent with those obtained without noise. Doubling the skull conductivity led to errors that were reduced
by 10-20%, while doubling CSF conductivity increased the errors by up to 31%.

Conclusions: We have shown that it is important to incorporate skull defects in realistic head models when sources are located near the
defects and precision is sought. Brain cavities of the size of a typical anterior temporal lobe resection may be omitted without a significant
impact on dipole localization. © 2002 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Techniques solving the inverse problem of electroence-
phalography (EEG) can be used in an attempt to localize
generators of brain activity such as evoked potentials or
epileptic spikes. These methods use the theory of electro-
magnetic fields in order to calculate the potential distribu-
tion that is generated at the surface of a volume conductor
by internal current sources. They need a model of neuronal
activity as well as a mathematical representation of the head
that takes into account the different tissue conductivities.
Indeed, the electrical activity of a limited area of cortex
can be represented as that of a current dipole inside a
volume conductor (Nunez, 1981). A classical head model
comprises a set of concentric spheres representing the brain,
skull and skin interfaces (Rush and Driscoll, 1969; Kava-
nagh et al., 1978). A more recent approach makes use of a
‘realistic head model’ consisting of meshes of discreet
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elements based on real anatomical data. In the boundary
element method (BEM, Barnard et al., 1967; Hiamailidinen
and Sarvas, 1989; Meijs et al., 1989), only boundary
surfaces are tessellated, while in the finite element method
(FEM, Yan et al., 1991) the whole head volume is meshed.
The FEM can represent more heterogeneous configurations
than the BEM and can take into account anisotropy (Marin
et al., 1998), but is more demanding computationally.

Patients who have undergone brain surgery challenge
head modeling techniques, presenting skull and brain
defects that affect the conduction of electrical currents.
However, source reconstruction may be needed for patients
who are not seizure-free after the surgical removal of an
epileptogenic lesion. We, therefore, propose in this study
to investigate the feasibility and effectiveness of accounting
for post-surgical defects in dipole modeling. We will limit
ourselves to the BEM.

2. Epilepsy surgery and its effects on the EEG

In a standard procedure of brain surgery, burr holes of
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approximately 10 mm in diameter are drilled into the skull
as a first step in the removal of the bone flap. During
surgery, parts of the brain are resected, leaving a space
that will be filled later with cerebrospinal fluid (CSF) (for
a description of temporal lobectomy, see Olivier, 1987). At
the end of the surgical procedure, burr holes are filled with a
methacrylate-based paste, except one that is left open for
drainage. In the period following the operation, the open
burr hole fills naturally with soft tissue, which creates a
path of least electrical resistance through the skull. We
address here 3 types of defects: open burr holes, methacry-
late plugs and brain resections. Whereas the resistivity of
CSF and soft tissue is known, that of the methacrylate-based
substance used in brain surgery has not to our knowledge
been published. We present here a test of the electrical
properties of this substance.

The fact that skull defects have a large effect on the EEG
has been known from the beginning of EEG (Berger, 1969).
Cobb et al. (1979) used the word ‘breach rhythm’ for the
mu-like activity that can arise close to skull holes; they also
reported an enhancement of the amplitude of alpha and
frontal fast rhythms ‘over or near unilateral posterior and
frontal defects, respectively’. Thevenet et al. (1992) studied
the effect of a large hole in the skull on the localization of
tangential dipoles in a 3-sphere FEM model. They placed
tangential dipoles in a sphere with a hole and fitted dipoles
on the resulting potential without taking the hole into
account. They found that the recovered dipoles were closer
to the hole, and that ‘the closer the dipole is from the hole
(or turn towards it), the more important is the error’. Cuffin
(1993) has done a similar type of study, with local variations
in the thickness of the skull and scalp layers. In the case of a
depression in the skull-scalp surface, he found a localization
error of about 5 mm and an amplification factor of about 1.2
for a radial dipole 10 mm below the skull. van den Broek et
al. (1998) modeled holes of about 20 mm in diameter in a
FEM realistic head model. They quantified the effect of the
holes on the scalp potential with the relative-difference
measure (RDM). They found the largest influence for a
radial dipole located just below the hole, which resulted in
an RDM of 600%. It is also interesting to note that they
found an influence of hole location. Ollikainen et al.
(1999) studied the influence on dipole models of an inho-
mogeneity with a radius of 5 mm and small conductivity.
They generated scalp potentials in the model with the inho-
mogeneity, added noise to the simulated potentials and fitted
a dipole onto the result. For 64 electrodes, they found a
mean localization error of about 3.5 mm with the non-
uniform model and about 10 mm with the uniform model.
The error in magnitude was 9 and 19%, respectively. van
Burik and Peters (2000a) injected currents in intracerebral
electrodes in order to create artificial current dipoles. Dipole
models were then fitted on the data, with a fixed location and
orientation corresponding to the true ones. Different head
models were used, with or without the two trephine holes of
diameter 23 mm and their bone plugs. They found that

potential maps were greatly distorted by holes, even for
deep sources. Vanrumste et al. (2000) studied the impact
of omitting a hole of diameter 20 mm on dipole localization.
They used simulations and the finite difference method, and
found errors up to 5.2 mm in a 53-electrode setting.

The influence of CSF cavities or zones of low conductiv-
ity like methacrylate plugs are less documented. van den
Broek et al. (1998) found that inclusion of the ventricles
in the head model had a large effect on the RDM for dipoles
within a few centimeters of these cavities. Also, dipoles
located behind a zone of very low conductivity inside the
brain could present an RDM as low as 10%. Vanrumste et
al. (2000) found that neglecting the ventricular system could
lead to errors of up to 6.1 mm for dipoles in its vicinity.

We can infer from the results presented above that post-
operative defects are likely to have an influence on dipole
modeling for sources located near the defects. It is, however,
not totally clear how large is the brain area influenced by a
typical burr hole of a diameter of 10 mm. There is also a
need in our clinically oriented approach to study the influ-
ence of burr holes filled with methacrylate or of an extended
brain resection. We will first present our measurements on
the resistivity of methacrylate, then the main study.

3. Measurement of methacrylate resistivity
3.1. Method

We built a 4.9x4.9%0.2cm’® plate of methacrylate
(Howmedica International Inc., Ireland) and placed it in
the center of a 9.8 X 4.9 X 4.9 cm’ container, thereby divid-
ing it into two equal parts. The edges of the plate were
sealed using a silicone gel. The two parts of the container
were filled with a solution of artificial CSF (aCSF) in order
to simulate physiological conditions. One circular electrode
of diameter 2.5 cm was placed at each end of the container.
We then measured the resistance and capacity of the system,
as well as those of the container with aCSF alone. The meter
used was a Hewlett Packard 4261 A LCR, set at a frequency
of 1 kHz. The resistivity p,y () - cm) of the plate was
calculated as:

R peasSurf

pacryl = f (1)

where Rp..s ({2) is the measured resistance, Surf (sz) the
surface of the immersed plate, / (cm) the plate thickness.
The plate was far enough from the electrodes so as to
consider the potential uniform on its immersed surface;
aCSF resistivity was neglected.

3.2. Results

The meter reached its saturation level, which means that
the actual resistance was over 20 M - (). This corresponds to
a resistivity of more than 2500 M - Q) cm, or a conductivity
of less than 4x 107 *S - m™'. This is several orders of
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magnitude higher than skull resistivity, which is in the range
of 1-20 k) cm (Law, 1993). The measured resistance of
aCSF alone was 79 (), which confirmed that it is negligible
compared to that of methacrylate.

4. Main study: methods and materials
4.1. Visualization of defects

A burr hole that has been left open after surgery produces
a high intensity signal characteristic of soft tissues on T1-
weighted magnetic resonance imaging (MRI). A methacry-
late plug is more difficult to discriminate with MRI, because
it leads to a low intensity signal that can be confused with
that of skull. However, it produces a rupture in the bone
marrow high intensity line when that is visible. Also,
some assumptions can be made on the skull defects loca-
tions based, for example, on the skin flap, which is visible on
a 3D skin reconstruction. Another helpful way to track skull
defects is to perform a curvilinear reconstruction (Bastos et
al., 1999) of the skull. Of course, skull defects are also very
visible on computed tomography (CT) scans or plain X-ray
films, but these are not always available. See Fig. 1 for an
overview of the burr holes seen by MRI.

A resected brain area is clearly seen with MRI: it is filled
with CSF and is of low intensity on T1-weighted images
(Fig. 2).

4.2. Defect-free model

All the realistic BEM models in our study were created

with Curry V4 (Neuroscan Labs). They were based on the
T1-weighted MRI scan of a patient presenting skull defects
and a temporal-lobe resection. We used Curry’s automatic
segmentation of scalp, skull and brain boundaries, based on
gray level thresholds. We manually modified these bound-
aries in order to build a model that does not take into
account the defects. The lengths of the triangle sides were
12, 10 and 8 mm for scalp, skull and brain meshes, respec-
tively. This produced meshes with 1742, 1668 and 2062
triangles, leading to a model with 2779 nodes. Enclosed
conductivities were 0.33, 0.0042, 0.33 S - m ! for scalp,
skull and brain, respectively (Geddes and Baker, 1967).

4.3. Modeling of defects

We then modified the defect-free model in order to
account for skull and brain defects. It is important to note
that the BEM is limited in that it can only model closed
surfaces. Also, there is a generally accepted ‘rule of
thumb’ stating that two BEM surfaces should not be closer
than half their mesh triangle size: this implies that a local
mesh refinement is needed when surfaces are too close to
one another.

In the first category of burr hole model, we joined the
brain and skull BEM surfaces at the level of the hole. We
obtained one BEM surface only, which enclosed the remain-
ing intact skull. The hole was placed at the vertex of the
head in order to have a simple geometry in terms of skull
conformation and electrode positions around the hole. This
was the ‘open burr hole’ model (see Fig. 3a for a schematic
representation of an equivalent spherical model, Fig. 4a for

Fig. 1. Burr holes as seen with T1-weighted MRI: (left) reconstruction of an image along a curved surface following the skull (Brainsight software); (upper
right) open burr hole; (lower right) burr hole that has been filled with methacrylate.
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Fig. 2. Sagital (left) and transverse (right) views of a temporal brain resection seen with T1-weighted MRI.

a view of the mesh). We also created a model with a hole at
the location of the real burr hole in our reference patient in
order to quantify the influence of the location of the hole.
This was the ‘parietal burr hole’ model. In a second category
of models, the hole was represented by a depression in the
skull boundary. This type of model is a classical 3-layer
model that was used as a reference in the validation of the
less typical full hole model. Care was taken that skull and

(a) (b)
(c) (d)

Fig. 3. Schematic views of the different types of models. The outer circle
represents the skin surface, the thick line represents the skull, the inner
circle the brain. (a) Full hole, (b) partial hole, (c) methacrylic plug, (shaded
area) and (d) temporal resection (shaded area).

brain boundaries did not get closer than 1 mm. This was
insured by expanding the brain BEM surface with morpho-
logical tools in order to delineate the base of the depression.
The skull thickness was approximately 7 mm in the region
of the depression, the depth of which was 6 mm as a conse-
quence. This was the ‘partial burr hole’ model (Fig. 3b). For
all models, the skull BEM mesh was generated with a
10 mm triangle size and a 1.5 mm refinement in the area
of the hole. Brain and scalp meshes were also refined around
the defect.

The methacrylate plug was modeled as a small cylinder
with near zero conductivity (107'°S - m™"). It was placed at
the vertex of the head, between the skull and scalp surfaces
(Fig. 3¢). In a similar way as for the open burr hole, we used
morphological tools to depress the scalp surface by 1 mm
and expand the brain surface by 1 mm in order to delineate
the top and bottom surfaces of the cylinder, the height of
which was consequently around 5 mm. We used a 3 mm
mesh.

The temporal-lobe resection was modeled with 6 mm-
sided triangles, producing a surface enclosing 30 ml of
CSF (conductivity of 1S - mfl) (Figs. 3d and 4b).

4.4. Quantifying the influence of the defects

We placed a set of radial dipoles in the vicinity of each
defect: below and lateral to the burr holes (Fig. 5a), behind
and above the resection (Fig. 5b). For each dipole, we simu-
lated the potentials that it would produce at 71 locations (10/
10 system) on the surface of the realistic head model includ-
ing the defect (see above Section 4.3). Then, a dipole was
fitted on these potentials in the defect-free head model,
using Curry’s simplex method and constraining the sources
to be at least 3 mm away from the innermost BEM surface.
We measured the resulting error in location and amplitude.
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(a)

b)

Fig. 4. BEM models (a) central hole and (b) temporal resection.

In order to validate our hole models, we also reproduced
the experimental settings of van den Broek et al. (1998) and
Thevenet et al. (1992). These studies used the FEM and
were therefore not subject to some of the limitations of
the BEM that are discussed below. In the first setting, we
used a model with a full hole at a 60° elevation and dipoles
on the z-axis (90° elevation). We computed the RDM (van
den Broek et al., 1998) between the potentials computed
with and without the hole. In the second setting, the hole
was central and tangential dipoles were placed at different
elevations; we simulated tangential dipoles in a full hole
model and localized them without the hole. In the two
experiments, meshes were refined around the hole and the
dipoles.

4.5. Influence of noise on localization error

The methods we presented in the previous sections
assume a noise-free environment. A more realistic config-
uration needs to take noise into account. We wanted to test
(a) if the noise-free localization error is a good measure of

Ay
V%N

the mean error in a noisy situation and (b) if the variance of
the localization error is similar when using either defect or
defect-free model. We used the potentials created by a
dipole located 20 mm below the skull in the central partial
hole model. We added to the signal at each electrode one
realization of a gaussian noise process. The amplitude of the
noise was chosen so as to produce a signal to noise ratio
(SNR) of 10. Then a dipole was fitted on these potentials
with the defect-free head model, as in Section 4.3. We
repeated the simulation 100 times, and computed the
mean and standard deviation of the localization error, in
both defect and defect-free configurations.

4.6. Use of different conductivities

Some authors (van Burik and Peters, 2000b; Cuffin et al.,
2001) have suggested that skull conductivity may be higher
than the classical value of 1/80 times the scalp conductivity.
We performed again the burr hole simulations with a skull
conductivity of 1/40 times the scalp value in order to assess
the influence of skull conductivity on the reconstruction

PRI

Fig. 5. (a) Dipoles below and lateral to hole. (b) Dipoles behind temporal resection.
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Fig. 6. Charts of errors in localization and amplitude. (a) Radial dipoles
below central burr hole. (b) Radial dipoles lateral to central burr hole. (c)
Dipoles behind and above temporal resection.

error. The CSF conductivity at body temperature may also
be higher than the classical value of 1 S - m~': Baumann et
al. (1997) recommend a value of 1.79 S - m~'. We ran again
the resection simulations with a value of 2 S - m™".

5. Results
5.1. Open burr hole

Radial dipoles below the full hole were all reconstructed
closer to the defect. For an original dipole between 5 mm
and 20 mm below the hole, the fitted dipole was found as
close to the hole as was permitted by our settings. For
dipoles between 25 mm and 35 mm deep, the location
error was of the order of 20 mm. The relative amplitude
reached a maximum for dipoles just below the hole: 8§ for
a dipole 5 mm deep. It decreased exponentially with depth,
and went below 1.5 at a depth of 30 mm. See Fig. 6a for an
overview of the results. Radial dipoles lateral to the full hole
were reconstructed closer both to the hole and to the surface.
Location errors were of the order of 6-15 mm. The relative
amplitude went below 1.5 at a distance of 20 mm from the
hole (Fig. 6b).

The use of a partial central hole model lead to results with
the same trend, but with much less extent. Indeed, the maxi-
mum location error was around 7 mm for a dipole 20 mm
deep and the relative amplitude was of the order of 3 for a
dipole 5 mm deep (Figs. 6a, b). In the partial parietal hole
case, the amplitude factor was very similar to the central
hole results, ranging from 1.1 to 2.7. However, the effect on

location error was somewhat smaller: errors ranged from
3.5 mm to 5.5 mm, with a peak when the dipole is at a
depth of 15 mm only (results not shown).

In the two sets of simulations similar to van den Broek et
al. (1998) and Thevenet et al. (1992), the results were in
most cases very close to the corresponding FEM results
obtained by these authors (Figs. 7 and 8, respectively). In
the first study, though, the RDM values for the radial dipoles
close to the surface was much higher than in van den Broek
et al. (1998): for the dipole at 3 mm below the hole, we
obtained 181% instead of 40% (Fig. 7b). We also noticed
in the second study a tendency for dipoles to be recon-
structed closer to the surface than in Thevenet et al. (Fig.
8); this was strongly reduced by a local refinement of the
mesh around the dipoles.

5.2. Burr hole filled with methacrylate

In the case of the methacrylate plug model, radial dipoles
were reconstructed further from the holes than their original
location, with a location error and relative amplitude of
5 mm and 0.5 for a dipole 3 mm below the plug (Fig. 6a).
For the dipoles lateral to the defect, the effect was significant
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Fig. 7. RDM between potentials in the central hole models and the defect-
free one for dipoles at given locations; (a) partial hole, (b) full hole (the
value at eccentricity 84 mm is 181%, not shown).



54 C.G. Bénar, J. Gotman / Clinical Neurophysiology 113 (2002) 48-56

Fig. 8. Original dipoles in a full hole model (light gray) and dipoles reconstructed with the defect-free model (dark gray).

(more than 3 mm of location error) only in a radius of about
10 mm around the center of the plug (Fig. 6b).

5.3. Brain resection

The resection had a small effect on the dipoles placed
behind and above it: the maximum localization error was
less than 3 mm and the relative amplitude less than 1.3 (Fig.
6¢).

5.4. Simulations with noise

The mean and standard deviation of localization error for
the 20 mm deep dipole simulated with the partial hole
model and reconstructed using the same model were
2.7 £ 1.3 mm (see Fig. 9 for a histogram of the location
error). This corresponds to the effect of the noise alone.
When the defect-free model was used for localization,
they were 7.2 £ 1 mm, reflecting the effect of the partial
hole in the context of noise (to be compared to the value
of 7.24 mm in a noiseless situation, cf. Fig. 6a). We have to
note the presence of outliers that probably correspond to

instabilities in our models and were not included in our
statistics (Fig. 9).
5.5. Use of different conductivity values

When full hole models with higher skull conductivity
were used, we obtained location errors of 78 = 17% and a
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Fig. 9. Histograms of localization error for dipoles simulated in the partial
hole model and reconstructed in a noisy environment with a model that
includes the hole (light bars) or not (dark bars). Note the outliers at the right
of the graph when the hole is not included.
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relative amplitude of 73 = 9% of the ones with a classical
conductivity. In the partial hole models, the ratios were
88 £ 7% and 94 * 5%, respectively. Errors caused by
burr holes were therefore smaller in the context of higher
bone conductivity.

In the resection simulations, the use of a CSF conductiv-
ity of 2S - m~' lead to a maximum localization error of
3.5 mm for a dipole 10 mm behind the resection and a maxi-
mum amplitude factor of 1.4 for a dipole 5 mm behind the
resection. This corresponds, respectively, to 31% and 8%
more than the results for the classical value.

6. Discussion

We have shown in this paper that post-surgical burr holes
have a significant effect on EEG and dipole localization, in
concordance with previous studies (Thevenet et al., 1992;
van den Broek et al., 1998; Vanrumste et al., 2000). If holes
were not included, large errors in location and amplitude
were obtained when reconstructing sources located near the
defects, as expected. A quantitative evaluation of the impact
of omitting the full hole leads to values generally similar to
the ones of previous FEM studies (Thevenet et al., 1992; van
den Broek et al., 1998), with some important variations
though. Indeed, the impact of omitting the hole was much
larger than in van den Broek et al. (1998) for dipoles very
close to the surface. This is probably due to the typical
instability for dipoles close to BEM surfaces, and could
possibly be reduced by an even finer mesh. Also, dipoles
very far from the hole are reconstructed closer to the
surface, contrary to Thevenet et al. (1992). This could be
due to the well-known numerical error resulting from a low-
conductivity skull layer in the BEM, which cannot be mini-
mized here by the isolated problem approach (IPA), because
the latter requires concentric layers (see for example Meijs
et al., 1989). This effect seems to be more pronounced in the
lower part of the sphere — probably because we are dealing
with smaller values that are more affected by numerical
errors. Nevertheless, it is important to note that BEM results
were close to the FEM results for dipoles in the regions
where currents sources are likely to be located (more than
5 mm away from the skull and in the middle and upper parts
of the sphere). The fact that errors were reduced by a higher
mesh refinement emphasizes again the importance of refin-
ing the meshes in the region of the dipoles. We found an
influence of the hole location, parietal or central, as in van
den Broek et al. (1998), but it was quite limited.

We demonstrated that the more numerous methacrylic
plugs also had an influence on dipole localization, suggest-
ing that they should be taken into account when sources are
near the plug and precision is sought. The situation was
quite different for the temporal CSF-filled cavity: it
produced little effect on dipole modeling despite its large
size and can therefore be omitted without much conse-
quence. This is in discordance with van den Broek et al.

(1998) and Vanrumste et al. (2000) who had both studied
the impact of the CSF-filled ventricular system. This discre-
pancy may be due to the relative position of the dipoles, the
CSF cavity and the electrodes. Indeed, in Vanrumste et al.
(2000) the dipoles that are more affected by the cavity are
the ones located beneath it, i.e. the ones for which the cavity
stands between the dipole and a large number of electrodes.
In our simulations the cavity lies on the side of the dipoles
and possibly produces less interference on the measured
potentials, as it has an important effect on a small number
of electrodes.

We studied the localization errors in a noisy environment,
and verified that the mean dipole was close to the one recon-
structed in a noise-free setting. This suggests that we can use
the error value encountered in a noise-free environment as a
measure of a ‘mean’ localization error that would be
obtained with noise. The error variance was similar in the
defect and defect-free situations. We have to note the
presence of instabilities in the fitted dipoles in the noisy
situation (outliers). This suggests again that one has to be
particularly cautious when using complex BEM models. We
ran again the noise-free simulation studies in the context of
doubled skull and CSF conductivity and found only a small
impact on the resulting errors.

All our models comprised 71 electrodes, which represent
a high spatial sampling. In a clinical setting, the lower
number of electrodes is typically of the order of 30. This
will almost certainly lead to localization errors due to
spatial aliasing on top of the errors coming from not
considering the defects. As the potential gradients are
stronger in the case of a skull hole (i.e. higher spatial
frequency content), the aliasing is expected to be stronger,
emphasizing the need for high spatial sampling around the
hole (Bénar and Gotman, 2001).

We used BEM models in all our EEG studies, which can
only handle closed surfaces that are not in contact with one
another. This is a limitation in modeling defects, for exam-
ple, with methacrylate plugs or multiple holes. Some inves-
tigation should therefore be conducted in order to assess the
advantage in our context of using the more computationally
demanding FEM, which does not have this limitation, and in
the context of magnetoencephalography, which is not
significantly influenced by the skull. Nevertheless, we
have found the largest effect for the open burr hole, which
can be easily modeled when unique (the most common
case). Therefore, EEG modeling using BEM remains a valu-
able tool in the study of post-operative epileptic patients.
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