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The effect of the non-conducting substrate of a subdural grid on the scalp electric potential distribution is studied
through simulations. Using a detailed head model and the finite element method we show that the governing
physics equations predict an important attenuation in the scalp potential for generators located under the grid,
and an amplification for generators located under holes in the skull filled with conductive media. These effects
are spatially localized and do not cancel each other. A 4 × 8 cm grid can produce attenuations of 2 to 3 times,
and an 8 × 8 cm grid attenuation of up to 8 times. As a consequence, when there is no subdural grid, generators
of 4 to 8 cm2 produce scalp potentials of the same maximum amplitude as generators of 10 to 20 cm2 under the
center of a subdural grid. Thismeans that theminimumcortical extents necessary to produce visible scalp activity
determined from simultaneous scalp and subdural recordings can be overestimations.

© 2014 Elsevier Inc. All rights reserved.
Introduction

Early studies of the extent of cortical generators producing visible
scalp activity from the brain hinted at minimum extents of around
6 cm2 (Cooper et al., 1965; Kobayashi et al., 2005; Cosandier-Rimélé
et al., 2008). This value should be taken only as an approximation,
since the experimental work was an in vitro measurement involving
only the skull (Cooper et al., 1965), and the values obtained from simu-
lation studies (Kobayashi et al., 2005; Cosandier-Rimélé et al., 2008) are
highly dependent on uncertain parameters such as the skull conductiv-
ity and the generator strength per unit area.

Later, simultaneous recordings of scalp EEG and intracranial EEG
with a subdural grid were performed, and 10 to 20 cm2 of cortex was
found to be theminimumextent necessary to generate ictal or interictal
epileptic discharges (Tao et al., 2005, 2007a,b; Hashiguchi et al., 2006)
detectable in the scalp in clinical frequency ranges (0.1–40Hz). There-
fore, a 10 to 20 cm2 extent limit is the currently accepted value in the
EEG community. However, the results from these simultaneous scalp
and subdural EEG studies rely on theuntested assumption that the pres-
ence of the subdural grid does not affect the electric potential distribu-
tion on the scalp, or that the effect of the non-conducting substrate of
the grid is canceled out by the effect of holes in the skull due to the
grid implantation craniotomy (Tao et al., 2007a).

In this workwe report the results of detailed and exhaustive simula-
tions studying the effect of the subdural grid and skull holes in the scalp
titute, 3801 University Street,
398 8106.
electric potential distribution.We compare the scalp potential when no
grid is present to the scalp potential when modeling subdural grids of
different sizes, with or without skull holes, and subdural grids with
holes in the non-conducting substrate (fenestrated grids). The use of a
fenestrated grid was proposed by Tao et al. (2007a) as a possible solu-
tion to minimize the effect of the grid on the scalp potential.
Methods

We solved theMaxwell equations in a realistic headmodel using the
finite elementmethod (FEM). A detailed headmodelwas built based on
the Colin27 high resolution MRI segmentation of the Montreal Neuro-
logical Institute (Aubert-Broche et al., 2006). A mesh with more than 8
million tetrahedral elements was created using iso2mesh software
(Fang and Boas, 2009). This resulted in tetrahedra of less than 1 mm
side,with local refining in the neighborhood of the cortex. Isotropic con-
ductivity was assumed for the 8 tissues included in the model: skin and
muscle (0.435 S/m), fat (0.078 S/m), bone (0.0064 S/m), marrow
(0.0286 S/m), major blood vessels (0.49 S/m), cerebrospinal fluid (CSF;
1.79 S/m), gray matter (0.333 S/m), and white matter (0.142 S/m). The
electric conductivity values were selected from the relevant literature
(Baumann et al., 1997; Ramon et al., 2006; Gabriel et al., 2009;
Dannhauer et al., 2011; Choi et al., 2012). A slice of the headmodel show-
ing the mesh and electric conductivity is shown in Fig. 1a. We adopted a
geometrically detailed model including many different tissues and iso-
tropic conductivity instead of a coarser model with anisotropic conduc-
tivity and the same computational load because, for scalp recordings,
an accurate model of the CSF is more important than white matter an-
isotropy (Wolters et al., 2006), and for the skull, modeling the distinction
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Fig. 1. Head model used in the simulations. (a–b) Slice of the tessellated model showing the conductivity of the elements, in (b) the non-conducting subdural grid is shown in light blue.
(c–f) Cortical surfacemodel used in the simulations. The simulated subdural grids and skull holes are also shown. (c) 4 × 8 cm subdural grid and skull holes. (d) 8 × 8 cm subdural
grid and skull holes. The gridmodel shown is fenestratedwithmany small holes (1mmdiameter). (e) 8 × 8 cm fenestrated subdural grid (6mm holes). (f) 1 × 8 subdural strip. In
(e) and (f) a distributed generator is shown as an example. The arrow in (f) indicates the subdural surface patch in which the generator was projected to compute its subdural extent.
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between hard bone and marrow is more important than modeling skull
anisotropy (Dannhauer et al., 2011).

Tomodel the generators of epileptic activity,we built a cortical surface
as the mid-surface between the CSF–gray matter interface and the gray
matter–white matter interface using Freesurfer software (Dale et al.,
1999). The total cortical surface of the left hemisphere was tessellated
in more than 330,000 triangular elements. We simulated generators cen-
tered in each vertex of the left frontal lobe tessellation, in approximately
58,000 different locations. In each location, generators with different spa-
tial extents were modeled. Each of these distributed generators was
modeled as a set of dipoles on the vertices of the cortical surface, with ori-
entation normal to the surface, and a smooth intensity profile weighted
by the area of the surrounding triangles (von Ellenrieder et al., 2009).
Since the support of the generators was defined using the geodesic dis-
tance to the center of the generator, its actual area depends on the curva-
ture of the involvedportion of the cortical surface. In experimental studies
the extent of a generator is often computed based on the number of chan-
nels showing activity on a subdural grid (Tao et al., 2005, 2007a,b;
Hashiguchi et al., 2006). For comparison purposes we report the extent
of the generators as the area of the projection of the generator onto the
inside of the skull. To compute this subdural extent we projected the cor-
tical generator on the surface delimiting the inside of the skull, in the di-
rection given by the segment joining the center of the generator and the
nearest point on the skull. The subdural extent is then always lower
than the actual geodesic extent on the cortical surface, especially for gen-
erators on sulcal walls. An example of a generator and its projection on
the skull inner surface can be seen in Fig. 1f.

Wemodified the original headmodel to obtain othermodels includ-
ing subdural grids, and some models including also holes in the skull.
The non-conducting substrates of 8 × 8 cm and 4 × 8 cm subdural
grids, as well as a 1 × 8 cm subdural strip, were included in the models
over the left frontal lobe. The grid substrate of 1.5 mm thickness was
modeled under the skull, leaving a 1.5 mm gap between the skull and
the grids which was assumed to be filled by CSF. A smooth linear
deformation was applied to the limit surfaces between CSF and gray
matter, and between gray and white matter, to avoid contact between
these surfaces and the subdural grid. The deformation extended to a
depth of 7.5 mm under the skull, and was hardly noticeable on the cor-
tical surface (see Fig. 1b). Four holes with 10mmdiameterwere includ-
ed in some models. The holes were located close to the corners of the
grids, with a homogeneous filling of high conductivity (1 S/m). Skull
holes are usually filled by CSF, blood, cable bundles, and air bubbles,
and we believe that the bulk conductivity is probably lower, but chose
a high value to account for the worst case, i.e. the effect of the holes
will probably be less noticeable in real measurements than in this sim-
ulation. We also modeled two fenestrated 8 × 8 cm grids, with round
holes in the substrate in the spaces between contacts. In one of the
models the holes had a diameter of 6 mm and 10 mm spacing in each
direction, and in the other the holes had 1 mm diameter and 1/3 cm
spacing (except in the grid contacts). In both cases the total area of
the holes was approximately ¼ of the 64 cm2 of the original grid. The
subdural grid and skull holes models can be seen in Fig. 1.

We adopted the usual quasistatic approximation of Maxwell equa-
tions (Geselowitz, 1967). This approximation is valid in the head tissues
for frequencies up to several kHz (Hämäläinen et al., 1993). The conduc-
tivity inside the subdural grid is zero, with neither ionic nor electronic
conduction. There are displacement currents inside the dielectric sub-
strate of the grid, but the effect of these displacement currents is negli-
gible in the electric potential distribution outside the grid, as discussed
in the accompanying Supplementary File S1. The computation of the
electric potential distribution was done with a Galerkin formulation of
the FEM, assuming linear variation of the electric potential on each ele-
ment (Hutton, 2004; Wolters et al., 2006).

We computed the electric potential on 329points on the scalp corre-
sponding to the locations of the 10-5 electrode placement system
(Oostenveld and Praamstra, 2001; Jurcak et al., 2007). In the figures
showing the scalp electric potential distribution the valueswere linearly
interpolated to other points on the scalp for esthetic reasons only.
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The detectability of a signal on the scalp depends not only on the am-
plitude of the electric potential produced by the cortical generator, but
also on the noise level. The main contribution to the noise is from back-
ground brain activity unrelated to the generator under study (Horikawa
et al., 2003). This background activity can bemodeled as a set of random
dipoles on the cortex (de Munck et al., 1992). For each head model, we
computed the standard deviation of the scalp potential of 6000 dipolar
generators randomly distributed on both hemispheres of the cortical
surface. More realistic models of the background activity should include
a degree of spatial coherence, or some spatiotemporal correlation struc-
ture (Huizenga et al., 2002; Bijma et al., 2003), but the simple adopted
model can provide a reasonable approximation of the effect of the
subdural grids and skull holes on the scalp noise level.

Results

First, we studied the effect of the grid on generators located close to
the position of the 4 × 8 cm subdural grid, modeling the generators of
epileptic ictal or interictal activity. Fig. 2 shows the amplification/
attenuation factor of the maximum absolute scalp potential for genera-
tors of different extent: dipolar generators and distributed generators of
4 and10 cm2extent. The color of eachpoint on the left frontal lobe cortical
surface corresponds to the amplification factor of a generator centered at
that point. The amplification factor is the ratio between the maximum
absolute electric potential on the scalp between themodels with the sub-
dural grid and the model without the subdural grid. A value greater than
one indicates that the presence of the grid or the skull holes leads to a
larger value of the peak scalp electric potential. Values belowone indicate
attenuation. The results are shown in amore compact way in Figs. 2c and
f, in a scatter plotwhere each of the 58,000 generators on the cortical sur-
face of the left frontal lobe is represented by a point showing the corre-
sponding amplification or attenuation factor and the distance between
Fig. 2. Amplification/attenuation factor of the subdural grid and skull holes for generators of dif
factor for a generator centered at that location. (a–b) Effect of the subdural grid. (d–e) Combine
extent. (b, e) Generators of 10 cm2 subdural extent. (c, f) Scatter plot of the amplification/atten
the left frontal lobe cortex. Negative distances correspond to generators under the grid, and pos
shown for generators of three different extents (dipolar generators, 4 cm2 and10 cm2). (c) Ampl
skull holes.
the center of the generator and the nearest grid border, both projected
on the subdural surface. A larger variability of the amplification factor is
observed for smaller generators. This is expected since small generators
have more diverse orientation and depth. Generators of large extent
have an important overlap when their centers are close, leading to
smoother results. For the model with no holes in the skull, amplification
factors of up to 2 are seen for small generators precisely under the border
of the grid; this amplification can be explained by a local increase of the
current toward the scalp near the grid border, given that it cannot flow
through the grid. For large generators this effect is not important and
the only effect of the grid is the attenuation of generators under it. This
attenuation can reach a factor of 3 for 10 cm2 generators centered
under the center of the grid, although attenuation factors around 2 are
more common. Smaller generators can have even larger attenuation fac-
tors, if centered on the gyri, and less attenuation if located on the sulci.
In the model including holes in the skull, amplification factors of up to 8
can be observed for dipolar generators, but decrease for more extended
generators. Generators with 10 cm2 extent show amplification factors of
up to 3 when centered under the holes. Note however that the effect is
very local, and the attenuation factors for generators under the subdural
grid remain essentially unchanged between themodelswith andwithout
grid holes.

In Fig. 3 we show an example of a generator with an extent close to
10 cm2 located under the center of the grid, corresponding to one of the
extreme cases with large attenuation (3 times). The figure shows the
extent of the source on the cortex, and the electric potential distribution
on the scalp for the model without subdural grid and the models with
the 4 × 8 grid with and without skull holes. The difference between
the models with and without grid is also shown. The scalp electric po-
tential difference is localized right over the grid, and almost no differ-
ence is seen between the models with and without skull holes for this
generator located under the center of the grid. More examples, for an
ferent extents. The color of each point on the left frontal cortex indicates the amplification
d effect of the grid and skull holes. Generator extents: (a, d) Generators of 4 cm2 subdural
uation factor versus distance to the border of the grid, for more than 58,000 generators on
itive distances to generators that are not directly under the grid. The amplification factor is
ification/attenuation factor caused by the subdural grid. (f) Combined factor of the grid and

image of Fig.�2


Fig. 3. Example of the scalp potential of a generator under the subdural grid. (a) Normalized electric potential distribution on the scalp without the subdural grid, (b) with the grid, and
(c) with the grid and skull holes. (a–c) are normalized by the same value, i.e. are in the same scale. (d) Location and extent of the generator in the cortical surface. The location of the grid
and skull holes is shown schematically. (e–f) show the difference in the scalp electric potential distribution due to the presence of (e) the grid and (f) the grid and skull holes, compared to
the scalp distributionwhen no grid is present. As the scale is normalized by themaximumscalp potential of themodelwithout grid, (e) and (f) show that the largest difference in the scalp
potential reaches 0.7 times this maximum value in the example, and the difference is largest over the center of the grid.
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8 × 8 cm subdural grid, are shown on the supplementarymaterial S2. In
all the cases the scalp electric potential difference is localized right over
the grid and the skull holes. Hence, not only the effect is observed for
generators close to the grid or holes, but also it is noticeable on the
scalp only near the grid and holes.

The attenuation produced by subdural grids of different sizes is pre-
sented in Fig. 4. An 8 × 8 grid will attenuate up to 8 times the scalp po-
tential of a 10 cm2 generator under its center, while the attenuation of
an isolated 1 × 8 cm strip is negligible. However, if the strip is placed
adjacent to a grid the combined effect could be larger than the individ-
ual effects. The effect of fenestrations in the large 8 × 8 cmgrid is shown
in Fig. 5. The attenuation for 10 cm2 generators is slightly larger for the
grid with small fenestrations than for the one with larger fenestrations,
but in both cases the effect seems negligible, especially if compared to
the attenuation level of the grid with no fenestrations. In all these
models, the effect of skull holes was not included to facilitate the
Fig. 4. Amplification/attenuation factors for 10 cm2 generators produced by subdural grids of d
comparing the amplification/attenuation factors as a function of the distance between the cente
under the grid, and positive distances to generators that are not directly under the grid. The re
comparison. The effect of skull holes would be similar in all the cases,
and in the case of the subdural strip and fenestrated grids, it would be
the dominant effect.

Next, we analyzed how the subdural grids and skull holes affect the
scalp potential associated with the background brain activity. We com-
puted the ratio of the background level on the scalp between the models
with a subdural grid and the model without the grid. The results are
shown in Fig. 6, where a slight attenuation of the background level is ob-
served over the grids, and a slight amplification over the skull holes. The
attenuation is around 10% for the 4 × 8 cm grid, 25% for the 8 × 8 cm
grid, and negligible for the fenestrated 8 × 8 cm grid. The amplification
due to the skull holes is around 25% in all cases. The fenestrated grid
does not affect the background activity level on the scalp. It may seem
surprising that the background activity is attenuated only 10% over the
4 × 8 cm grid while a generator under the grid is attenuated 3 times.
However, due to the spatial smoothing of the scalp potential by the
ifferent sizes. (a) An 8 × 8 cm subdural grid. (b) A 1 × 8 cm subdural strip. (c) Scatterplot
r of the generator and the border of the grid. Negative distances correspond to generators
sults from a 4 × 8 cm grid (Fig. 2b) are also included in the comparison.

image of Fig.�3
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Fig. 5. Amplification/attenuation factors for 10 cm2 generators produced by 8 × 8 cm fenestrated grids. (a) A grid with large holes (6 mm diameter) (b) A grid with small holes (1 mm
diameter). (c) Scatterplot comparing the amplification/attenuation factors as a function of the distance between the center of the generator and the border of the grid. Negative distances
correspond to generators under the grid, and positive distances to generators that are not directly under the grid. The results from a gridwithout fenestrations (Fig. 4a) are also included in
the comparison.
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skull, the background activity measured at any point on the scalp is not
generated only in the cortex below it, but also in more distant cortical
regions. As long as the background brain activity model contemplates si-
multaneous electric activity in many different cortical regions (de Munck
et al., 1992), the attenuation of the background activity by the subdural
grid will be smaller than the worst case attenuation of a single generator.

We also studied how the amplification/attenuation associated with
the subdural grid and skull holes may affect the results of joint scalp
and subdural measurements. Assuming the electric potential produced
by 10 cm2 generators under a 4 × 8 cm subdural grid is at the limit of
detectability on the scalp (Tao et al., 2007a), we looked at the extent
of generators that in the absence of the grid produce the same signal
to noise ratio on the scalp as a 10 cm2 generator centered at the same
point but with a 4 × 8 cm grid. The attenuation of the background activ-
ity and the attenuation of the generators are combined to obtain this re-
sult. A generator under the grid will produce a smaller electric potential
Fig. 6. Effect of the subdural grid and skull holes on the scalp background brain activity level. Bac
subdural grid, and (c) the same 8 × 8 grid with small holes. (d–f) Idemwhen also including sku
signal on the scalp than if there was no grid, but the background brain
activity will also be somewhat lower, making the detection a little less
difficult. The results in Fig. 7c show that when there is no subdural
grid, a significant proportion of generators between 4 and 5 cm2 can
reach the same signal to noise ratio on the scalp as 10 cm2 generators
located under the center of a 4 × 8 cm subdural grid. The situation re-
verses for generators under skull holes, but the implications are less
significant, since the ideal position of the grid is directly above the gen-
erators of epileptic activity. An extreme example of the scalp electric po-
tential resulting from a generator of 10.2 cm2 under the grid and one of
2.5 cm2 centered at the same location in the model without grid is
shown in Fig. 8.While this is an extreme case, and such small generators
are highly unlikely to produce visible scalp activity, the example shows
that in rare occasions it could happen. This indicates that any limit re-
garding the extent of cortical involvement necessary for scalp detect-
ability should not be interpreted as a hard limit.
kground level changes due to the presence of (a) a 4 × 8 cm subdural grid, (b) an 8 × 8 cm
ll holes. In all cases the results are relative to the background level without subdural grid.

image of Fig.�5
image of Fig.�6


Fig. 7. Effect of the 4 × 8 cm grid on the apparent extent of the generators. The color of each point of the left frontal lobe cortical surface indicates the extent of a generator centered at that
point, which,when there is nogrid, produces the samemaximumsignal to noise ratio on the scalp as a 10 cm2 generator centered at the samepointwhen the grid is present. (a)Whenonly
the grid is considered. (b)When the grid and skull holes are considered. (c) Same information presented differently: distribution of the extent of the generators, for generators with their
center below the grid at a distance larger than1 cm from the border, generatorswith their center under the grid but at a distance between 0 and1 cm from the grid's border, andgenerators
with their center not under the grid.
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Finally, Fig. 9 shows an example of the electric current distribution
inside the head for the models without grid, with grid, and with fenes-
trated grid. The figure was drawn using the line integral convolution
technique (Cabral and Leedom, 1993). The current does not go through
the grid, resulting in an important attenuation of the current density
and electric potential over the grid. The attenuation is not complete
because there is some currentflowon the tissues above the grid. Thefig-
ure also shows how the changes in the current density are restricted to
the proximity of the grid. In themodel with fenestrated grid the current
Fig. 8.Example of a 2.5 cm2 generator that produces the samemaximumscalp potential as a 10 c
of the larger generator under the grid. (b) Scalp electric potential distribution of the generator
potential distribution of the smaller generator. (b) and (d) are normalized by the same value,
flows through the grid holes leading to a current distribution almost
identical to the no grid case.

Discussion

We found important attenuation and amplification for sources close
to the subdural grid and skull holes respectively. The effects are quite
local, restricted to cortical generators under the grid and holes, and
affecting only the scalp potential over them. The amplification due to
m2generator centered at the samepoint but under a subdural grid. (a) Location and extent
under the grid. (c) Location and extent of the smaller generator, no grid. (d) Scalp electric
i.e. are in the same scale.
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Fig. 9. Normalized current density distribution on a head slice. (a) Without subdural grid. (b) With subdural grid. (c) With fenestrated grid.
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the skull holes does not cancel out with the attenuation due to the grid.
For sources under the center of the grid, the attenuation is important
and scalp signals of the same amplitude are produced by generators
significantly smaller when there is no subdural grid.While these results
were obtained by modeling epileptic generators, the attenuation would
be the same for any generator involving the same cortical regions.

We would like to point out that while this is a simulation study, we
are confident that the results are robust and point to a phenomenon
that is present in actual measurements. There are several reasons for
our confidence in the simulation results. The most important is that
they are based on comparison between pairs of models. In this way
the effect of the uncertain parameters in usual simulations is greatly
reduced. For instance, one of the most important parameters in a scalp
electric potential computation is the strength of the generators, i.e. the
dipolar moment per unit area of the distributed sources. We do not
need to adopt a particular value for this highly uncertain parameter
sincewe only assume that it will be the same in all themodels, unaffect-
ed by the presence of the grid. The effect of other parameters such as the
conductivity of the tissues or the cortical thickness is highly reduced as
well in such a study comparing pairs of models. In other words, the best
way to study the effect of the subdural grid on the scalp EEG is by com-
paring the simulation results between models which only differ in the
inclusion of the grid. Also, we used an extremely detailed model, with
accurate geometric representation of the limits between tissues, and in-
cluding many tissues. Finally, our results and conclusions are based on
scalp electric potentials only. We avoid the simulation of subdural elec-
tric potentials since the validity of the usual models adopted in scalp
simulations for the generators, the background activity, and the elec-
trodes has not been tested in detail for subdural recordings.

Our results show a variation of less than 30% in the noise or back-
ground activity level, consistent with reports from experimental situa-
tions in which the variation seemed unnoticeable (Tao et al., 2007a).
The highly localized effect of the subdural grid and skull holes also ac-
counts for this limited background variation. The background activity
is generated by thewhole brain, and only the relatively small proportion
generated near the grid and holes will be affected by them. Then, the
overall level of background activity on the scalp will not change very
much. The localized effects of the grid and holes also result in poor can-
celation of their opposing effects. As a result, if the location of the sub-
dural grid was properly selected to study cortical sources under it, the
scalp electric potential of these sources will suffer an important attenu-
ation, regardless of the presence of holes in the skull. The attenuation is
not complete in the scalp above the subdural grid because of currents
flowing in the higher conductivity paths such as the CSF between the
grid and skull, the marrow inside the skull, and the muscle tissue of
the scalp.

We found that generators with extents as small as 4 or 5 cm2 could
produce activity in the scalp with the same signal to noise ratio as the
10 cm2 generators reported to be involved in the production of scalp
Interictal Epileptic Discharges (IEDs) when the subdural grid is present.
This is based on the assumption that a 10 cm2 generator is located under
the center of the grid, which would be the case when the presurgical
evaluation allows for a correct placement of the subdural grid. The ex-
amples shown by Tao et al. (2005) seem to correspond to generators
centered under the grid, but this was probably not the case for all the
generators.

Other values found in the literature for the minimum generator
extent producing visible scalp activity, based on experimental or simu-
lation studies are not far from the upper limit of the proposed range. An
often cited experimental study on the size of cortical generators produc-
ing detectable scalp activity is the seminal study of Cooper et al. (1965).
It is an in-vitro study involving only the skull (no CSF or brain matter),
and unipolar generators instead of dipolar layers. The reported 6 cm2

extent is then necessarily an approximation, and cannot be expected
to be very accurate. Experimental evidence could also be gathered
from stereo EEG. The depth electrodes used in stereo EEG do not signif-
icantly affect the electric potential distribution (von Ellenrieder et al.,
2012), but the depth recordings can only provide lower bounds for
the extent of the generators, since they provide only a sparse sampling
of the cortex. Generators larger than 3 or 4 cm2 were reported to
produce scalp IEDs (Merlet and Gotman, 1999). Simultaneousmeasure-
mentswith dense array scalp EEG and subdural strips also showed some
scalp IEDs associatedwith cortical activity in 2 to 4 contacts, with amix-
ture of 5 and 10 mm intercontact distance (Yamazakia et al., 2012).

The relationship between cortical extent of the generators and the
amplitude of the related scalp EEG was also studied with simulations
(Kobayashi et al., 2005; Cosandier-Rimélé et al., 2008). The drawback
of using simulations is that the extent of the cortical generators is almost
linearly related to the amplitude of the resulting electric potential, but it
almost does not affect the shape of the scalp electric potential distribu-
tion (von Ellenrieder et al., 2014). The same can be said for the skull con-
ductivity, as shown by the isolated skull approach in the integral
formulation of the problem (Meijs et al., 1989). And also the generator
strength or intensity per unit area affects only the amplitude of the
scalp potential (Geselowitz, 1967). Hence, it is almost impossible to
distinguish the effect of these three parameters in scalp EEG measure-
ments. As a consequence, to obtain reliable values for the extent of
the generators, the simulations must use reliable values for the skull
conductivity and generator strength. The values found in recent litera-
ture for the skull conductivity range between .0075 and .015 S/m
(Oostendorp et al., 2000; Dannhauer et al., 2011), and there is at least
a 25% intersubject variability (Dannhauer et al., 2011). The generator
strength is an even more uncertain parameter. In some studies it was
derived from evoked responses in animal models: rat (Di et al., 1990;
Ahrens and Kleinfeld, 1994; Higley and Contreras, 2007), mouse
(Mégevand et al., 2008), frog (Nicholson and Freeman, 1975), cat
(Pollen, 1969; Freeman, 1975), and monkeys (Kraut et al., 1985;
Lakatos et al., 2008). The values are inferred from laminar

image of Fig.�9
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measurements of the electric potential and involve the approximation
of second order electric potential derivatives by differences between
electrode contacts, a technique highly sensitive to noise. The gray mat-
ter conductivity value also affects the results, yielding values for the
generator strength between 30 and 250 nA/mm2 for volumetric dipolar
density, with high variations not only among species but also within
species in different brain regions (Ahrens and Kleinfeld, 1994). The
resulting values are undoubtedly uncertain, evenmore so ifwe consider
that they are obtained from evoked responses in animals and assumed
to hold for human pathologic generators. Hämäläinen et al. (1993) pro-
pose a range from 100 and 250 nA/mm2 for the generator strength.
Cosandier-Rimélé et al. (2008) selected the lowest values of skull con-
ductivity (.0075 S/m) and generator strength (100 nA/mm2) of the
mentioned ranges, and obtained a generator extent of around 7 cm2

as the detectability limit on the scalp. With higher skull conductivity
or generator strength they would have gotten generators of lower
extent producing similar scalp signals.

Kobayashi et al. (2005) used the same low skull conductivity and
generator strength values and consequently found similar extents
(around 6 cm2) for the generators producing barely distinguishable ac-
tivity on the scalp. In this case the generator strengthwas obtained from
human sEEG recordings of IEDs, from a different study (Alarcon et al.,
1994). However, the value was obtained from spikes by looking at the
electric potential difference between two neighboring contacts in the
only depth electrode, among 6 patients, in which a typical dipolar pat-
ternwas found for the electric potential distribution. The underlying as-
sumption to compute the generator strength in this way is that the
extent is large compared to the separation between contacts, and that
was probably not the case since these particular spikes did not generate
visible signals in nearby subdural electrodes (Alarcon et al., 1994).

We might conclude that the cortical extent of 6 cm2 reported by
Cooper et al. (1965) is only an indication of the order of magnitude of
the cortical generators producing detectable scalp IEDs. Based on simul-
taneous scalp and subdural EEG recordings not taking into account the
effect of the grid, the actual values were believed to be two or three
times higher. But they could also easily be somewhat lower as suggested
by the results of this work and the choice of parameters in the simula-
tion studies discussed above.

Different approaches could be taken to further study the extent of
cortical generators of IEDs. One possibility could be to use simultaneous
scalp EEG andMEGmeasurements. Themagnetic field is less affected by
the skull than the electric potential, and in consequence not only the
amplitude but also the spatial distribution of the field changes for gen-
erators of different extent. This could be used for the estimation of the
extent of cortical generators which produce visible scalp activity
(Chowdhury et al., 2013). Another possibility would be to use detailed
headmodels including the cortical grid to estimate the generators in si-
multaneous subdural and scalp measurements. However, both of these
approaches require the solution of the inverse problem, i.e. the estima-
tion of the generator parameters. This not only involves the need to
choose many parameters such as the conductivity of the tissues, but it
is also necessary to make prior assumptions regarding the generators
to choose one solution among the infinitely many of the inherently ill
posed inverse problem. According to our simulation results, the most
straightforward way to study the extent of the generators would be the
use of fenestrated subdural grids, as proposed by Tao et al. (2007a).
Such grids would have a negligible effect on the scalp electric potential
distribution. The holes and breaches in the scalp could be covered by a
non-conductingmaterial to avoid amplification. However, the use of fen-
estrated grids could produce cortical injury if the cortical tissue herniates
through the holes. Our results show that small fenestrations with 1 mm
diameter are almost as effective as grids with larger fenestrations. Such
small fenestrations are much less likely to allow tissue herniation, but
the risk should be carefully analyzed before using fenestrated grids.
Whatever method is chosen to study the issue, no hard limit should be
expected on the extent of cortical generators that produce detectable
scalp activity. Given the large inter and intra-subject variability in
many of the involved parameters (von Ellenrieder et al., 2014), a broad
diffuse range should be expected. It is important to note that even if
the minimum cortical involvement of scalp IEDs is somewhat lower
than previously thought, most epileptic spikes visible in the scalp will
have larger extents. The typical cortical involvement ismeasured directly
by the subdural grids, regardless of whether the discharge is seen on the
scalp or not.

In conclusion, our results suggest that the minimum extent of corti-
cal generators of epileptic discharges visible on the scalp is lower than
the usually accepted values of 10 to 20 cm2, with a high probability of
generators in the range from 4 to 8 cm2 producing a visible scalp activ-
ity. The difference is explained by the attenuation of the scalp potential
by the non-conducting substrate of the cortical grid in simultaneous
scalp and cortical recordings. The significance of these results may ex-
tend beyond the study of epilepsy, sincemany recent neurological stud-
ies are based on measures obtained from subdural grids in implanted
patients.
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