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Abstract
We have investigated 3-dimensional brain current density reconstruction (CDR) from intracranial
electrocorticogram (ECoG) recordings by means of finite element method (FEM). The brain
electrical sources are modeled by a current density distribution and estimated from the ECoG signals
with the aid of a weighted minimum norm estimation algorithm. A series of computer simulations
were conducted to evaluate the performance of ECoG-CDR by comparing with the scalp EEG based
CDR results. The present computer simulation results indicate that the ECoG-CDR provides
enhanced performance in localizing single dipole sources which are located in regions underneath
the implanted subdural ECoG grids, and in distinguishing and imaging multiple separate dipole
sources, in comparison to the CDR results as obtained from the scalp EEG under the same conditions.
We have also demonstrated the applicability of the present ECoG-CDR method to estimate 3-
dimensional current density distribution from the subdural ECoG recordings in a human epilepsy
patient. Eleven interictal epileptiform spikes (seven from the frontal region and four from parietal
region) in an epilepsy patient undergoing surgical evaluation were analyzed. The present promising
results indicate the feasibility and applicability of the developed ECoG-CDR method of estimating
brain sources from intracranial electrical recordings, with detailed forward modeling using FEM.
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I. Introduction
Information on the locations of electrical activity in the brain is of interest and importance for
neuroscience research and clinical applications in aiding diagnosis and surgical planning of
neurological diseases. The electroencephalography (EEG) is a measurement of the electrical
activity of the brain by recording from electrodes placed on the scalp. Due to the fact that EEG
is convenient, noninvasive, safe and inexpensive, significant efforts have been devoted to
exploration of locations of brain source activity based on the scalp-recorded EEG signals by
solving the so-called EEG inverse problem. These EEG (or MEG, magnetoencephalography)
inverse solutions may be classified into two major categories according to the difference
between source models (He & Lian, 2002, 2005): equivalent dipole localization (Scherg et al,
1985; He et al 1987; Hämäläinen & Sarvas, 1989; Mosher et al 1992, 1999; Cuffin 1995; Leahy
et al, 1998; Merlet et al, 2001; Xu et al, 2004; Ding et al, 2007) and distributed source imaging
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(Hämäläinen et al, 1984, 1994; Dale & Sereno, 1993; Gevins et al, 1994; Nunez et al, 1994;
Pascual-Marqui et al, 1994, 1995, 1999; He et al, 1996, 1999, 2001, 2002a, 2002b, 2002c;
Babiloni et al, 1997, 2003, 2005; Phillips et al, 1997; Wang & He, 1998; Fuchs et al, 1999;
Grave et al, 2000; Liu et al, 2006, 2008; Astolfi et al, 2007a, 2007b; Ding & He, 2007). But
all of these EEG based inverse solutions suffer from the low signal-to-noise ratio (SNR)
because EEG signals are recorded by sensors physically separated from the cortex by the skull
which blocks and smoothes the potential field recorded on the scalp.

The electrocorticogram (ECoG) recorded from multi-contact subdural electrodes implanted
during surgical evaluation in epilepsy patients provides higher SNR and temporal and spatial
resolution than EEG due to the fact that ECoG signals are not influenced by the low
conductivity skull and are recorded in the vicinity of the underlying brain sources. In clinical
practice, the ECoG has become the “gold standard” for defining epileptogenic zones (Engel et
al, 1981). Usually, the planning of ECoG grids implantation is determined using clinical data:
ictal features, scalp EEG and structural MRI findings (Bénar et al, 2006). The pattern of the
ECoG recordings is then used for localization purposes. However, the ECoG measurements
sometimes still remain ambiguous in localizing source signals arising from deep regions, such
as sulcal fundi.

In order to improve the localization accuracy of the brain source estimation methods, several
investigators have tried to estimate the neural activity locations based on the intracranial ECoG
recordings. Towle and his co-workers (Towle et al, 2003) performed dipole source localization
from subdural somatosensory evoked potential (SEP) recordings in five patients and found that
the dipole analysis agreed with conventional interpretation of SEP waveform inversion and
had the advantage of providing localization to a single point which was quantitatively compared
to the noninvasive test results. They used a simple single-shell spherical epicortical model in
their study and did not consider the effects of the scalp, skull, cerebrospinal fluid (CSF) and
the implanted ECoG strips. Korzyukov et al (Korzyukov et al, 2007) applied the distributed
source imaging approach to the intracranial P50 response of auditory evoked potentials and
the gating difference wave to do source localization by using the LORETA algorithm (Pascual-
Marqui et al, 1994). Their aim was to study the cortical mechanisms underlying auditory
sensory gating and no detailed analysis of the performance of the brain source estimation
method was described. Korzyukov and co-wokrers used the boundary element method (BEM)
based head model consisting of the scalp, skull and brain compartments without considering
the effect of implanted ECoG grids and CSF. Fuchs et al (2007) studied the performance of
the spherical and realistically shaped BEM volume conductor models for EEG and ECoG
source reconstruction in spherical and non-spherical parts of the head with simulations and
measured epileptic spike data. They investigated the accuracy and efficiency of three numerical
methods, i.e. standard boundary element method (sBEM), interpolated boundary element
method (iBEM) and interpolated finite element method (iFEM), in EEG forward/inverse
solutions. In Fuchs et al.’s study (2007), their ECoG based brain source imaging studies were
all based on the simple single-layer BEM model consisting of the brain, and non-insulating
conductive medium surrounding the brain was ignored.

In the present study, we investigate 3-dimensional (3D) current density reconstruction (CDR)
to estimate brain sources from the intracranial ECoG recordings by using the finite element
method based on the complex realistic geometry head model built from the patient’s specific
magnetic resonance (MR) and computer tomography (CT) image data. Our ECoG based
current density reconstruction (ECoG-CDR), for the first time to our knowledge, considers the
effects of the scalp, skull, CSF, brain and the implanted ECoG base pads by using the FEM
technique to avoid the boundary condition changes and the lead field distortions in the head
volume conductor modeling. Performance analysis and evaluation of the present ECoG based
CDR (ECoG-CDR) were performed by comparing it with the conventional 3D CDR from the
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scalp EEG recordings (EEG-CDR) in a series of computer simulations. The ECoG-CDR was
also applied to real data during interictal spikes in a human epilepsy patient.

II. Methods
1. Source Model and Geometry Model

The equivalent dipole source model and the distributed source model are two types of source
models commonly used in brain source localization. Compared with the extracranial EEG
measurement, the intracranial ECoG recording is a kind of near-field measurement thus the
distributed source model was used in the present study. We assumed that the current dipoles
are distributed over a fixed lattice covering the 3D brain volume with the inter-grid distance
of 6 mm and the three orthogonal dipole components of the Cartesian coordinate system at
each node represent one dipole moment at that location.

The realistic geometry FEM head model consisting of the scalp, skull, CSF, brain and two
silastic ECoG base pads (the 8×8 parietal ECoG pad was 80×80 mm while the 8×4 frontal
ECoG pad was 80×40 mm) was built from a human subject’s MR and CT image data by using
a protocol which we have previously described (Zhang et al., 2006a). Note that, in clinical
setting, the subdural ECoG electrodes are usually embedded in the silastic base pad with a
thickness of around 2 mm. The ECoG base pads and CSF layer are the two parts in our head
model whose thickness is relatively small compared with the other parts. We modeled the
ECoG base pads and CSF layer in our FEM model using the tetrahedrons with the element size
of around 3 mm, and modeled the other tissues in the FEM model using the tetrahedrons with
the element size of around 6 mm. The overall average length of the finite elements in our whole
FEM model was around 5 mm and the whole FEM model consisted of 84,888 tetrahedron
elements and 15,407 nodes. It is worthy to note that part of brain elements which are close to
the brain-to-CSF boundary, i.e. cortical surface, were also meshed with the 3 mm-length
tetrahedrons, and the other brain element lengths increase gradually as they go far away from
the cortical surface. The purpose of this adaptive meshing operation is to avoid the size jump
between the neighboring elements which will cause numerical errors. We used this local refined
FEM meshing technique to build the FEM model in order to decrease the computational loads
while maintaining satisfactory computational accuracy. Note also that the slightly increased
thickness of model of the CSF layer and ECoG base pads is based on numerical consideration
in order to achieve a robust solution. The conductivities of the scalp and brain were set to 0.33
s · m−1, the conductivity of the skull was set to 1/20 of the conductivity of the brain, 0.0165 s
· m−1 (Zhang et al., 2006b), the conductivity of the CSF was set to 1.0 s · m−1 and the
conductivity of the silastic ECoG grids was set to 3.3e-11 s · m−1.

2. Forward Solver
The brain electric forward problem is considered as follows: given the positions and moments
of the current dipole sources and the geometry and electrical conductivity profile of the volume
conductor, i.e. the head, calculate the electrical potentials within the head volume conductor.
Theoretically, this problem can be stated by Poisson's equation which is defined on the volume
conductor, Ω, (Gulrajani, 1998) and the Neumann boundary conditions on the scalp, S:

(1)

where σ is the conductivity tensor which is a function of the location within the volume
conductor, n is the outward unit normal to the scalp S, and Is the volume current densities due
to the presence of the current sources. The unknown, ϕ, is the electrical potential generated by
current sources. Generally, s at each location is different from other locations with a certain
level of discrepancy. Such discrepancy is assumed to be small and negligible within each of
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the main structures of human head, i.e. the scalp, skull, brain, and CSF, which leads to the
layered volume conductor model widely adopted in the brain electric forward modeling (Rush
et al, 1969, He et al, 1987, 1999, 2002c; Hämäläinen & Savars, 1989; Mosher et al., 1999;
Finke et al., 2003).

In the present study, the brain electric forward solution was obtained based on the realistic
geometry multi-compartment head model described above by means of FEM. In this case,
Poisson’s equation was transformed into a group of linear equations defined on the nodes of
the finite element model and the equation was formulated in a matrix form as follows (Zhang
et al., 2004).

(2)

where K is the stiffness matrix which incorporates the volume conductor model information,
e.g. geometry and conductivity, Φ is the potential vector on the finite element nodes, G is the
load matrix due to the current sources and is decided by the current source and the geometry
and conductivity information of the element where the current source is located. The linear
finite element was used to implement the finite element method in the present study. The linear
problem stated as equation (2) was solved by a linear solver, i.e., the preconditioned conjugate
gradients method (Silvester et al, 1996) and the electrical potential value on every node in the
FEM model was obtained.

3. Transfer Matrix Construction
The linear relationship between the source space and the measurement space can be expressed
as:

(3)

Where Φ = (ϕ1,ϕ2,…,ϕM)T is the vector of measurements, X = (x1,x2,…,x3×N)T is the vector
representing the strength of the distributed dipoles in the 3D brain tissue space, T is the transfer
matrix between Φ and X and n is the noise vector. M refers to the number of recording electrodes
in the measurement space and N refers to the number of current dipole sources within the entire
solution space. In 3D current density reconstruction methods, the number of total unknown
dipole components is 3 × N because the three orthogonal components represent one dipole
moment at each location.

For our present 3D ECoG-CDR method, equation (3) can be rewritten as:
(4)

where Φi represents the vector of measurements on the intracranial ECoG grids and Ti
represents its corresponding transfer matrices. In the present study, the numbers of ECoG
electrodes are 64, 78 and 96, respectively.

Assuming only one dipole in the source space is active with unit strength in one of the three
orthogonal directions and both the components in the other directions and the other dipoles in
the source space are zero, the potential field corresponding to each component of each current
dipole in the source space can be obtained by iteratively solving equation (4). Φi for each dipole
source can then be separated from the entire solution and the lead field matrix relating the
dipoles in the source space and the intracranial ECoG potential field can thus be formed column
by column, denoted as Ti. Similarly, the lead field matrix relating the dipoles in the source
space and the extracranial EEG potential field can be obtained in the same fashion, denoted as
Te in the following equation:

(5)
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In the present study, 128 scalp EEG electrodes were used in the computer simulation. Fig. 1
(b) shows the distribution of the scalp EEG electrodes used.

4. Inverse Solver
Generally, equation (3) or equation (4) and equation (5) are underdetermined problems because
the number of measurements is less than the number of sources. The minimum-norm
regularization was used to obtain a unique solution, and can be expressed by the following
equation by taking equation (3) as an example.

(6)

The first term of the objective function is the error term in the least squares sense and the second
term is the regularization term which attempts to minimize the total energy of the solution. λ
is the regularization parameter which was determined by means of the L-curve method
(Hansen, 1992).

The weighted minimum-norm regularization (Pascual-Marqui et al., 1994; Philips et al,
1997; Fuchs et al., 1999) was applied in the present ECoG-CDR to account for the undesired
depth dependency. The objective function (6) is transformed to the following equation:

(7)

where W is a diagonal matrix with elements determined from the lead field matrix T.

5. Simulation Protocols
Computer simulations were conducted to evaluate the performance of the present ECoG-CDR
method. The FEM head model described above was used in all computer simulations, shown
in Fig. 1(a). Seven groups of dipole locations were considered in the computer simulations,
shown in Fig. 1(c). Every dipole group consisted of 10 dipoles evenly placed from 5 mm to 50
mm below the cortical surface. The 1st dipole group was placed below the center of the parietal
ECoG grid and the 2nd group was placed 10 mm away from the center of the parietal grid
(measured by the distance between the shallowest dipole location in the 1st dipole group and
the center of the ECoG grid). Similarly, the 3rd dipole group was placed 20 mm away from the
center of the parietal grid, and so on. A total of 7 dipole groups were placed in this manner.
Notice that the 5th dipole group, which is placed 40 mm away from the center of the parietal
ECoG grid, was exactly below the edge of the grid. We designed this source configuration to
investigate the performance of the present ECoG-CDR method for the brain sources with
different locations relative to the location of the ECoG grids.

In our computer simulations, one current dipole in one dipole configuration was considered at
a time to investigate the accuracy of 3D ECoG-CDR by comparing it with the EEG-CDR, in
which the FEM head model without silastic ECoG grids was used. Two current dipoles in two
dipole different dipole groups with the same source depth were also considered in order to
investigate the effects of multiple sources on the spatial resolution of the present ECoG-CDR
method. At each dipole location, both radially and tangentially oriented dipoles were
considered. The radial and tangential directions were defined by the local curvature of the point
on the cortical surface which was closest to the simulated dipole source. Gaussian white noise
(GWN) of 5–20% (SNR 20 to 5), which is defined as the ratio between the standard deviation
of the noise and the root mean square of the potential, was used to simulate the noise-
contaminated recording environment. Furthermore, the effect of the number of subdural ECoG
electrodes on the ECoG-CDR results was also assessed by using 64 (from the parietal ECoG
grids), 78 (in which 32 electrodes from the frontal ECoG grid and 46 from the parietal grid
were used) and 96 electrodes (all of the electrodes from the frontal and parietal grids).
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The localization error, which is defined as the distance between the simulated source location
and reconstructed source location, was calculated and used to assess the performance of the
ECoG-CDR in the present study. The reconstructed source point is defined as the center of the
current density distribution, which is calculated as the geometry center of all the grids on which
the reconstructed current density strengths are over a 70% threshold of the maximum current
density.

6. Data Collection in an Epilepsy Patient
The ECoG data from a 12 year old female epilepsy patient was collected according to a protocol
approved by the Institutional Review Boards (IRBs) of the University of Minnesota and the
University of Chicago. Two standard subdural electrode grids were used in this patient: the
parietal grid contained 64 (8 × 8) platinum contacts in a rectangular array with a 10 mm center-
to-center spacing and the frontal grid consisted of 32 (4×8) platinum contacts with the same
10 mm center-to-center spacing. The platinum disks were embedded in a silastic base and had
an exposed surface diameter of 2.3 mm. Continuous recordings from the subdural channels
(i.e. 46 electrodes from the 8×8 grid and 32 from the 4×8 grid) were obtained by using
BMSI6000 (Nicolet Biomedical, Madison, WI). The data were measured with a frequency
bandwidth of 1–100 Hz and sampled at a rate of 400 Hz. Intra-cranial electrode positions were
determined using postoperative CT image.

Interictal epileptiform spikes were selected from the recorded ECoG signals and analyzed to
evaluate the present ECoG-CDR method. The reconstructed ECoG-CDR results were
qualitatively (via visual inspection) compared to the locations of the foci as determined by the
epileptologist.

III. Results
1. Comparison between the ECoG-CDR and the EEG-CDR in the case of a single dipole
source

Fig. 2 shows the typical tomography of the strengths of the current sources estimated in the
3D solution space by means of the present ECoG-CDR method. This particular example was
created using the 3rd dipole in the 1st dipole group as previously described in the “Simulation
Protocols” section. Figs.2 (a), (b) and (c) show the ECoG-CDR results using three different
visual angles, respectively. Capital L and R around the axial and coronal view sub figures
indicate left and right directions respectively, and the directions of all the axial and coronal
view figures in the present study are shown in the same way with Fig. 2. The localization error
for this case was 2.87 mm.

Fig.3 compares the accuracy of the ECoG-CDR and the EEG-CDR in terms of the localization
error. Ten trials of 5% (SNR 20) GWN were generated and the mean and standard deviation
of the ECoG-CDR and EEG-CDR methods were evaluated. Figs. 3 (a), (b), (c), (d), (e), (f) and
(g) respectively show the comparison results from the dipole group #1, #2, #3, #4, #5, #6 and
#7 in the dipole configuration shown in Fig. 1(c). The upper panels and lower panels refer to
tangential and radial dipole being used in the simulation. From Fig. 3 we can see the following
phenomena: (1) For any dipole group, covered or not covered by the ECoG grids, the overall
trend of the localization error curves calculated by either the ECoG-CDR or the EEG-CDR is
that the localization error increases as the dipole source depth increases. This phenomenon is
consistent with the previous literature (Ding et al, 2005). (2) For the dipole groups which are
covered by the ECoG grids, i.e. the 1st, 2nd, 3rd and 4th dipole groups, most of the results from
the present ECoG-CDR (blue solid line) show better accuracy than the results from the EEG-
CDR (red dashed line). Exceptions are the 9th and 10th dipole sources in the 2nd dipole group
with tangential dipole moments, the 10th dipole source in the 3rd dipole group with radial dipole
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moments, and the 10th dipole source in the 4th dipole group with both radial and tangential
dipole moments. This shall be due to the fact that the dipole is far away from the subdural
ECoG electrodes. (3) For the dipole groups which are not covered by ECoG grids, i.e. the
6th and 7th dipole groups, the EEG-CDR (red dashed line) shows better current density
reconstruction results than the ECoG-CDR (blue solid line). This shall be due to the fact that
the dipoles are far away from the subdural ECoG electrodes. (4) For the dipole groups located
exactly below the edge of the ECoG grids, i.e. the 5th dipole group, the current density
estimation results from the ECoG-CDR exhibit a fair amount of instability while the EEG-
CDR produces results with accuracy as robust as the other dipole configurations.

2. Influence of noise level
The 3rd dipole location in the 1st dipole group was selected to investigate the influence of noise
level on the accuracy of the present ECoG-CDR method. Gaussian white noise with different
noise levels was added to the simulated ECoG potentials produced by the above-mentioned
dipole. The changes in the localization error caused by varying the noise level from 5% to 20%
(SNR 20 to 5) are shown in Fig. 4. Note that in all conditions, the localization errors increase
when the noise level increases.

3. Influence of electrode number
Fig. 5 depicts the localization error with different numbers of intracranial ECoG electrodes by
using the 3rd dipole location in the 1st dipole group. Three electrode numbers, i.e. 64, 78 and
96, were used in this simulation. The 96-electrodes configuration includes 64 electrodes from
the parietal grid and 32 electrodes from the frontal grid; the 78-electrodes configuration
includes 32 electrodes from the frontal grid and 46 electrodes from the parietal grid; and the
64-electrodes configuration includes 64 electrodes from the parietal grid.

It is observed that the electrode number has little influence on the ECoG-CDR accuracy in term
of localization error for the shallow source depths (above 40 mm) although a slight decrease
of localization error can be noticed as the number of electrodes increases.

4. Comparison between the ECoG-CDR and the EEG-CDR in the case of multiple dipole
sources

Fig. 6 shows the tomography of the strengths of the current sources produced by two separate
dipole sources (one from the 1st dipole group and the other from the 3rd or the 4th dipole group
with the same source depth as the 1st one), with a threshold set at 70% of the maximum current
density. The performance of the ECoG-CDR and the EEG-CDR with multiple dipole sources
was compared using this dipole configuration. The 5 subfigures in the 1st row (from (a1) to
(a5)) show the results from the ECoG-CDR with source depths of 10 mm, 15 mm, 20 mm, 25
mm and 30 mm and inter-source distances of 19.4 mm, 18.5 mm, 17.6 mm, 16.8 mm and 16.0
mm respectively. Note that the difficulty in the ability to distinguish the separate sources in
these 5 cases increases as the inter-source distance decreases and the source depth increases.
We can see that the ECoG-CDR can clearly distinguish two closely separate dipole sources
when the inter-source distance is as small as 16.8 mm and the source depth is 25 mm, shown
in (a4). For deeper and closer dipole source configuration, i.e. (a5) with a source depth of 30
mm and inter-source distance of 16.0 mm, the present ECoG-CDR method is unable to resolve
two separate sources. The 2 subfigures in the 3rd row ((c1) and (c2)) show the results from the
EEG-CDR with a source depth of 10 mm and 15 mm and intersource distance of 19.4 mm and
18.5 mm. The dipole configurations for the subfigures in the 3rd row are consistent with the
first 2 subfigures in the 1st row in order to compare the performance between the ECoG-CDR
and the EEG-CDR. We can see that the EEG-CDR can clearly distinguish two close separate
dipole sources with an inter-source distance of 19.4 mm at a depth level of 10 mm as shown
in (c1), but it cannot differentiate deeper and closer dipole source pairs to the same extent as
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the ECoG-CDR. To further test the EEG-CDR’s ability to distinguish the multiple dipole
sources, we enlarged the inter-source distance and applied the EEG-CDR again, results of
which are shown in the 4 subfigures in the 2nd row of Fig. 6. The source depths, from left to
right, are still set to 10 mm, 15 mm, 20 mm and 25 mm, but the inter-source distances in the
multiple dipole configurations are enlarged to 29.1 mm, 27.8 mm, 26.5 mm and 25.2 mm.
Under these conditions, the EEG-CDR was only able to distinguish sources separated by a
minimum of 27.8 mm at a depth of 15 mm.

5. Imaging interictal sources in an epilepsy patient using the ECoG-CDR
Fig. 7 shows the locations of subdural ECoG electrodes implanted in an epilepsy patient
undergoing surgical evaluation. Red circles refer to the electrodes which are considered to be
ictal onset zone based on clinical evaluation of the ictal ECoG recordings. Fig. 8 shows the 3D
current density estimation results in an epilepsy patient from a frontal interictal spike, by means
of the ECoG-CDR. In total, maps of five time points (two time points before and after the spike
peak, as well as the time point at the peak itself) with a time separation of 2.5 ms between
points are depicted. Figs. 8 (a) shows the ECoG recordings measured directly from the frontal
and parietal grids, and (b) displays the potential maps of the ECoG recordings which were
normalized to the maximal absolute value of the entire ECoG recordings over the frontal and
parietal grids. Note that the major activity of the ECoG recordings occurs on the frontal grid
and the maximal activity occurs at the peak of the interictal spike. Fig. 8 (c) shows the
reconstructed current density distribution obtained by using the present ECoG-CDR method,
where all the points on which the reconstructed current density strength is over a 70% threshold
of the maximum current density strength are displayed in red color in the 3D space closed by
the semitransparent cortical surface. The subfigure rows from top to bottom in Fig. 8 (d)
respectively shows the axial, coronal and sagittal views of the strengths of the estimated current
density obtained by using the ECoG-CDR, the green lines on the sagittal slice at interictal spike
peak instant indicate the location of the axial and coronal views, and all the angle views at
other interictal spike instants share the same cut locations with those at the peak instant. Note
that the estimated 3D current density has a centralized distribution and highest resolution at
the peak point of the interictal spike, and also with the maximal current strength according to
the color bar on the top right corner. The current density distribution becomes smooth, the
resolution decreases, and the maximal current strength decreases at the same time as the
estimation instant moves further from the peak point.

Fig. 9 shows the 3D current density estimation results of the same epilepsy patient from a
parietal interictal spike using the ECoG-CDR. Similarly, maps at five time points (two time
points before and after the spike peak as well as the time point at the peak itself) with a time
separation of 2.5 ms between the points are depicted. Figs. 9 (a) shows the ECoG recordings
measured directly from the parietal and frontal grids, and (b) displays the potential maps which
were normalized to the maximal absolute value of the entire ECoG recording over the frontal
and parietal grids. In this case, the major activity of the ECoG recording occurs on the parietal
grids and the maximal activity occurs at the peak point of the interictal spike. Fig. 9 (c) shows
the reconstructed current density distribution obtained by using the ECoG-CDR in the 3D space
with a threshold set at 70% of the maximum current density value. Fig. 9 (d) shows an axial,
coronal and sagittal views (from top to bottom row) of the strengths of the estimated current
density, the green lines on the sagittal slice at the interictal spike peak instant indicate the
location of the axial and coronal views. A similar phenomenon as seen in Fig. 8 can also be
found in Fig. 9 in which the estimated 3D current density has a centralized distribution with a
highest resolution at the peak of the interictal spike and the current density distribution becomes
smooth and the resolution decreases as the estimation moves further from the peak point.
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Fig. 10 shows an axial view of the strengths of the estimated current density obtained by using
the ECoG-CDR from 9 other interictal spikes (6 frontal and 3 parietal spikes). Comparing this
result to the ictal foci as determined by the epileptologist (frontal electrodes: 5, 6, 7, 14, 15,
22, 23 and 31, parietal electrodes: 42, 49, 50, 51, 58 and 59), shown in Fig. 7, the estimated
brain activity in the 3D space by using the ECoG-CDR is consistent with the patient’s clinical
diagnosis.

IV. Discussion
In the present study, we have investigated the 3-dimensional current density distribution from
the intracranial ECoG recording, using a head volume conductor model incorporating the scalp,
skull, CSF, brain and implanted silastic ECoG grids, with the aid of the finite element method.
The complex realistic geometry of head was derived from the MR and CT images to take into
account the patient-specific geometry that may influence the accuracy of current density
reconstruction. The FEM is used to construct the lead field matrix between the 3D current
sources and the subdural ECoG signals. The aim of the development of the present ECoG based
source reconstruction method is to provide a high resolution estimation of the 3D distribution
of brain electrical sources when the subdural ECoG recordings are available. Such method may
be in particular useful for deep sources which are far away from the subdural ECoG electrode
grids. While we presented our results on distributed current density reconstruction, the present
method is applicable to solve other brain inverse problems such as equivalent dipole
localization using ECoGs, or estimation of the electric potential over the 3D brain volume.

The performance of the present FEM-based ECoG-CDR method has been evaluated by
computer simulations. The localization accuracy has been investigated in detail based upon a
number of single dipole source configurations and the performance of the ECoG-CDR has also
been compared with that of the EEG-CDR using the scalp EEG measurements, when there is
no subdural ECoG grid being implanted. According to the locations of the dipole sources in
the computer simulations, the 7 dipole groups can be divided into 3 major categories, shown
in Fig. 1(c). The 1st category consists of the 1st, 2nd, 3rd and 4th dipole groups, which are well
covered by the implanted ECoG grids. The 1st dipole group is located exactly below the center
of the parietal ECoG grid and the locations of the 2nd, 3rd and 4th groups move toward the edge
of the grid with distances of 10 mm, 20 mm and 30 mm respectively from the 1st group. The
2nd category consists only of the 5th dipole group which is located under the edge of the parietal
ECoG grid. The 3rd category consists of the 6th and 7th dipole groups which lie outside of the
region covered by the parietal ECoG grid.

From the computer simulation results shown in Fig. 3, we can see that the present ECoG-CDR
method returns high resolution results for the 1st category of dipole sources with both radial
and tangential dipole moments. These are fully covered by the ECoG grid and the mean
localization error of the sources with source depth of less than 40 mm are less than 10 mm
except for one case (the dipole source in the 2nd dipole group with a depth of 40mm and a
tangential moment). The mean localization error is less than 5 mm for the sources when the
source depth is less than 30 mm in the first three dipole groups. In a total of 80 simulation cases
for the 1st category (4 dipole groups × 10 dipole sources × 2 dipole directions), the present
ECoG-CDR shows enhanced performance as compared with the EEG-CDR in a majority of
the cases (76 out of 80). The explanation for this finding is that the intracranial ECoG have a
direct access to epileptic brain activity with much less smoothing low pass filtering effects of
the skin/bone layers and higher SNR, which led to enhanced performance than the extracranial
scalp EEG based CDR results. This finding can also be explained that the intracranial ECoG
measurement is made in the vicinity of brain electrical sources without being affected by the
low-conductivity skull, which should lead to less ill-posedness in the inverse problem.
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For the dipole sources in the 5th dipole group, the mean localization error curves in Fig. 3
indicate that the results of the ECoG-CDR vary according to the dipole depth when compared
with the EEG-CDR results. The explanation for this phenomenon is that the silastic ECoG strip
is an extremely low conductive material which substantially influences the electrical lead field
in the finite element model (Zhang et al, 2006a) and accordingly introduces big variation in
the current density reconstruction when the dipoles are located under the edge of the silastic
ECoG pad. We used the weighted minimum-norm algorithm to balance the influence of the
model’s geometric inhomogeneity on the lead field and it works well for the dipole sources
fully covered by the ECoG strips as described above. However, the dipole sources located
below the edges of the ECoG grid are too complicated to be handled in this manner. The EEG-
CDR outperforms the ECoG-CDR for the dipole sources in the 3rd category which are outside
of the region covered by the implanted ECoG grids. The reason for this is that the major
activities on the cortical surface produced by the brain sources cannot be measured by the
implanted ECoG grids in this case. From the comparison between the ECoG-CDR and the
EEG-CDR with a single dipole source, we can see that the ECoG-CDR shows enhanced
performance than the EEG-CDR for the brain sources covered by the implanted ECoG grids,
but will not be suitable for imaging and localizing brain sources lying outside of the regions
covered by the ECoG grids. This finding suggests that the ECoG-CDR will work well for brain
sources well covered by the ECoG grids, but should not be used for potential sources out of
the regions covered by the ECoG grids. In a clinical case, the planning of ECoG grid
implantation in epilepsy patients is determined using clinical data: ictal features, scalp EEG
and structural MRI findings (Bénar et al, 2006) in order to make sure the ECoG grids cover
the major brain activities of interest. This means that most of the clinical cases fit within the
1st category in which the ECoG-CDR may play a role in imaging and localizing brain electrical
sources with enhanced spatial resolution and performance.

The performance of the ECoG-CDR has been further investigated by using multiple dipole
sources under a well controlled simulation protocol. There are two categories of dipole
configurations used in the computer simulations: the 1st category consists of dipole pairs in
which one is from the 1st dipole group and the other is from the 3rd group and the 2nd category
consists of dipole pairs in which one is from the 1st dipole group and the other is from the
4th group. From the dipole configuration shown in Fig. 1 (c), we can see that the dipole pairs
in the 1st category are more difficult to distinguish than the dipole pairs at the same depth in
the 2nd category because the inter-source distance in the 1st category is smaller than that in the
2nd category. The present ECoG-CDR results demonstrates the ability to distinguish separate
sources in the 1st category at a maximal source depth of 25 mm, but it is difficult for the EEG-
CDR to distinguish separate dipole sources with a depth of 10 mm. We applied the EEG-CDR
to the less challenging case, i.e. the 2nd category of dipole pairs, and it showed the ability to
distinguish the separate dipole sources at a depth of less than 15 mm (note that in this case, the
inter-source distance in the 2nd category of dipole pairs was almost 1.5 times larger than in the
dipole pairs from the 1st category). These computer simulation results show that the ECoG-
CDR provides enhanced performance in distinguishing and imaging two separate dipole
sources than the EEG-CDR method.

Note that, the present EEG-CDR computer simulation results represent a comparable error
range as compared with the previous 3D EEG-based current density reconstruction results
using the weighted minimum norm algorithm (Pascual-Marqui et al, 1994; Ding et al, 2005).
While the other studies were conducted from the scalp EEG the error range may represent the
intrinsic accuracy of the weighted minimum norm solution in localizing focal sources.

An epilepsy patient has been studied using the present ECoG-CDR method and several
interictal epileptiform spikes were analyzed. Fig. 8 and Fig. 9 show the 3D current density
estimation results from the ECoG-CDR in an epilepsy patient using the intra-cranial electrical
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recordings for a frontal and parietal spike respectively. We can see that the ECoG-CDR can
reconstruct the major features of the 3D current distribution produced by the brain activities.
We also notice that the highest resolution results were obtained from the ECoG recordings at
the peak point of the interictal spikes and the resolution decreased as the time instant moved
away from the peak point. The reason for this shall be that the SNR of the recordings decrease
as the measuring instant moves away from the peak point.

A major motivation for the development of ECoG based source reconstruction methods is due
to the improved SNR of ECoG vs. scalp EEG and the less effect of the low conductivity skull.
For the eleven interictal spikes studied in the present study, the average value of noise level
from ECoG recordings was 13.3% (SNR 7.5) and the average value of noise level for the other
eleven interictal spikes, which are from pre-operational EEG recordings and used as a
comparison with ECoG recordings, was 23.3% (SNR 4.3). This data indicate the enhanced
SNR of ECoG as compared with that of scalp EEG, and suggest the potential applications of
the present approach to provide enhanced source reconstruction in patients where ECoG data
are available.

Note that a previous study (Fuchs et al., 2007) reported an effort to estimate the underlying
brain sources from ECoG by employing a simplified single-layer BEM model of the brain. In
the study of Fuchs et al. (2007), non-insulating head tissues out of the brain were ignored to
simplify the problem. In the present study detailed conductivity profiles consisting of the brain,
CSF, skull, scalp and the ECoG base pads have been taken into consideration in modeling
electric field with the aid of FEM (Fig. 11). Fig. 12 shows 2 examples of comparison between
the cortical potential distributions due to a current dipole located in the simplified single-layer
brain model (a1, a2) and in the present realistic inhomogeneous FEM head model (c1, c2). Fig.
12(a1, c1) refers to the 5th tangential dipole in the first dipole group (Fig. 1); whereas Fig. 12
(a2, c2) refers to the 6th tangential dipole in the 3rd dipole group. Note differences in cortical
potential distributions are observed when using different head volume conductor models,
suggesting the effect of the volume conductor out of the brain tissue. In this comparison, the
FEM was used in both head models (Fig. 11) in order to avoid possible numerical discrepancies
introduced by different numerical techniques. The correlation coefficients (CC) between the
potential distributions of the full FEM head model and the simplified single-layer brain model
are lower than 94.8%, suggesting that ignoring the conductive medium surrounding the brain
may have influence on the potential distributions on the ECoG grids. While the detailed
comparison between the two head models on ECoG and ECoG based source imaging is beyond
the scope of the present paper, Fig. 12 suggests that more accurate representation of cortical
potentials can be obtained when considering the conductive medium out of the brain during
clinical ECoG recording with the aid of FEM.

Also note that the local refine mesh generation technique was used in building the FEM model
(Fig. 1) used in the present study. This technique generates the fine FEM mesh in the area
consisting of more complicated geometry, for example, the area around the ECoG pad and the
CSF layer, while generating the coarse FEM mesh in the area with relative simplified geometry,
for example the interior of the brain. The local refine mesh generation technique helps to
decrease computation load by maintaining the satisfactory calculation accuracy, which is
important in implementing the research tasks with high computational loads involved like the
presented ECoG-CDR using FEM. In order to address the question if the present FEM meshing
is sufficient for the ECoG-CDR computation, we constructed a high density FEM model based
on the same patient’s MR and CT data, and compared the results in two cases using both the
FEM head model and the high density FEM head model. Fig. 11 shows the two FEM models
for the brain and for the entire head with different finite elements. The potential distributions
on the ECoG grids due to dipole sources using those four models are calculated via the forward
solver and shown in Fig. 12. The high CC values (over 99.9%) between the simulated ECoG
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distributions of the regular and high-resolution full FEM head models, and the high CC values
(over 99.9%) between the simulated ECoG distributions of the regular and high-resolution
single-layer brain models indicate that the local refine meshing based FEM models can provide
satisfactory solutions for the present ECoG-CDR research.

Fuchs et al’s study (2007) used the extended and cortically constrained source model in their
current density reconstruction with the aid of a single simplified BEM brain-model. In the
present study, we employed a 3D source model covering the whole brain region, which
provided the source depth information in the current density reconstruction results, and
investigated the influence of the source depth on the present ECoG-CDR’s capability of
distinguishing and imaging multiple separate dipole sources by comparing with the EEG-CDR.

In summary, we have investigated 3-dimensional current density reconstruction to localize the
brain electrical activities from the intracranial ECoG recordings with accurate head volume
conductor modeling by means of the finite element method. Our ECoG-CDR method
incorporates the complex finite element head model and weighted minimum norm
regularization to avoid the boundary condition changes and the lead field distortions in the
head volume conductor. The merits of the ECoG-CDR includes the ability to use high SNR
subdural ECoG recordings to solve the brain inverse problem when such ECoG recordings are
available and the anticipated brain sources are in regions covered by the ECoG grids. The
present promising simulation and human results suggest that the ECoG-CDR may provide an
alternative means for source localization and imaging aiding presurgical and surgical planning
in epilepsy patients.
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Fig. 1.
The complicated finite element model, EEG electrodes configuration and dipole configurations
in the computer simulations. (a) The finite element model consisting of the brain (green), skull
(gray), CSF (blue), brain (yellow) and silastic subdural ECoG grid (red); (b) 128 scalp EEG
electrodes configuration; (c) 7 dipole groups used in the computer simulations.

Zhang et al. Page 15

Neuroimage. Author manuscript; available in PMC 2009 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Typical tomography of the strengths of the current sources estimated by the present ECoG-
CDR method using the unit radial dipole at the 3rd dipole location in the 1st dipole group, the
dipole source depth is 15mm.
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Fig. 3.
Comparison between the ECoG-CDR and the EEG-CDR in the case of a single dipole source.
The subfigures (a), (b), (c), (d), (e), (f) and (g) respectively show the comparison results from
the dipole group #1, #2, #3, #4, #5, #6 and #7 in the dipole configuration shown in Fig. 1(c),
and every subfigure include one upper panel figure and one lower panel figure in which the
united tangential and radial dipole moment are used in the comparison. In every subfigure, the
horizontal axis refers to the depth of dipole from the cortical surface. The vertical axis indicates
the localization error (mm) and the solid curves and the vertical dashed lines depict the change
of the mean localization error and the standard deviation, respectively, as the dipole source
depth changes from 5 mm to 50 mm below the cortical surface. The blue dashed and the
corresponding vertical lines depict the results obtained by using the present ECoG-CDR
method, and the red solid and the corresponding vertical lines depict the results obtained by
using the EEG-CDR method.
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Fig. 4.
Localization errors of the present ECoG-CDR and the traditional CDR methods at different
noise levels, by taking the 3rd dipole location in the 1st dipole group with radial and tangential
dipole moment. The physical unit of vertical axis is mm. “EEG-R” refers to the results obtained
by using the EEG based reconstruction method when dipoles are oriented in radial direction.
“EEG-T” refers to the results obtained by using the EEG based reconstruction method with
tangential dipole. “ECoG-R” and “ECoG-T” refer to the results obtained by using the ECoG
based reconstruction method with radial and tangential dipole, respectively.
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Fig. 5.
Influence of the ECoG electrodes number on the localization errors of the present ECoG-CDR
method, by taking the 1st dipole group. (a) Radial dipole, (b) Tangential dipole. The horizontal
axis refers to the dipole depth from the cortical surface and the vertical axis refers to the source
localization error.
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Fig. 6.
Comparison between the present ECoG-CDR and the EEG-CDR methods in the case of
multiple dipole sources. The 1st row (from (a1) to (a5)) show the tomography of the strengths
of the current sources estimated by using the present ECoG-CDR with the dipole source pairs
in which one dipole source comes from the 1st dipole group and the other one comes from the
3rd dipole group with the same source depth, the source depths are 10 mm, 15 mm, 20 mm, 25
mm and 30 mm and inter-source distances are 19.4 mm, 18.5 mm, 17.6 mm, 16.8 mm and 16.0
mm, respectively. The 2nd row (from (b1) to (b4)) show the tomography of the strengths of the
current sources estimated by using the EEGCDR with the dipole source pairs in which one
dipole source comes from the 1st dipole group and the other one comes from the 4th dipole
group with the same source depth, the source depths are 10 mm, 15 mm, 20 mm and 25 mm,
and the inter-source distances are 29.1mm, 27.8mm, 26.5mm and 25.2mm respectively. The
3rd row ((c1) and (c3)) show the tomography of the strengths of the current sources estimated
by using the EEG-CDR with the dipole source pairs in which one dipole source comes from
the 1st dipole group and the other one comes from the 3rd dipole group with the same source
depth, the source depths are 10 mm and 15 mm and inter-source distances are 19.4 mm and
18.5 mm, respectively. All the dipole sources used in this figure are in radial direction.
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Fig. 7.
The epileptogenic zones of the epilepsy patient as identified from ictal ECoG recordings. The
dots on the cortical surface show the ECoG grids segmented from CT images, and the red ones
show the epileptogenic zones. Two ictal onset zones were identified in this patient: one is
located at the left parietal lobe and the other one is located at the anterior frontal lobe.
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Fig. 8.
The tomography of the strengths of the current sources estimated by using the present ECoG-
CDR method at different time points during an interictal spike at the anterior frontal lobe of a
pediatric epilepsy patient, from 5 ms before and 5 ms after the peak of the spike. (a) The ECoG
recordings measured directly from the frontal and parietal grids. (b) The potential maps of the
ECoG recordings which were normalized to the maximal absolute value of the entire ECoG
recordings over the frontal and parietal grids. (c) The reconstructed current density distribution
obtained by using the present ECoG-CDR method in the 3-dimensional space with a threshold
set at 70% of the maximum current density value. (d) The axial, coronal and sagittal views
(from top to bottom row) of the strengths of the estimated current density, the green lines on
the sagittal slice at interictal spike peak instant indicate the location of the axial and coronal
views.
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Fig. 9.
The tomography of the strengths of the current sources estimated by using the present ECoG-
CDR method at different time points during an interictal spike at the left parietal lobe of a
pediatric epilepsy patient, from 5 ms before and 5 ms after the peak of the spike. (a) The ECoG
recordings measured directly from the frontal and parietal grids. (b) The potential maps of the
ECoG recordings which were normalized to the maximal absolute value of the entire ECoG
recordings over the frontal and parietal grids. (c) The reconstructed current density distribution
obtained by using the present ECoG-CDR method in the 3-dimensional space with a threshold
set at 70% of the maximum current density value. (d) The axial, coronal and sagittal views
(from top to bottom row) of the strengths of the estimated current density, the green lines on
the sagittal slice at interictal spike peak instant indicate the location of the axial and coronal
views.
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Fig. 10.
The tomography of the strengths of the current sources estimated by using the present ECoG-
CDR method at the peak time of other 9 interictal spikes of the pediatric epilepsy patient. Every
sub figure shows the axial view cut from the point with its maximum reconstructed current
density value and the threshold is set at 70% of its maximum current density value.

Zhang et al. Page 24

Neuroimage. Author manuscript; available in PMC 2009 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 11.
The single-layer brain model (a), high density single-layer brain model (b), full head FE model
(c) and high density full head FE model (d). The full head FE model consists of the scalp
(green), skull (gray), CSF (blue), brain (yellow) and silastic subdural ECoG grid (red) with
84,888 tetrahedron elements and 15,407 nodes in (c) and 620,248 tetrahedron elements and
107,719 Nodes in (d).
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Fig. 12.
Comparison of cortical potential distributions on the ECoG grids due to dipole sources when
using a single-layer brain model (a1, a2), high density single-layer brain model (b1, b2), full
head FE model (c1, c2) and high resolution FE model (d1, d2). (a1, b1, c1 and d1) refers to the
5th tangential dipole in the 1st dipole group; whereas (a2, b2, c2 and d2) refers to the 6th
tangential dipole in the 3rd dipole group. The correlation coefficient (CC) between (a1) and
(c1) is 94.78%, CC between (a2) and (c2) is 90.13%, CC between (a1) and (b1) is 99.90%, CC
between (a2) and (b2) is 99.99%, CC between (c1) and (d1) is 99.98%, and CC between (c2)
and (d2) is 99.91%.
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