
EEG Source Imaging: Correlate Source Locations and Extents
with ECoG and Surgical Resections in Epilepsy Patients

Lei Ding1, Christopher Wilke1, Bobby Xu1, Xiaoliang Xu1, Wim van Drongelene2, Michael
Kohrman2, and Bin He1,*
1University of Minnesota, Department of Biomedical Engineering
2University of Chicago, Department of Pediatrics

Abstract
It is desirable to estimate both location and extent information of epileptogenic zones from
noninvasive EEG. In the present study, we use a subspace source localization method, i.e. FINE,
combined with a local thresholding technique to achieve such tasks. We have evaluated the
performance of this method in interictal spikes from three pediatric patients with medically
intractable partial epilepsy. The present results suggest that the thresholded subspace correlation,
which is obtained from FINE scanning, is a favorable marker, which implies the extents of current
sources associated with epileptic activities. Our findings were validated through comparison to
invasive ECoG recordings during interictal spikes. The surgical resections in these three patients are
well correlated with the epileptogenic zones identified from both EEG sources and ECoG potential
distributions. The value of the proposed noninvasive technique for estimating epileptiform activity
was supported by satisfactory surgery outcomes.
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It is clinically important to locate epileptogenic zones for patients with intractable epilepsy.
The electrocorticogram (ECoG) recorded from subdural grid electrodes has become the ‘gold
standard’ for defining epileptogenic zones (Engel et al., 1981) in clinical practice, although it
is invasive and risky. The development of noninvasive techniques is much needed for the pre-
surgical planning in patients with intractable epilepsy. An important question is whether such
noninvasive techniques can provide as much information as the invasive ECoG.

The source imaging methods based on EEG or MEG have shown promise for noninvasive
localization of epileptogenic zones using both interictal (Ebersole, 1994; Zhang et al., 2003)
and ictal events (Lantz et al., 1999). Generally, EEG or MEG data from either interictal or ictal
events are treated as a set of surface potential or magnetic field measurements produced by the
equivalent sources associated with epileptic neural activations. The most basic brain electrical
source model is the equivalent current dipole (ECD) (Scherg and von Cramon, 1985; He et al.,
1987; Cuffin, 1995) which assumes that EEG or MEG signals are generated by one or a few
focal currents. Each of the focal sources can be modeled by an ECD with parameters
characterizing location, orientation, and moment (or strength). Many of them have been
directly applied to the study of epileptic activities (Assaf & Ebersole, 1997; Ebersole, 1997;
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Lantz et al., 1999; Assaf et al., 2003). However, in the ECD model, there is no parameter as a
possible indicator of source extent, which is important for determining the area of tissue
exhibiting epileptic behavior. Such extent information can possibly be characterized by source
imaging methods based on the distributed source models (Hämäläinen and Ilmoniemi, 1984;
Dale and Sereno, 1993; Pascual-Marqui et al., 1994; He et al., 2002a; Babiloni et al., 2005;
Liu et al., 2006), which reconstructs current sources by finding the most probable current
distribution that adequately explains the measured data (He & Lian, 2005). The source space
usually covers the entire human brain and is represented by continuously distributed voxels,
each of which stands for a local current source. The number of voxels (more than a couple of
thousand) is normally significantly larger than the number of measurements (around 100),
which makes the problem underdetermined (Dale and Sereno, 1993; He, 1999) and requires
the use of prior constraints to regularize the inverse solution. Such constraints result in low
resolution solutions. In order to estimate source extents, the solution found on the continuously
distributed voxels can be thresholded (Darvas et al., 2004). The thresholding techniques have
been developed and evaluated in computer simulations to decide optimal regularization
parameter (Darvas et al., 2004) and to investigate different source localization methods with
the distributed source models (Grova et al., 2006).

The objective of the present study is to investigate a high-resolution subspace source
localization approach (first principle vectors, FINE) (Xu et al., 2004; Ding & He, 2006) in
imaging the locations and estimating the extents of current sources from the scalp EEG of
interictal events. The subspace source localization method was first introduced by Mosher et
al. (1992) in MEG, and was known as multiple signal classification (MUSIC). The FINE
method has demonstrated enhanced performance as compared with MUSIC and RAP-MUSIC
for multiple closely located sources and sources of considerable coherence (Xu et al., 2004;
Ding & He, 2006). The subspace source localization method is based on the dipole source
model. However, it does not perform source localization by estimating the parameters used to
characterize dipole sources. Rather, it scans the entire possible source space to obtain a metric
for each scanned point, i.e. subspace correlation (SC), which indicates the variance of the
dipolar pattern generated by the scanned point as explained by the scalp EEG measurements.
The results from FINE is a tomography of SC values, which can be thresholded to estimate the
extents of sources, such as, as suggested by a computer simulation study using a global
thresholding technique (Darvas et al., 2004). Considering that the detection sensitivities of
FINE for different neural sources are different due to their different configurations in location,
orientation, and extent, we propose here a local thresholding technique to threshold the solution
from FINE scanning in the present study. The performance of this proposed method was
evaluated in three pediatric patients with medically intractable partial epilepsy. The
noninvasive imaging results were evaluated by invasive subdural ECoG recordings and
surgical outcomes in the same patients.

MATERIALS AND METHODS
Patients

Three pediatric patients with intractable epilepsy were studied using a protocol approved by
the Institutional Review Boards of the University of Minnesota and the University of Chicago.
The clinical studies took place at the Pediatric Epilepsy Center at The University of Chicago
Children's Hospital. All patients had evaluations with structural MRI, long-term video EEG
monitoring with scalp electrodes and subsequently with subdural electrodes. Following
surgical resection, all patients are either seizure free or have had significant reduction of seizure
occurrence.
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Data acquisitions
EEG and ECoG—The scalp EEG data were obtained from 24 scalp electrodes, placed
according to the 10-10 system (American Electroencephalographic Society, 1994) with a
sampling rate of 400 Hz and band-pass filtering at 1-100 Hz (BMSI 6000, Nicolet Biomedical
Inc., Wisconsin). The ECoG data from the same patients were recorded during postoperative
monitoring from implanted subdural electrode arrays (e.g. 8 × 8, 8 × 4) or smaller strips (e.g.
8 × 1) (Radionics Medical Products Inc., Burlington, Massachusetts) placed directly on the
cortex. The ECoG signals were digitized at 400 Hz and filtered with a 1-100 Hz band-pass
filter.

MRI and CT—Each of the three patients received an MRI scan of the head before the surgical
evaluation and two of them also had MRI scans after surgical resection. The T1-weighted MR
images were obtained with a 1.5 Tesla scanner and were composed of 124 continuous coronal
slices with 1.5 mm slice thickness. Each slice contained 256×256 pixels and the field of view
(FOV) was 220×220 (mm). The CT images were obtained from the subjects and were
composed of 116 continuous axial slices with slice thickness of 1.25 mm. Each slice contained
512×512 pixels and the FOV was 250×250 (mm).

EEG source estimation
Realistic head modeling and electrode co-registration—The boundary element (BE)
model, which consisted of the scalp, skull, and brain surfaces, was constructed for each of the
three patients by CURRY 4.5 (NeuroScan Lab, TX) using the preoperative MRI data. The
conductivities of the scalp and brain were set to 0.33 S·m−1 and the conductivity of the skull
was set to 0.0165 S·m−1 (Oostendorp et al., 2000; Lai et al., 2005).

The scalp electrode positions were measured with a 3D digitizer (Polhemus, Colchesterm, VT).
The positions of the implanted subdural electrode arrays were decided from the CT images
using segmentation tools from CURRY 4.5 (Zhang et al., 2006). The co-registration between
the different imaging modalities, i.e. MR and CT, and between structure images with electrical
recording sensors, i.e. scalp electrodes, was achieved by fiducial points (nasion, left, and right
preauricular points) and a surface fitting algorithm (CURRY 4.5).

IIS selection—The EEG and ECoG records were reviewed for the occurrence of interictal
spikes (IIS) by experienced epileptologists. Fig. 1, Fig. 3(a), and Fig. 4 (a) show the 24-channel
scalp waveforms of IISs from patient #1, patient #2, and patient #3, respectively. The EEG
was reformatted to an average reference montage for illustration and analysis. The peaks of
the interictal were marked with red points on the channels with maximal signal strength. The
time segment for each interictal data for subsequent spatio-temporal source imaging analysis
of FINE was examined using a time-frequency representation (TFR) (Qin et al., 2004). The
frequency bin with the maximal signal energy was identified from each TFR, which represented
the average intensity over all electrodes. The temporal window was defined by the full width
at half maximum (FWHM) principle at the identified frequency bin (Ding et al., 2006).

FINE—The FINE algorithm (Xu et al., 2004) is developed under the framework of the
subspace source localization approach (Mosher et al., 1992) and solves the spatiotemporal
source localization problem using a scanning procedure. The FINE method scans the entire
possible source space and calculates the subspace correlation of two subspaces (Ding & He,
2006).

1
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 corresponds the subspace spanned by a particular scanned dipole source and FΘ is the
FINE vector set, which is a subset of the noise-only subspace. Sources can be found as those
for which the scanning metric  is sufficiently close to zero (Xu et al., 2004; Ding &
He, 2006; Ding et al., 2006). The procedure to find the noise-only subspace is based on the
singular value decomposition (SVD) analysis of scalp EEG measurements (Ding et al.,
2006). For each scanned point, the SC metric is optimized by selecting a unique subset from
the noise-only subspace for each point to perform its calculation (Xu et al., 2004).

Local thresholding strategy—It is known that the scalp EEG has different sensitivities
due to different source configurations, such as source location, orientation, extent, depth and
strength. When sources with different configurations exist at the same time, the EEG signals
should have different power contributions from different sources, which lead to different
signal-tonoise ratios (SNR) during the real experimental recordings. In the FINE method, this
fact indicates that the signals with lower powers in EEG, more contaminated by noise, have
higher SC values against the FINE vector set. We thus set a conservative SC value threshold
as 0.05. Any SC value below this threshold can be regarded as a possible source. Since a real
source can make its neighboring points have low SC values, another criterion for a source is
that the SC value of the point is a local minimum in the 3- dimensional tomography of SC,
which actually indicates the gravity of a source.

To estimate the extent of a source, a local thresholding strategy is applied here.

2

where SCmin is the SC values for the sources of local minimum identified in the above described
procedure. The local threshold for each source is calculated by increasing SC value with
SCmin as a baseline by a certain ratio, R, which is same for all sources. However, because
SCmin is different for different sources, the threshold values are different for different sources.
This principle is applied to the neighboring points of each source to determine its extent.

RESULTS
Patient #1—Fig. 1 shows the preoperative scalp EEGs recorded from 24 electrodes of two
typical IISs from patient #1. While the first IIS (Fig. 1 (a), left) shows strong activities in right
frontal and right parietal lobes as well as activity in right lateral temporal lobe, the second IIS
(Fig. 1 (b), left) has activity with more focal energy in the right lateral temporal lobe. One of
the sources estimated by FINE for the first IIS is located in the right posterior temporal lobe
and other two are located in the right frontal lobe (Fig. 1 (a), right). In the second IIS, two
closely neighbored sources are found in the right anterior temporal lobe (Fig. 1 (b), right). As
these plots only indicate the locations of the sources, Fig. 2 (a-b) (top) show the extents of these
sources obtained using the local thresholding technique described in equation (2). The ECoG
was recorded from five subdural electrode pads (Fig. 2 (a-b), left and right): one with 8 × 8
electrodes (only 40 were used for recording) covering the posterior inferior frontal lobe and
the temporal lobe; one with 8 × 2 electrodes covering the inferior frontal lobe; one with 8 × 1
electrodes covering the gap between the inferior frontal lobe and the temporal lobe; one with
8 × 1 electrodes curving around the temporal tip; and one with 8 × 1 electrodes curving
underneath the inferior temporal lobe heading medially. Fig. 2 (a-b) (left) also show subdural
potential distributions (50% of maximum) at the peaks of two typical postoperative ECoG IISs,
which are exactly corresponding to the EEG sources from FINE of two preoperative EEG IISs.
By plotting them together (Fig. 2 (a-b), right), we can see they are consistent in location.
Furthermore, the relative extent ratios between multiple activated areas (three for the first IIS
and two for the second IIS) in the EEG sources are quite similar to the ratios from the ECoG
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potentials. Note that the two sources from the second IIS are quite close, but their source extents
show different orientations. This difference is also reflected in the ECoG potentials which show
two intersected negative patterns with a certain angle. These results are also consistent with
presurgical evaluations for this patient, who is diagnosed with epileptogenic zones in three
areas: right frontal lobe (F), right anterior temporal lobe (AT), and right posterior temporal
lobe (PT). The postoperative MRI (Fig. 2 (c), right) shows the locations for the resections of
these areas (marked by red arrows). The cortex model (Fig. 2 (c), left) of the patient
reconstructed from postoperative MRI shows the loss of cortical brain tissue in these three
areas (also marked by red arrows). After resection, the seizures in this patient were significantly
reduced.

Patient #2—The preoperative scalp EEG of a typical IIS from patient #2 shows strong activity
in the right frontal lobe which extends to the right temporal and right parietal lobes (Fig. 3 (a),
left). The EEG sources estimated by FINE are located in the right frontal parietal lobe (Fig. 3
(a), right) with two very close together and the other one more posterior. Fig. 3 (b) (top) shows
the extents of these sources after local thresholding. Two anterior sources are fused together
with a relative larger extent than the posterior source. The ECoG was recorded from six
subdural electrode pads (Fig. 3 (b), left and right): one with 8 × 8 electrodes (only 32 have
recording) covering the entire parietal lobe and the superior temporal lobe, one with 8 × 4
electrodes covering the inferior frontal lobe, one with 6 × 1 electrodes curving around the
temporal tip, one with 8 × 1 electrodes curving underneath the inferior temporal lobe heading
medially, and the last two with 8 × 1 electrodes each covering the temporal lobe laterally. Fig.
3 (b) (left) shows subdural potential distributions (60% of maximum) at the peak of the
postoperative ECoG IIS, which are very consistent, in both location and extent (Fig. 3 (b),
right), to the EEG sources found in the preoperative EEG IIS. The EEG source with larger
extent also has the larger subdural potential extent in the ECoG recording while the smaller
EEG source corresponds to the smaller subdural potential field. Note that the two neighbored
negative peaks in ECoG for the anterior source may reflect the fact that the current source
distribution in this source is due to two peaks which are fused together during local
thresholding. These results are also consistent with presurgical evaluations for this patient,who
is diagnosed with epileptogenic zones in the right frontal parietal lobe. After resection, the
seizures in this patient were successfully eliminated.

Patient #3—The preoperative scalp EEG of a typical IIS from patient #3 shows strong activity
in the right lateral parietal lobe (Fig. 4 (a), left) and the EEG source responsible for such
observations is estimated to be located in the right medial temporal lobe (Fig. 4 (a), right). Fig.
4 (b) (top) shows the extent of the source after local thresholding. The ECoG was recorded
from four subdural electrode pads (Fig. 4 (b), left and right): one with 8 × 8 electrodes covering
the parietal lobe and the temporal lobe, one with 8 × 1 electrodes covering the temporal tip,
one with 8 × 1 electrodes over the lateral temporal lobe, and the last one with 8 × 1 electrodes
curving underneath the inferior temporal lobe heading medially. Fig. 4 (b) (left) shows the
subdural potential distributions (50% of maximum) at the peak of the postoperative ECoG IIS.
It is at the same location as the EEG source (Fig. 3 (b), right) found in the preoperative EEG
IIS. The patient underwent right side medial temporal lobe resection as shown in the
postoperative MRI and cortex model (Fig. 4 (c)), which resulted in the patient becoming seizure
free.

DISCUSSION
The present study presents a method to estimate the locations and extents of epileptogenic
zones from noninvasive scalp EEG in epilepsy patients with a subspace source localization
method. The subspace source localization method is developed based on a dipole source model.
Its unique scanning procedure allows us to estimate the extents of sources by the thresholding
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techniques, which were only available for the source imaging solutions based on the distributed
source model. The present results suggest that the thresholded subspace correlation is a good
indicator of the extents of sources, which is revealed by the fact that the relative extents of
multiple sources from a single EEG IIS are well correlated to the relative extents of multiple
sources indicated by subdural ECoG potential distributions (in both patient #1 and #2). Further
investigations are desirable to establish an evaluation concept on how to find a way to decide
upon a thresholding value which is optimal and robust under different conditions. Potential
solutions recently suggested by other researchers could possibly be achieved by receiver
operating characteristic (ROC) curve (Darvas et al., 2004; Grova et al., 2006) or confidence
volume (Fischer et al., 2005).

The thresholding performed in the present study used local threshold values for multiple
sources occurring in a single IIS, which is different from the global thresholding techniques
(Darvas et al., 2004; Grova et al., 2006). Each local threshold value of subspace correlation is
decided by regarding the subspace correlation of the peak point as the baseline. This baseline
reflects the sensitivity of the EEG and FINE solution to a specific source in multiple source
localization problems. The different detection sensitivities in either EEG or FINE are due to
the different current source configurations.

The estimation of current sources from preoperative EEG IISs are validated by the observations
from postoperative ECoG IISs in the present study. The present results suggest that we are able
to retrieve both location and extent information regarding current sources noninvasively.
Although the IISs studied in EEG and ECoG are from different recording sessions, the
consistency between the imaging results and postoperative ECoG recordings indicates the
feasibility of correlating IIS sources in the same patients. More accurate validation study can
be performed in a single IIS event with simultaneously recorded EEG and ECoG signals which
is possible if the inhomogeneity introduced by the presence of low conductive ECoG pads can
be successfully handled (Zhang et al., 2005). Our EEG findings are further evaluated by the
surgical outcomes from three epilepsy patients. The resection areas are well correlated to the
EEG source locations. Following surgical resection, two patients have become seizure free and
one patient has had significant reduction of seizures.

The advantage of FINE is its ability in localizing multiple current sources. In the IISs we studied
in the present work, FINE successfully identified multiple current sources in patient #1 (three
sources for the first IIS and two sources for the second IIS) and patient #2 (three current
sources). They are either separated by a couple of centimeters or are close (two sources for the
second IIS in Patient #1 and two anterior sources among three in Patient #2). The ability of the
FINE method to distinguish closely-located sources has been discussed and demonstrated in
computer simulations and experimental studies (Ding and He, 2006). FINE is also an efficient
spatio-temporal source localization method, which uses spatial and temporal data
simultaneously by singular value decomposition. It detects the main activity patterns among
the defined time windows and makes an entire fit over the whole temporal samples instead of
individually at each time point. It is worthy to point out that FINE is able to image current
sources over the 3- dimensional brain volume. It can estimate the depth information of current
sources which may not be able to be obtained in ECoG, like in some adult epilepsy patients
with deep epileptogenic zones.

In summary, we have developed a subspace source localization method to estimate locations
and extents of epileptogenic zones and have tested its feasibility using interictal spikes from
three pediatric patients with medically intractable partial epilepsy. The present results suggest
that the thresholded subspace correlation, obtained from FINE scanning and thresholded by a
local thresholding technique, may be a favorable indicator about the extents of current sources
related to epileptogenic zones. Future investigations may optimize such an indicator under
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various conditions, which would provide an important noninvasive means of estimating the
locations and extents of epileptogenic zones from the scalp EEG measurements.
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Figure 1.
Two IISs for Patients #1. (a) 24-channel waveforms of preoperative scalp EEG of the first IIS
(Left); and EEG sources estimated by FINE (Right). (b) 24-channel waveforms of preoperative
scalp EEG of the second IIS (Left); and EEG sources estimated by FINE (Right).
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Figure 2.
Top: EEG sources from FINE shown by the scanned points with subspace correlation higher
than local threshold values. Left: Potential distributions of postoperative ECoG recordings at
the peak of an IIS. Magenta dots indicate the ECoG electrodes with recordings. Right: Co-
registered plots of EEG sources (Top) and ECoG potentials (Left). (a) The first IIS for Patient
#1. (b) The second IIS for Patient #1. (c) MRI after surgery resection of three areas (F: frontal;
AT: anterior temporal; PT: posterior temporal).
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Figure 3.
(a) 24-channel waveforms of preoperative scalp EEG of an IIS for Patient #2 (Left); and EEG
sources (Right). (b) Same as Fig. 2 (a) or (b).
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Figure 4.
(a) 24-channel waveforms of preoperative scalp EEG of an IIS for Patient #3 (Left); and EEG
sources (Right). (b) Same as Fig. 2 (a) or (b). (c) MRI after surgery resection of medial temporal
lobe.
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