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Abstract
Objective—The aim of this study is to investigate the use of interictal spikes to localize
epileptogenic brain from noninvasive scalp EEG recordings in patients with medically intractable
epilepsy.

Methods—Source reconstructions were performed using a high density electrode montage and a
low density electrode montage by means of a distributed source modeling method. The source of
interictal spike activity was localized using both realistic geometry boundary element method
(BEM) head models and the 3-shell spherical head model.

Results—In the analysis of 7 patients, the high density electrode montage was found to provide
results more consistent with the suspected region of epileptogenic brain identified for surgical
resection using intracranial EEG recordings and structural MRI lesions, as compared to the spatial
low density electrode montage used in routine clinical practice. Furthermore, the realistic
geometry BEM head model provided better source localization.

Conclusions—Our results indicate the merits of using high density scalp EEG recordings and
realistic geometry head modeling for source localization of interictal spikes in patients with partial
epilepsy.

Significance—The present results suggest further improvement of source localization accuracy
of epileptogenic brain from interictal EEG recorded using high density scalp electrode montage
and realistic geometry head models.
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1. Introduction
In the surgical therapy of intractable epilepsy patients, it is essential to accurately localize
the epileptogenic brain generating seizures. The electrocorticogram (ECoG) recorded from
subdural grid electrodes has been the gold standard for defining epileptogenic regions
(Engel et al., 1981). However, the invasiveness, risk of morbidity, and high cost of this
technique have stimulated the search for less invasive methods to localize the epileptogenic
brain in patients with medically resistent epilepsy (Huppertz et al., 2001b). As a result, many
noninvasive functional imaging methods such as functional MRI (fMRI), single photon
emission computed tomography (SPECT), and positron emission tomography (PET) have
been used in the presurgical assessment of epilepsy patients. Compared with these
techniques, electroencephalography (EEG) remains crucial in the identification of
epileptogenic regions in refractory partial epilepsy (Diekmann et al., 1998; Ding et al., 2007;
Fischer et al., 2005; Worrell et al., 2000) as EEG-recorded interictal and ictal epileptiform
activities are the electrophysiological signatures of epilepsy. During long-term video EEG
epilepsy monitoring, interictal epileptiform spike activity is usually observed in patients
with medically resistant epilepsy. Therefore, localizing the EEG generators of interictal
spikes has been widely explored in an attempt to aid presurgical planning during the past
several decades (Ding et al., 2006; Ebersole, 2000; Ebersole and Hawes-Ebersole, 2007; He
et al., 1987; Krings et al., 1998; Lai et al., 2010; Leijten and Huiskamp, 2008; Plummer et
al., 2008; Zhang et al., 2003).

In the majority of previous interictal spike studies, the routine montage of only 19–31
electrodes was used in the presurgical evaluation and was able to localize epileptogenic
sources at a sublobar level (Herrendorf et al., 2000; Michel et al., 1999). Recently, a number
of studies have employed high density EEG recording (more than 64 electrodes) in epilepsy
patients (Brodbeck et al., 2009; Holmes 2008). However, there were few investigations that
addressed the difference between using a high density montage and a low density montage
for EEG source localization. Lantz et al. employed the EPIFOCUS method and SMAC
model to compare the accuracy of epileptic source localization with 123, 63, and 31
electrode setups (Lantz et al., 2003a), and showed the benefit of using higher spatial
sampling rate (e.g. using dense-array EEG). They did not directly evaluate the relative
benefit of increasing electrode numbers while using different head models, and spike timing.
In addition, because the realistic geometry head model has inherent superiority to the
conventional spherical head model (Herrendorf et al., 2000; Roth et al., 1997), it is essential
to study the importance of high density montage on EEG source localization using the
realistic geometry head model.

In modeling the human head, the spherical head model and the boundary element method
(BEM) head model have been widely applied in solving the EEG inverse problem in
epilepsy patients (Ding et al., 2006; He et al., 1987; Huppertz et al., 2001b). Many
investigators have suggested that the realistic geometry BEM head model improved
localization accuracy as compared to the 3-shell spherical head model when using the dipole
source models in patients with epilepsy (Herrendorf et al., 2000; Roth et al., 1997). Recent
emphasis has been placed on developing distributed source models because they better
reflect the electrophysiological reality of the EEG generators compared to dipolar sources
(Plummer et al., 2008; Zumsteg et al., 2005). However, to our knowledge, no study has
attempted to address the influence of different head models on epilepsy source localization
using a distributed source model and high density EEG recording.

There is ongoing controversy as to which part of the interictal spike should be modeled in
clinical epilepsy studies. Previous studies have shown that calculated spike sources were
most reliable around the time points corresponding to the spike peaks (Mirkovic et al., 2003;
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Plummer et al., 2008). However, in some cases, the rising phase of the interictal spike was
considered to be most suitable for source localization (Huppertz et al., 2001a; Lantz et al.,
2003b). Therefore, the selection of different time points in the source localization and their
localization accuracy requires further investigation.

In the present study, we examined the ability of source imaging of interictal spikes from
high density EEG recording to localize epileptogenic brain in a cohort of patients with
medically intractable epilepsy. Here we identified the epileptogenic zone by using
LORETA, a well adopted source localization algorithm for distributed source modeling
(Pascual-Marqui et al., 1994), applied to interictal epileptiform spikes. Furthermore, we
investigated the influence of electrode montage, head model, and time points of interictal
spike respectively on EEG source localization in epilepsy patients. We directly compared
the spatial distribution of the LORETA-calculated spike generators with the surgically
resected region of brain in all patients. The goal of epilepsy surgery is to resect the
epileptogenic zone, i.e. the brain region identified as the generator of the seizures. In the
patients studied here the region of brain identified for surgery was selected based on chronic
intracranial EEG (iEEG), MRI, and the clinical semiology of the seizures. As such, the
present study was aimed at evaluating the clinical usefulness of source imaging from
interictal spikes.

2. Methods
2.1. Patients and data acquisition

Seven patients with medically intractable partial epilepsy were studied using a protocol
approved by the Institutional Review Boards of the University of Minnesota and Mayo
Clinic. The patients reported are consecutive patients selected according to the following
inclusion criteria: (1) interictal spikes recorded in high-density EEG, (2) the patients
underwent resective surgery after high-density EEG monitoring, and (3) the patients
underwent post-operative MRIs or there are MRI visible putative epileptogenic lesions in
the pre-operative MRIs. All patients were admitted to the epilepsy monitoring unit at the
Mayo Clinic (Rochester, MN, USA) and underwent presurgical evaluations that included a
seizure protocol structural MRI, and both video scalp EEG and intracranial epilepsy
monitoring. The location of the epileptogenic foci in each patient was identified by
experienced epileptologists using high resolution anatomical MRI, ictal intracranial EEG if
available, and SPECT when available. Each patient had a resection of the epileptogenic
zone, and follow up at 6 months or longer after the surgical resection. Following surgical
resection, six patients were seizure free and another patient experienced reduction in seizure
frequency.

The scalp EEG data were recorded from 76 scalp electrodes, placed according to the
modified 10–20 system, and referenced to Cz. Differential amplifiers with band-pass filters
between 1Hz and 70Hz were used to minimize the effects of high frequency noise and low
frequency artifacts. The sampling rate of the signals was 500Hz. The anatomical MR images
(matrix size: 256×256, voxel size: 0.9375×0.9375×1.0 mm3) were acquired on a 1.5T/3T
GE Signa machine. The scalp electrode locations and the locations of three fiducial points
on the head (nasion, left and right preauricular points) were digitized using a hand-held
magnetic digitizer (Polhemus Inc., Colchester, VT).

2.2. Data analysis
The preoperative scalp EEG recordings were reviewed by experienced epileptologists to
identify interictal spikes with similar scalp potential maps at the interictal peaks, which were
segmented into artifact-free EEG epochs of 3s duration. Experienced epileptologists
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performed this task via the visual inspection of the recorded data (Chatrian et al., 1974). For
each patient, 8–18 interictal spikes were selected from the scalp EEG recording. The EEG
data were transformed to a common average reference montage and the highest negative
peak in the EEG identified. Baseline-correction was based on the scalp EEG data from 1000
to 200 ms before the negative peak of interictal discharge.

A diagram outlining the data analysis protocol is shown in Fig. 1. For the EEG data of each
patient, the high density (76-electrode) montage was down-sampled to the low density (31-
electrode) montage based on the clinical electrode configuration. This allowed us to
subsequently analyze the interictal epileptiform spikes with high density and low density
montages. For each individual spike, source distribution at the time point corresponding to
the negative peak of the interictal discharge was estimated using LORETA (Ding et al.,
2005; Pascual-Marqui et al., 1994; Worrell et al., 2000). The LORETA algorithm was
implemented by a commercially available software package (CURRY6, Compumedics,
Charlotte, NC). Solution space was defined as 3D grid inside the brain. For head modeling,
the realistic geometry BEM (He et al., 1987) head model, which contains three
compartments (scalp, skull, and brain), was employed (Hämäläinen and Sarvas, 1989). The
surfaces (skin layer, outer skull layer, and inner skull layer) separating the three
compartments were segmented from MR images using CURRY6 software (Compumedics,
Charlotte, NC) for each subject. Subject-specific BEM models were then constructed from
corresponding segmentation results. The conductivities of the different tissues were assumed
to be 0.33 S/m for the skin, 0.0165 S/m for the skull, and 0.33 S/m for the brain (Lai et al.,
2005; Zhang et al., 2006). The coregistration of EEG data and MR images, i.e. the
transformation of electrode positions and MR images into the same coordinate system, was
achieved by matching the digitized positions of three fiducial points (nasion, left, and right
preauricular points) with the locations of these points from the MR images.

In order to study the influence of different head models on high density EEG source
localization, we used the 3-shell spherical head model in the present study. The spherical
model consists of 3 concentric spheres modeling the scalp, the skull, and the brain, with
conductivities of 0.33 S/m, 0.0165 S/m, and 0.33 S/m, respectively. The sphere center and
the radius of the outermost sphere were determined by best fitting the upper hemisphere of
the outermost spherical surface onto the digitized scalp electrode locations. The relative radii
of the skull and brain were 92% and 87%, respectively (Rush and Driscoll, 1969). Source
reconstruction was then performed using the 3-shell spherical model and a 76-electrode
montage at the negative peak time points of the interictal spikes. Subsequently, the results
were compared with those we derived using the BEM model.

In epilepsy patients, the accuracy of source localization is variable across different time
points of an interictal spike; however the relationship is not yet fully understood. To
investigate the dynamics, we selected the spike onset and the time point of 50% from the
onset-to-peak interval from each individual spike for analysis. The results were compared
with those of the spike peaks. Spike onset was defined as the first significant deflection from
baseline using a butterfly plot (Plummer et al., 2007). The source of interictal spike activity
was subsequently localized at the spike onsets and the 50% rising time points using BEM
model and high density montage.

2.3. Evaluation of EEG source localization
In this study we use the region of brain selected for surgical resection as the putative
epileptogenic brain region. The brain region selected for epilepsy surgery is determined by
evidence of potentially epileptogenic structural MRI lesion and intracranial EEG recording
of epileptic spikes and seizures. In five patients, the resection areas were determined by co-
registering the postoperative MR images with the preoperative anatomical MR images using
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CURRY6 software (Compumedics, Charlotte, NC). For two patients (Patients 3 and 5) with
preoperative MR images showing clear structural lesions, postoperative MR images were
not available. In these two patient co-registration images of the MRI lesion and operative
field was used to ensure complete resection of the MRI lesion at the time of surgery (So,
2000). The cortex around lesions is considered most likely to be the epileptogenic region
(Krings et al., 1998) and MRI lesions in our subjects were consistent with the brain areas
that had been subsequently removed according to the surgical report. In this case, the
resection areas were obtained by delineating the structural MRI lesions. The clinical
approach for epilepsy surgery is to remove the intracranial EEG determined seizure-onset
zone (SOZ) and/or the entire MRI lesion (Cascino et al., 1993).

We took into account two assessment criteria to quantitatively evaluate the source
localization of epileptogenic brain selected for surgery from interictal spikes. One criterion
was localization error, which was determined as the shortest distance from the source
location with LORETA maximum source strength to the resection areas or the MRI visible
lesions. If the location with the maximum value of LORETA fell within the resection areas
or the lesions, the localization error was assigned the value zero.

We used another criterion based on a receiver operating characteristic (ROC) curve to assess
the overlap between the current density distribution and the resection area or lesion (Ding,
2009; Grova et al., 2006). The current density distribution obtained from the LORETA
algorithm could be used to separate the estimated active region from the estimated inactive
region. The resection area and the remaining whole brain could be regarded as the
referenced active region and inactive region, respectively. Sensitivity and specificity were
then calculated by comparing the estimated region with the referenced region. ROC curves
were generated by plotting sensitivity against 1 – specificity for different thresholds. The
area under the ROC curve (AUC) can be used to evaluate the concordance between the
current density distribution and the resected region. The larger the AUC value the more
consistent the overlap between the estimated source distribution and the epileptogenic brain
selected for surgery. To obtain a less biased estimation of the AUC, one should theoretically
provide the same number of referenced active and inactive sources to estimate ROC
parameters. We used a method reported in Grova et al., 2006 to solve this problem. The
AUC was measured by randomly choosing a subset of referenced inactive sources with the
same number as referenced active sources. This random selection was repeated 50 times and
the AUC index used in the present study is the mean AUC over these 50 trials.

In order to compare source localization differences resulting from electrode montage, head
model, and time point of interictal spikes, one-way analysis of variance (ANOVA) (Wang et
al., 2006a; Wang et al., 2006b) was used. The ANOVA procedure can help determine
whether observed differences in source localization accuracy are attributed to the advantages
of each method. It is well known that the EEG signals are subject-dependent, thus the
ANOVA is performed according to the response of each subject. In this paper significance
level was set at p < 0.05.

3. Results
The clinical information of the 7 patients is summarized in Table 1. The locations of
LORETA maximum source strength from all interictal spikes in Patient 1 are shown in Fig.
2. Different color dots denote the source locations with LORETA maximum source strength
from different interictal spikes. The yellow curves refer to the boundaries of surgically
resected brain area. From the source localization results using the BEM head model and 76-
electrode montage (Fig. 2A), it can be observed that most of color dots are located inside the
resected regions and the other dots although localized outside of the resected region are also
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very close to the boundaries. Comparing source imaging results showed in Fig. 2, using the
BEM head model and 76-electrode montage (Fig. 2A) performed better source detection
than using the 31-electrode montage (Fig. 2B) or using the spherical head model (Fig. 2C).
Source localization results in the remaining six patients are illustrated in Fig. 3. For each
patient, the results showed the same trend as Fig. 2.

3.1. Comparison of high density montage with low density montage
Fig. 4 shows the numerical differences between the source localization accuracy of the high
density montage and the low density montage in all seven patients. The mean and standard
deviation values of localization errors and AUC indexes for all interictal spikes of each
individual patient are represented in Fig. 4A and B respectively, where the realistic
geometry BEM head model was used for each patient. For all seven patients, the mean
localization errors ranged between 3.69 and 7.76 mm with the 76-electrode montage and
between 8.56 and 15.72 mm with the 31-electrode montage. The mean AUC indexes ranged
between 0.9344 and 0.9828 with the 76-electrode montage and between 0.7899 and 0.9546
with the 31-electrode montage.

When we compared the source localization performance of the high density montage with
the low density montage, a one-way ANOVA was used. The high density montage resulted
in significantly less localization errors than the low density montage in all patients.
Additionally, the AUC indexes of the high density montage were significantly larger than
those with the low density montage in all patients.

3.2. Comparison between BEM head model and spherical head model
The localization differences between the BEM head model and the 3-shell spherical head
model are illustrated in Fig. 5, when 76-electrode montage was used. For the BEM head
model, the mean localization errors were between 3.69 and 7.76 mm, and the mean AUC
indexes were between 0.9344 and 0.9828. In case of the spherical head model, the mean
localization errors were between 7.59 and 18.59 mm, and the mean AUC indexes using
spherical model were between 0.84 and 0.91. In terms of source localization accuracy, the
superiority of the realistic geometry head model was statistically significant when compared
with the spherical head model in all patients expect two (Patient 3 for localization error,
Patient 4 for AUC index).

3.3. Comparison among the spike onset, the 50% rising time point, and the spike peak
The 76 electrode montage and the realistic geometry BEM head model were used in this
comparison study. In all seven patients, the localization results at the spike onsets were far
from the patient epileptogenic regions according to our analysis. Therefore, we just show the
differences of source localization between the spike peaks and the 50% rising time points in
Fig. 6. The mean localization errors of the 50% rising time points were between 13.51 and
19.93 mm. The mean AUC indexes of the 50% rising time points were between 0.71 and
0.822. The localization errors at the spike peaks were significantly less than those at the 50%
rising time points in all patients. In terms of AUC index, the localization results using spike
peaks were significantly superior when compared to the 50% rising time points in six of the
patients, while the one remaining case showed no significant difference between the two
time points.

4. Discussion
In this study, we have examined the effects of number of scalp electrodes, head models, and
selection of time points on the identification of the epileptogenic region, with the use of
LORETA algorithm. Specifically, we studied 7 patients who underwent surgical evaluation
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for the treatment of medically intractable partial epilepsy. In 6 of the 7 patients, the resected
areas were located within the temporal lobe. For one patient, the resected area was within
the frontal lobe. Long-term EEG video monitoring based on configurations with 19–30 scalp
electrodes is the routine presurgical workup in patients with epilepsy. With an increased
number of electrodes, EEG data can provide improved spatial resolution, and information of
the epileptogenic zone in human brain (Holmes, 2008). Our results verified the possibility of
enhancing source localization accuracy and consistency with the region of epileptogenic
brain selected for surgical resection when using a high density electrode montage in epilepsy
patients.

Several studies have previously shown that dipole source models have been successfully
used to detect the epileptogenic foci of interictal epileptiform activity (Ebersole and Hawes-
Ebersole, 2007; Gavaret et al., 2009; Huppertz et al., 2001b). Recently, distributed source
models have gained popularity in solving the EEG inverse problem since they regard
cerebral sources as physiologically more plausible extended active brain regions. Consistent
with this practice we used a validated distributed modeling algorithm (LORETA) to perform
source reconstruction in this study. It has been demonstrated that the localization accuracy
of the BEM head model is superior to the 3-shell spherical head model when using dipolar
source localization as the BEM model can more precisely model the shape of 3 piece-wise
homogeneous head compartments in the individual brain (Roth et al., 1997; Silva et al.,
1999). Our results extend this conclusion to the distributed models.

When selecting the analyzed time point of interictal spikes in epilepsy source reconstruction,
we consider the effect of two factors on localization accuracy: the signal to noise ratio
(SNR) and the epileptiform propagation. Our results indicate that the spike peak appears to
be more appropriate for source localization since SNR of the EEG signal is highest at the
time points of spike peaks. On the other hand, interictal epileptiform activity could
propagate within several milliseconds to relatively remote cortex during the onset-to-peak
interval of interictal spike (Alarcon et al., 1994). The onset or the rising phase of the
interictal spike would give more accurate source localization results. There is a tradeoff
when selecting among spike peak, spike onset and spike rising phrase. Our study has shown
that the spike peak gave the best source localization results when compared with the spike
onset and the 50% rising time points. This may be explained by the fact that the propagation
of interictal epileptiform activity is around the resected areas or the MRI visible lesions for
the patients in our study. The high SNR of the spike peak results in better localization
accuracy than the spike onset and the 50% rising time points. The localization accuracy is
mainly influenced by SNR rather than propagation in this study. However, it is possible that
in some patients the interictal epileptiform activity would propagate to other regions of the
brain during the onset-to-peak interval. In this case, the peak instant may not give the best
estimation of the spike source, and we should select the time point for source localization
carefully.

In addition to electrode montage, head model, and time points of interictal spike, recent
studies have suggested that skull holes may also have impact on EEG source localization
(Heasman et al., 2002; Sparkes et al., 2009). Sparkes et al. (2009) reported that skull holes
play a role in the transmission to the scalp of epileptiform discharges and they suggested that
facial and anterior temporal electrodes should be used to acquire EEG signals for localizing
the epileptogenic sources in temporal lobe epilepsy. The effect of skull holes to EEG source
localization remains to be further studied.

Localization error is a widely used criterion to evaluate the performance of source
localization in epilepsy patients. However, when the distributed modeling method is used to
solve the EEG inverse problem, one should consider not only the localization error between
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the epileptogenic brain and the maximum source strength location, but also the overlap
between the estimated current density distribution and the epileptogenic area. The AUC
index used in the present study is one criterion that can assess the accuracy of estimated
source distribution. From the results, it was observed that the localization errors from the
BEM head model were not significantly less than those from the spherical head model in
Patient 3 (Fig. 5A). Nevertheless, the AUC indexes from the BEM head model were
significantly larger than those from the spherical head model in this patient (Fig. 5B). The
opposite situation was also found in Patient 4 (Fig. 5). The AUC index is a criterion
different from the localization error and gives information that the localization error does not
include. Fig. 4 shows that the AUC of Patient 2 is larger than that of Patient 3 (Fig. 4B)
while the localization error of Patient 2 is smaller than that of Patient 3 (Fig. 4A). This
discrepancy suggested that the estimated source distribution in Patient 2 overlaps better with
the resected region than in Patient 3, while the maximal estimated source point in Patient 3
localized closer to the resected region than in Patient 2. As such, when using distributed
source model for source imaging, it is desirable to employ the AUC index.

In summary, we have found that the use of the LORETA algorithm on interictal spike
activity obtained from high-density EEG recordings was able to accurately localize
epileptogenic sources as assessed by the brain regions ultimately selected for surgical
resection. In the seven patients studied, the accuracy of source localization from a 76-
electrode montage was substantially better than that recorded in a 31-electrode montage, as
judged from surgical resection results. Additionally, the realistic geometry BEM head model
was found to provide results more consistent with the resected areas than the 3-shell
spherical head model. Source localization was most accurate at the spike peak as compared
to spike onset and 50% rising time points. These findings indicate the merits of high density
EEG recordings, realistic geometry head modeling and the use of spike peak for source
localization of interictal spikes in epilepsy patients. Currently, low-density EEG, high
resolution MRI, intracranial EEG have been used in presurgical evaluation in order to obtain
optimal surgical outcome. Our results suggest that using high density EEG recording and the
source imaging technique would promise to further our efforts to identify epileptogenic
brain in the treatment of medically intractable epilepsy.
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Fig.1.
The protocol of the present data analysis.
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Fig.2.
The source locations of all interictal spikes in Patient 1 obtained from the BEM model / 76-
electrode montage (A), the BEM model / 31-electrode montage (B) and the spherical
model / 76-electrode montage (C). All source localization results are projected onto
corresponding preoperative MR images. The yellow lines illustrate the boundaries of
resection areas or lesions. Different color dots represent the locations of LORETA
maximum source strength from all interictal spikes of Patient 1.
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Fig.3.
The source localization results projected on corresponding preoperative MR images for
Patient 2 (A) through Patient 7(F). The layout of the results for each patient is the same as
shown in Fig. 2.
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Fig.4.
Comparison of localization errors (A) and AUC indexes (B) between the 76-electrode
montage and the 31-electrode montage for each patient using the realistic geometry BEM
head model. Mean values corresponding to different montages are represented by different
color bars. Black bars: standard deviations. An asterisk indicates that the results of the 76-
electrode montage are significantly better than those with the 31-electrode montage.
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Fig.5.
Comparison of localization errors (A) and AUC indexes (B) between the BEM head model
and the 3-shell spherical head model for each patient when 76-electrode montage was used.
Mean values corresponding to different models are represented by different color bars.
Black bars: standard deviations. An asterisk indicates that the results of the BEM head
model are significantly better than those with the 3-shell spherical head model.
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Fig.6.
Comparison of localization errors (A) and AUC indexes (B) between the spike peak and the
50% rising time point for each patient using 76 electrode montage and the BEM head model.
Mean values corresponding to different time points are represented by different color bars.
Black bars: standard deviations. An asterisk indicates that the results at the spike peaks are
significantly better than those at the 50% rising time points.
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