NeuroImage 52 (2010) 1279–1288

Contents lists available at ScienceDirect

NeuroImage
j o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / l o c a t e / y n i m g

Localization and propagation analysis of ictal source rhythm by electrocorticography
June Sic Kim a, Chang Hwan Im b, Young Jin Jung b, Eun Young Kim a,1, Sang Kun Lee c, Chun Kee Chung a,⁎
a
b
c

MEG Center, Department of Neurosurgery, Seoul National University College of Medicine, Seoul, South Korea
Department of Biomedical Engineering, Yonsei University, Wonjoo, South Korea
Department of Neurology, Seoul National University College of Medicine, Seoul, South Korea

a r t i c l e

i n f o

Article history:
Received 17 November 2009
Revised 9 February 2010
Accepted 18 April 2010
Available online 24 April 2010
Keywords:
Ictal onset zone
Source localization
Propagation
Electrocorticography
Directed transfer function
Monte-Carlo simulation
Epilepsy

a b s t r a c t
The purpose of this study was to develop a novel approach for objectively estimating the locations of ictal
onset zones by electrocorticography (ECoG). Conventional ECoG analyses have been performed using a 2-D
space comprised of intracranial electrodes. Thus, despite the fact that ECoG data have much higher signal-tonoise ratios than electroencephalographic data, ECoG inherently requires a priori information to locate the
electrodes, and thus, it is difﬁcult to estimate the depth of epileptogenic foci using this technique.
Accordingly, the authors considered that a 3-D approach is needed to determine the presence of an
epileptogenic focus in the complex structure of the cortex. However, no source localization procedure has
been devised to determine the location of a primary ictal source using ECoG. The authors utilized a
spatiotemporal source localization technique using the ﬁrst principal vectors. A directed transfer function
was then employed for the time series of potential ictal sources to compute their causal inter-relationships,
from which the primary sources responsible for ictal onset could be localized. Monte-Carlo simulation
studies were performed to validate the feasibility and reliability of the proposed ECoG source localization
technique, and the obtained results demonstrated that the mean of localization errors with a signal to white
Gaussian noise ratio of 5 dB did not exceed 5 mm, even when the source was located ∼ 20 mm away from the
nearest electrode. This validated ictal source localization approach was applied to a number of ictal ECoG
data sets from six successfully operated epilepsy patients. The resultant 3-D ictal source locations were found
to coincide with surgical resection areas and with traditional 2-D electrode-based source estimates. The
authors believe that this proposed ECoG-based ictal source localization method will be found useful,
especially when ictal sources are located in a deep sulcus or beyond recording planes.
© 2010 Elsevier Inc. All rights reserved.

Introduction
Despite recent advances in neuroimaging techniques used for the
non-invasive presurgical evaluation of epilepsy, ictal electrocorticography (ECoG) is still considered the gold standard for identifying
epileptogenic foci (Engel et al., 1981). However, the interpretation of
ictal ECoG recordings is highly dependent on investigator experience
and familiarity with the technique, due to the presence of artifacts and a
variety of abnormal patterns (Arroyo et al., 1993). The conventional
approaches used to determine the locations of epileptogenic foci are
based on the use of intracranial electrodes, which depict the ﬁrst
activation on a two-dimensional sensor sheet. The ﬁrst electrode site to
show ictal activity in intracranial recordings often corresponds to the
region of maximal epileptogenicity, and amplitude differences are
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manually mapped on grid ﬁgures to deﬁne the phase reversal of maximal
discharges (Alarcon et al., 1997; Sutherling and Barth, 1989). Furthermore, topographic mapping using ictal ECoG discharges provides a
quantitative means of identifying ictal onset zones (Otsubo et al., 2001).
The value of conventional ECoG diagnosis is controversial in both
lesional and nonlesional epilepsies. In lesional epilepsy, the seizurefree rate has been reported to be 19% in 30 patients with a temporal
mass lesion treated by lesionectomy alone, but 93% in patients that
undergo electrophysiologically guided resection (Zooma et al., 1995).
However, ECoG might not be necessary for determining surgical
resection area in the case of extratemporal glioma lesions (Fried,
1995). Another study also reported good surgical outcomes (a 79%
seizure-free rate) after tumor resection, regardless of electrophysiological ﬁndings (Morris et al., 1998).
In nonlesional epilepsy, invasive recordings are typically required to
deﬁne the epileptogenic zone (Lüders and Comair, 2001; Quesney and
Niedermeyer, 2005), and ECoG studies have demonstrated the intrinsic
value of identifying resectable ictal onset zones (Henry et al., 1999; Jung
et al., 1999; Paolicchi et al., 2000). However, it is still difﬁcult to identify
epileptogenic points in the sulcus precisely using subdural electrodes.
These shortcomings may arise in part from the inherent limitations of 2-D approaches. A-priori information is needed to locate ECoG
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electrodes, and it is difﬁcult to estimate the depth of epileptogenic foci
from subdural electrode data. Although 2-D electrocortical topographic mapping could be used to indentify ictal onset zones because
they are associated with high temporal resolution and a fast sampling
rate in lesional and nonlesional cases (Yoshida et al., 2007), there is a
potential risk of mislocalization when the current direction is other
than radial or a lesion is located some distance from electrodes.
Accordingly, a 3-D approach in source space is required to avoid
selection bias and to identify epileptogenic foci in the complex cortical
structure. However, no ECoG-based source localization procedure has
been devised for localizing primary sources.
Many patients with epilepsy have consistent seizure onset foci,
and the localization of ictal onset zones is more beneﬁcial for surgical
planning than for the mapping of complex interictal patterns (Bebin
et al., 1993). The localization of epileptogenic foci has been advanced
by source localization and imaging techniques based on electroencephalography (EEG) (Michel et al., 1999; Worrell et al., 2000) and
magnetoencephalography (MEG) (Assaf et al., 2003), which characterize seizures in source space rather than in sensor space. Ictal source
localization methods integrate characteristic information of ictal
sources in space, time, and frequency domains. Some methods utilize
estimations of discrete spatiotemporal dipoles to identify ictal
generators (Assaf and Elbersole, 1997; Boon et al., 2002), and
frequency analysis and dipole localization have also been used in
combination for this purpose (Lantz et al., 1999). Another approach
was devised using the distributed source model to image more
distributed seizure sources (Oishi et al., 2006). The majority of
previously described methods use time–frequency parameterization
of measured data as an initial step. Moreover, since useful signals may
be lost during parameterization and it is difﬁcult to determine signals
of interest using time–frequency presentations, a spatiotemporal
source localization approach was devised that exploits time–frequency parameterization in the source domain instead of measured
channels (Ding et al., 2007). Kamiński and Blinowska (1991) utilized
the directed transfer function (DTF) to estimate dynamic causal
interaction patterns among sources. Furthermore, the DTF technique
was found to provide an excellent guide for the localization of primary
ictal sources, and was also used to the channel analysis of invasive
recordings to two-dimensionally identify seizure onset electrodes and
seizure propagation between electrodes (Franaszczuk and Bergey,
1998; Franaszczuk et al., 1994).
Epileptic studies using intracranial electrodes are advantageous for
investigating the dynamics of seizure. An example of one such study is
provided by an investigation of the dual pathology between the
medial and lateral parts of the temporal lobe using subdural and
depth electrodes in order to characterize the activity of epileptogenic
foci (Fauser and Schulze-Bonhage, 2006). In another recent analysis of
seizure dynamics using multichannel ECoG, a generic change was
found in the correlation structures of the data (Schindler et al., 2007),
namely, that differences between the propagation times of locally
synchronous ictal discharges might disrupt correlations between
electrodes. Cortico-muscular dynamics during clonic seizures have
also been studied (Hammer et al., 2003). In this previous study, using
subdural and depth electrodes, focal clonic seizures were generated
by localized polyspike-wave activity in cortical primary motor areas;
furthermore, the subthalamic nucleus was not found to be an essential
component for the generation of clonic seizures. However, these
approaches were all based on the use of 2-D ECoG electrodes, and
neuronal dynamics at regions of seizure onset could be further
analyzed in more detail by identifying causal relationships between 3D epileptogenic sources.
Source localization and the estimations of causal interactions have
not been popular in ECoG, because this modality measures neuronal
activity in a ﬁeld relatively close to the ictal onset zone, and thus,
seizure onset zone is identiﬁed based on visual comparisons of signals
recorded from different electrodes. However, it is difﬁcult to

determine the depths and three-dimensional locations of ictal sources
using ECoG alone. Moreover, it may not be possible to place invasive
electrodes over the entire area of an epileptogenic zone, and when
multiple sources are identiﬁed, it is difﬁcult to identify the primary
ictal onset source. Therefore, a source analysis procedure is required
that determines the primary ictal onset sources by utilizing source
localization and propagation analysis in ECoG. Source reconstruction
from ECoG data is a relatively new ﬁeld because only potential maps
have been drawn from measurements (Fuchs et al., 2007). In the
present study, we evaluated ictal source locations using a spatiotemporal source localization technique and ECoG data. To achieve this,
dipole sources were localized using the ﬁrst principal vectors (FINE)
algorithm (Ding and He, 2006), and then causal interactions among
sources were estimated to determine the primary ictal onset source.
Monte-Carlo simulations were also performed to determine the
feasibility of source localization using ECoG.
Materials and methods
Subjects
Six subjects with medically intractable seizures were selected for
this retrospective study. All subjects were evaluated for seizure
surgery using various modalities, which included intracranial subdural electrode arrays for seizure localization. Three patients had
lesional epilepsy, and the other three had non-lesional epilepsy. All
patients were seizure-free after surgery (Engel class I) (Engel, 1987).
A brief list of the patient demographic data is presented in Table 1.
Intracranial recordings were acquired for all patients. During invasive
monitoring, subdural strips and grids were tailored for each patient to
cover suspicious regions discovered by video EEG monitoring, MEG,
magnetic resonance image (MRI), positron emission tomography
(PET), and single photon emission computed tomography (SPECT). In
all patients, typical seizures were recorded and reviewed by
epileptologists. ECoG signals were digitally acquired at a sampling
rate of 200 Hz (Telefactor, Grass Technologies).
Preprocessing for ictal source localization
All subjects were scanned using a 3-T MR unit (Signa VH/I;
General Electric) with a conventional head gradient coil. MR images
were acquired using a regular T1-weighted spoiled gradient recalled
(SPGR) sequence for head images. Slices were spaced 1.5 mm apart,
and were acquired in the sagittal orientation with a matrix size of 256
by 256. Using scanned MR images, boundary element method (BEM)
models and a source space composed of three dimensional uniform
grids were extracted using CURRY 5.0 (NeuroscanTM). The BEM
models consisted of two homogeneous compartments, namely,
cerebrospinal ﬂuid (CSF) and gray matter. The inner skull boundary
and the interface between CSF and gray matter were tessellated using
surface triangular elements. The volume conduction effect outside the
inner skull boundary was ignored in this study due to the very low
electrical conductivity of the human skull layer (Fuchs et al., 2007).
After inserting grids and strips of electrodes for invasive
monitoring, 3-D computed tomography (CT) (Brilliance 64; Philips)
was performed to register the electrodes on preoperative MR images.
CT slices were spaced 1.00 mm apart, and a matrix size of 512 by 512
was used. The 3-D locations of electrodes, which were expressed as
high-density regions in images, were picked up manually. Electrode
locations were then co-registered onto individual MRI data. To
compensate for electrode pickup errors by CT and co-registration
errors, each electrode was attached to the nearest boundary element
on the interface between CSF and gray matter. Using the BEM volume
conductor model and electrode positions, a lead ﬁeld electrode matrix
was constructed by applying the node-based ﬁrst order BEM
formulation (Mosher et al., 1999).
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Table 1
Demography of epilepsy patients.
Patients ID

Age

MRI

Video EEGa

Location of
intracranial
electrodesa

Surgery

1

18

Non-lesional

Left T

Right F, T

Right anterior temporal lobectomy with
amygdalohippocampectomy

2

33

Non-lesional

Left T

3
4

34
28

Right T, P
Right T

5
6

24
29

Tissue loss and cerebromalacia in right posterior temporal lobe
Right hippocampal sclerosis and posttraumatic leptomeningeal
cyst in the right frontal convexity
Non-lesional
Right hippocampal sclerosis and venous anomaly in the left
frontal lobe

Right T
T (lateralization is
not deﬁnite)

Left T
Right F
Left T
Right P, T, O
Right F, T
Right T
Right F, T, P

Right frontal lobectomy
Right parieto-occipital lesionectomy
Right anterior temporal lobectomy with
amygdalohippocampectomy
Right lateral temporal lobectomy
Left anterior temporal lobectomy with
amygdalohippocampectomy

Left T
a

F, P, T, and O denote frontal, parietal, temporal, and occipital lobes, respectively.

ECoG data were reviewed by an epileptologist. Seizure onset times
and electrodes were visually identiﬁed. One to three seizures were
observed per subject. Fig. 1 demonstrates ECoG waves of the six
subjects during ictal onset.
Spatiotemporal source localization
In this study, the FINE algorithm (Ding and He, 2006; Xu et al.,
2004) was used to estimate multiple sources from ECoG ictal signals.
In brief, this algorithm models equivalent current dipoles by
calculating the subspace correlation between dipolar topographies
and estimating signal space or noise-only subspace. When an
arbitrary source set is written as a linear superposition of point
sources, the corresponding set of time dependent signals of the
multiple ECoG electrodes, Φ(t), can be further deﬁned in matrix
format as:
ΦðtÞ = AðL; QÞSðtÞ
where S is the temporal behavior matrix of sources, A is the lead ﬁeld
matrix, L is a set of location vectors, and Q is a set of their associated
orientation vectors.
The measurement space is divided into signal and noise-only
subspaces by applying singular value decomposition to the
measurement data matrix, Φ = UΛVT. The columns of U consist of
p-dimensional signal subspace and N-p-dimensional noise-only
subspace, where N is the number of electrodes. At a region θ, a
FINE vector set, Fθ, is identiﬁed as an intersection set between the
noise-only subspace and the array manifold spanned by the speciﬁc
region θ, using the concept of principal angles (Buckley and Xu,
1990; Golub et al., 1996). The subspace correlation, SC2, metric for
the FINE algorithm is described as:
2

SC ðlÞ = min q

!
Aðl; qÞT Fθ FθT Aðl; qÞ
Aðl; qÞT Aðl; qÞ

where l ̄ and q̄ indicate the location vectors of L and the associated
orientation vectors of Q, respectively.
The FINE algorithm requires a subspace correlation threshold, and
any value below this threshold can be regarded as a possible source.
We used 10% as the threshold for FINE vectors. It has been previously
reported that a greater number of signal vectors does not signiﬁcantly
change determined source locations (Mosher et al., 1992). The
locations and orientations of estimated sources were determined by
minimizing the scanning metric SC2(l̄). In this study, source locations
were uniformly distributed at intervals of 5 mm. Using determined
multiple dipole locations, L, and the corresponding orientations, Q, a

lead ﬁeld matrix A was reconstructed for these multi-dipoles. Source
waveforms, S, were then computed using S = A+Φ, where A+
indicates the pseudo-inverse solution of A obtained by truncating
singular value decomposition.
Error simulation of ECoG source localization according to depth and
deviation
Monte-Carlo simulation studies were performed to test the
feasibility and reliability of the proposed ECoG source localization
method. Simulation tests included two types of dipole sources. Type-I
tests were used to simulate dipoles under electrodes and to estimate
the degree of error according to the depth of sources. This simulation
is of central importance to the validation of the ECoG source analysis
method, since one advantage of the method is to identify ictal
locations in folded sulci. Type-II tests were used to simulate dipoles
outside the region covered by electrodes and to estimate the degree of
error according to the distance from the boundary of the electrodes.
ECoG suffers from selective bias with respect to the placement of
electrodes, since they do not cover the entire brain, and if an
epileptogenic focus is located slightly outside the electrodes, the
conventional topographic method could mislocalize the ictal onset
zone.
Source activity from a dipole location with an arbitrary orientation
was transformed into activity of electrodes using a lead ﬁeld matrix,
and white Gaussian noise was added to transformed signals. In the
present study, a signal-to-noise ratio (SNR) of 5 dB was used. To
simulate actual data, up to 5 multiple concurrently active sources
were randomly generated. To evaluate the ﬁtting accuracy of multiple
sources, pairs of simulated and estimated sources were determined
using closest distances. Sources estimated using the FINE algorithm
were then compared to simulated locations. In the FINE algorithm, the
number of dipoles during estimation was the same as the number of
dipoles during simulation. This procedure was repeated using 10,000
randomly generated sources with different locations and orientations.
Ictal source propagation
Multiple dipoles were estimated by source analysis. This section
introduces a method for determining the primary epileptogenic
source from multiple dipole sources. The Directional Transfer
Function (DTF) approach was used to analyze ictal source propagation. This function is formulated in the framework of the multivariate
autoregressive (MVAR) model, and is well described in the literature
(Babiloni et al., 2005; Ding et al., 2007; Kamiński and Blinowska,
1991). Accordingly, to the MVAR model, a multivariate process can be
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Fig. 1. The ECoG waves of six subjects at around ictal onset. The duration of the recording shown above was 10 s. The red line indicates the time of onset, as determined by an epileptologist.

described as a data vector S of M source signals, estimated as described
in Spatiotemporal source localization, in time: S(t) = (S1(t), S2(t), …,
SM(t))T. The MVAR model can then be constructed as:
p

SðtÞ = ∑ PðnÞSðt−nÞ + EðtÞ
n=1

where E(t) is the vector of white noise values at time t, Pn is an M × M
matrix comprised of the model coefﬁcients, and p is the model order.
In the present study, model order was determined using criteria
derived from Akaike's information criterion (AIC) (Akaike, 1974).
Model orders between 1 and 10 were chosen. Individual model orders
from subject 1 to 6 are 5, 7, 3, 2, 3, and 4, respectively.
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The MVAR model was transformed into the frequency domain as
follows:
Sðf Þ = P

−1
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of 1 sec. This time window started at seizure onset, which is
determined by an epileptologist. In this study, we used only one
window for each ictal event.

ðf ÞEðf Þ = Hðf ÞEðf Þ
p

where f denotes frequency and Pðf Þ = − ∑ PðnÞe−i2πfnΔt with P

Statistical evaluation using surrogate signals

is inverse of the coefﬁ(0) = − I (I is the identity matrix). H = P
cient matrix P in the frequency domain. The H(f) matrix is the socalled transfer matrix of the system.
The DTF was deﬁned in terms of the elements of the transfer
matrix Hij as:

The distribution of DTF estimators is not well established because
DTF functions have a highly nonlinear relationship with time series
data. So, we employed a non-parametric statistical estimation
method. A surrogate data technique was used to test the signiﬁcance
of propagation between activities (Kamiński et al., 2001; Theiler et al.,
1992). Conceptually, propagation among sources is destroyed when
source signals are randomly ordered in time. The surrogate technique
randomly and independently shufﬂes time series data from each
source to create a surrogate data set. In order to shufﬂe time series
data, we randomized phases in the Fourier transformed signal so as to
leave the power spectra of source signals intact. Propagation was then
derived from this surrogate data set. By performing this process many
times (10,000 times in the present study), we were able to create an
empirical distribution for a given estimator. These distributions
provided null hypotheses, since the randomly generated surrogate
data set contained no interaction between sources. For example, if
there were three source activities, six propagation results among
sources are estimated by DTF analysis. Then six empirical distributions
for multiple propagation pairs were also generated using the
surrogate approach. Thus, signiﬁcant levels for multiple pairs were
determined from each empirical distribution. In the present study, a
mean value of multiple frequencies as well as individual frequencies
from 1 Hz to 70 Hz was used to reconstruct empirical distributions.
The signiﬁcance level at each frequency is shown as a blue line in
Fig. 3. And the signiﬁcance of each directional pair is shown as red bars
in Fig. 3.

n=0
−1

jHij ðf Þj2

2

γij ðf Þ =

M

∑ jHim ðf Þj2 + ε

m=1

where γij(f) denotes the ratios between inﬂows from sources j to i to
all inﬂows of activity to the destination source i. ε is added to the
denominator to prevent from dividing by very small numbers, which
may lead exaggerated DTF values in the normalization. And ε is

ð∑
M

determined by 0:0001*max

m=1

jHim ðf Þj2

Þ where the maximum is

taken over frequency variable.
Such DTF ratio takes values from 0 to 1. Values close to 1 indicate
that most of the signal in source i is caused by the signal from source j.
On the other hand, values close to 0 indicate that there is no
information ﬂow from source j to i at a particular frequency. Although
the DTF can examine any range of frequencies, a frequency band of 1–
70 Hz was used to maintain consistency.
DTF requires at least weak stationary data. Data during long time
may not be stationary although rhythmic waves dominate during the
ictal period. We tested propagation using the DTF with a time window

Fig. 2. Localization errors between 10,000 simulated dipole sources and sources estimated using the FINE algorithm. (a) The 3-D error distribution is depicted by disk colors and sizes
in lateral view and (b) in top view. Blue disks denote intracranial electrodes. Large localization errors are large and brightly colored. The localization errors at each simulated location
along the (c) depth and (d) distance from the boundary of electrodes set are shown separately. Error means and standard deviations increased with respect to depth and distance
from the boundary of electrodes set.
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Results

Evaluation of surgical outcome

Localization errors of simulated data

Follow-up periods ranged from 18 to 24 months (mean,
20.5 months) postoperatively. All patients beneﬁted from surgery
and achieved an excellent seizure outcome (Engel class I). Ictal onset
sources estimated by source localization and DTF analysis well
matched resection regions in all patients.

Localization errors at different distances from the boundary of the
electrodes set are shown in Fig. 2. Fig. 2(a) and (b) demonstrate the
three-dimensional error distribution in lateral and top views,
respectively, and shows that localization error increases with distance
from the nearest electrode. When dipole sources are located inside
and outside the perpendicular boundary of the electrodes set,
localization errors with respect to depth and boundary distance are
estimated, respectively. Fig. 2(c) and (d) display errors with respect to
depth (b) and distance from the boundary of the electrodes set (c),
respectively. Simulated sources were distributed from 5 to 50 mm
beneath (b) and from 10 to 95 mm outside (c) electrodes. In both
cases, localization errors increased as the distance between source
and electrodes increased. However, despite the low SNR of 5 dB, the
mean localization error was only 4.18 mm at a source location 20 mm
beneath the electrodes, and the mean localization error was
∼ 8.06 mm at a source location 15 mm outside the electrodes.
Accordingly, localization error was found to increase substantially
with distance outside electrodes.

Discussion
In the present study, we evaluated a method derived from the
directed transfer function technique to identify ictal rhythm by ECoG
and epileptogenic foci. A beneﬁcial surgical outcome depends on
accurate epileptogenic zone delineation, while avoiding eloquent
areas. This approach combines source localization and propagation
measures between ECoG ictal sources. Furthermore, dynamic patterns
between ictal sources were found to distinguish primary sources of
ictal activity from secondary sources caused by propagation from
primary ictal sources. Our simulation test results and comparisons
with surgical outcomes suggest that the devised technique is feasible
for clinical use.
Source localization and simulation testing

Ictal source localization and propagation analysis
We evaluated the qualities of dipolar ﬁts using the FINE
algorithm using percent variance unexplained (PVU). The PVUs of
subject 1 to 6 were 0.210, 0.1713, 0.1075, 0.0198, 0.277, and 0.1756,
respectively, and distances from the closest electrode were 11 mm,
23 mm, 5 mm, 9 mm, 7 mm, and 15 mm, respectively. Ictal sources
localized using the FINE algorithm and interactions between sources
are shown in Fig. 3. The primary onset source was identiﬁed by
estimating propagation between sources. To determine the signiﬁcances of propagations, 10,000 surrogate signals were generated.
The DTF distributions were then reconstructed using DTF values of
each frequency in the range 1 to 70 Hz. Finally, a DTF signiﬁcance
level of P = 0.01 was determined in each frequency. This threshold
level (P = 0.01) at each frequency was represented as a blue line in
Fig. 3. In order to determine signiﬁcant propagation pairs, mean DTF
values in the range of 1 to 70 Hz were also tested with 10,000
surrogate signals. And the signiﬁcant pairs were displayed as red
bars in Fig. 3 even though DTF values were not signiﬁcant in all
frequency ranges. In Fig. 3, DTF distributions were sorted in
descending dipole strength order. Note that the most signiﬁcant
emanative source did not have the strongest dipole. Even the
smallest dipole could have been the primary ictal onset source in
subjects 1 and 6. In all subjects, the ictal onset source determined by
propagation analysis was found to be located well inside the surgical
resection area. Ictal sources, identiﬁed by the proposed method,
were compared to conventional ECoG diagnosis (Fig. 4). An
epileptologist reviewed ECoG signals at ictal onset times, and
determined which electrodes showed rhythmic ictal onset activity.
The sources identiﬁed were agreed well with conventional ECoG
results in most cases, except in subject 2. In this subject, the
estimated ictal onset source was surrounded by both ictal onset
electrodes and electrodes interictal activity. During surgery, the
region enclosing both the ictal and interictal pathologic electrodes
was resected.

Monte-Carlo simulation was used to evaluate the source localization technique for ECoG data. In simulations without registration or
electrode location errors, the accuracy of ECoG source localization
largely depends on distances from the electrodes and the depth of
sources. The primary cause of inaccuracy at far distance may be due to
the inability of the grid electrodes to cover the full extent of the
electric ﬁeld pattern. Using a limited distance range of 8 cm from
electrodes, the simulation test revealed small localization errors of
4 mm at 20 mm away from the electrodes along the depth. However,
additional errors may arise in practice, for example, those associated
with electrode site locations. We assumed that electric potentials
were recorded at the centroid of the electrode geometry. However,
the actual recording electrolyte interface and double ion layer are
more complex, and thus, the actual location of a sensor site may be
more difﬁcult to determine. This type of error could also arise during
CT to MR image registration.
The a priori assumptions that are implemented during the
localization procedure determine the localization results. There is an
ongoing debate regarding the validity of these a priori assumptions
and the comparative properties of algorithms. Although systematic
evaluations and comparisons of different inverse solutions were not
performed in the present study, Monte-Carlo simulations were used
to evaluate the validity of the FINE algorithm used to evaluate ECoG
data. In addition, source activity within 20 mm of electrodes was
reliably localized.
Propagation analysis
In the DTF matrix of Fig. 3, the diagonal indicates the power spectra
of the signals normalized by subtraction of mean value and division by
variance. And the off diagonal elements are directed transfer functions
presenting directional information ﬂow between multiple sources.
For example, in subject 1, the element of the ﬁrst row and the third
column indicate directional ﬂow from source 3 to source 1. This DTF

Fig. 3. Sources localized using the FINE algorithm and their activity ﬂows estimated using the directed transfer function (DTF) technique for six epilepsy patients. In each subject, DTF
values from 1 to 70 Hz are displayed at the top of the ﬁgure. Columns and rows are sorted by dipole activity in descending order of dipole strength. Source activities ﬂow from
columns to rows. To determine the signiﬁcance of each propagation result between sources, we used the DTF values of each frequency from 1 to 70 Hz. The signiﬁcance level of
P = 0.01 at each frequency is marked as a blue line at each DTF result. Although DTF values are not signiﬁcant in all frequencies, signiﬁcant propagation pairs are determined by the
surrogate test with the mean DTF values in the range of 1 to 70 Hz. Then the signiﬁcant pairs are shown by red bars. The red bars indicate the overall signiﬁcance of the propagation
for speciﬁc pairs.
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Fig. 4. Comparison between the location of ictal sources estimated using the proposed procedure and conventional ECoG results. Red spheres are ictal onset sources estimated using
the FINE algorithm and DTF analysis. Green electrodes denote ictal onset zones determined by an epileptologist. The purple electrodes shown in subject 2 indicate frequent
pathologic rhythmic delta activity. Surgical resection areas are colored light orange.

spectrum is high in the whole frequency range. The element of the
second row and the third column shows information ﬂow from source
3 to source 2. This DTF spectrum is mainly high in the range of 30 to
70 Hz. Moreover, these two elements are statistically signiﬁcant by a
surrogate test with the mean DTF values. Thus, source 3 can be
considered as the primary ictal onset source. In subject 3, DTFs from
two sources (No. 3 and No. 4) are signiﬁcant. However, DTF from
source 4 to source 3 is signiﬁcant mainly at the frequency range of 1 to
50 Hz while DTF from source 3 to source 4 is not. Thus, source 4 can be
considered as the primary ictal onset source.
This study provides a reliable means of determining the location of
epileptogenic foci using the directed transfer function technique. The
problems of determining the directionality of ictal rhythm propagation and of ﬁnding causal relationships between brain areas are
interesting in the context of identifying epileptogenic foci. It is crucial
that we understand information transfer, the sequence in which it is
processed, and the roles of speciﬁc brain structures during perceptual
and cognitive tasks. The devised method locates epileptogenic foci by
ﬁnding directional interactions between sources identiﬁed by ictal
rhythm. Source localization using the FINE algorithm could reduce the
number of signals for propagation analysis. In addition, conventional
ECoG studies have determined the location of ictal onset zones by
analyzing sequential differences in amplitudes between electrodes
(Miyagi et al., 2005; Otsubo et al., 2001; Yoshida et al., 2007).
However, it may be difﬁcult to identify onset zones using rhythmic
activity. According, to our results, the strongest dipole was not the
primary emanative source, except in subject 5. On the other hand, the
weakest dipole was possibly the epileptogenic focus in subjects 1 and
6. Small initiating signals can cause larger activities in propagated
sources than at the origin if propagated areas are large or have strong
neuronal synchronizations.
The DTF technique is based on MVAR, and Granger causality is
another popular technique based on MVAR (Granger, 1969). Although
Granger causality does not calculate the value of phases in the
frequency domain, DTF provides information on the directional and
spectral properties of interactions between sources. This technique
estimates information ﬂow using a parametric spectrum, and can
analyze a data set with a sample size as small as 50 (Astolﬁ et al.,
2007). Furthermore, DTF is robust with respect to noise or constant

phase disturbances (Kamiński and Blinowska, 1991), but the data set
required must be obtained from wide-sense stationary processes,
since DFT is based on a multivariate autoregressive algorithm. The
development or application of new techniques that can accurately
measure the directional connectivity between non-stationary time
series is crucial for more accurate estimations of ictal propagation
patterns.
Clinical cases
In the present study, epileptogenic foci estimated by dipole
modeling and propagation analysis corresponded well with the
region of successful surgical resection in all subjects. In particular, in
subjects 4 and 6, estimated sources were located even in regions
around sparsely distributed strip electrodes. In subjects 4 and 6, grid
electrodes were installed in the fronto-parietal area, whereas in
both cases epileptogenic sources were estimated to be in the
temporal lobe. This demonstrates that our approach is able to
identify epileptogenic foci using few electrodes. However, when
electrodes are sparsely distributed, electric potential ﬁeld maxima
and minima might not be recorded. Therefore, the dipole source
model might be limited in terms of its ability to ﬁt the potential
pattern as precisely as it does in fully covered regions. However,
further study is required to evaluate source modeling under various
conditions.
Subject 2 was an interesting case. In most subjects, estimated ictal
onset sources were located in a region close to visually identiﬁed ictal
onset electrodes. However, in subject 2, ECoG electrodes were
installed in the right frontal and left temporal lobes, and during an
ictal event, rhythmic beta was identiﬁed in the posterior portion of the
frontal lobe. However, during interictal recording, pathological delta
rhythm activity was frequently observed on the strip of electrodes
covering the inferior frontal area. Thus, surgery was performed using
the electrodes that showed rhythmic delta activity (the purple
electrodes in Fig. 4) and ictal beta activity (green electrodes in
Fig. 4), but eloquent areas were avoided. The surgical resection area
included the anterior frontal region. However, the ictal onset source in
this subject was located in the space between grid and strip
electrodes, and the source location was far removed from the ictal
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onset electrodes. One possible explanation for this difference is that
the ictal rhythm was recorded on irrelevant electrodes due to the
direction of the dipole source and volume conduction. This limitation
could be overcome by using a source approach to identify the primary
source.
ECoG ictal rhythm
This integrated technique was previously introduced to analyze
EEG ictal rhythm and to localize the epileptogenic focus (Ding et al.,
2007). Accordingly, to the results of this earlier study, the results of
noninvasive ictal source localization and propagation analysis suggest
consistency between EEG-based ictal sources and MRI/SPECT diagnosed sources. However, dipole modeling of ictal EEG activity is
difﬁcult mainly because of EEG artifacts, such as, electromyographic
artifact, electrode movements, and eye movements, which are often
seen during seizures (Gotman, 2003). Despite its invasiveness, ECoG is
better than EEG or MEG for localizing ictal onset sources (Engel, 1996;
Wyllie et al., 1988), especially, if source analysis of the electrode data
can be fully exploited. The present study is the ﬁrst to propose a
source approach to ictal ECoG and its validation. This 3-D source
approach is supported by a recent ECoG study, in which a distributed
source imaging method was used to identify interictal spikes (Zhang
et al., 2008). The results of this recent study, which used simulated
data sets and one epilepsy patient, showed that ECoG is superior to
scalp EEG as a source imaging technique due to its high signal-tonoise ratio. In contrast to this approach, we used the ictal onset data
sets of six patients, and clinically validated the derived 3-D source
technique when used in combination with propagation analysis.
Furthermore, the present study shows the value of the 3-D approach
as compared with the conventional 2-D approach.
Ictal ECoG recordings are considered the gold standard for
identifying epileptogenic foci (Stefan et al., 1992; Yoshida et al.,
2007). However, the technique devised in the present study has the
advantage that it localizes source activities and determines information ﬂow between sources using ECoG ictal data. Many studies have
demonstrated the values of MEG and EEG source localizations using
interictal spikes to identify seizure foci in temporal and extratemporal
lobe epilepsy (Baumgartner et al., 2000b; Iwasaki et al., 2002).
Propagated sources may appear on interictal EEG, MEG, or ECoG.
However, ictal rhythms are believed to have more localizing value
than interictal spikes (Jayakar et al., 1991). Although several MEG and
EEG studies have reported consistent interictal and ictal onset
localizations (Tang et al., 2003; Wheless et al., 1999), interictal spikes
may represent an irritative zone that does not necessarily encompass
the ictal focus (Baumgartner et al., 2000a). Further study is required to
examine the merits of ECoG for interictal source localization and
propagation analysis.
Conclusions
In this study, we originally applied a spatiotemporal source
localization technique called FINE to a number of ictal ECoG data
sets, and subsequent simulation studies demonstrated the feasibility
of ictal source localization using ECoG. Furthermore, propagation
analysis using the directed transfer function was found to differentiate
ictal onset sources from propagated sources.
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