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EEG Source Imaging in Partial Epilepsy in Comparison with
Presurgical Evaluation and Magnetoencephalography
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Many modalities can be used to localize an epileptic focus, including neuroimaging tech-
niques such as magnetic resonance imaging (MRI), positron emission tomography (PET),
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source localization and a distributed source model. Several
studies have researched distributed source models because
they reflect the electrophysiological reality of the EEG gen-
erators.'"'> Meanwhile, many researchers have demonstrat-
ed that dipole source models can be successfully employed
to detect the epileptogenic foci of interictal epileptiform dis-
charges.”"* The multiple signal classification (MUSIC)
method is a useful tool for source localization that scans
multiple independent sources with weaker temporal corre-
lations, and it has been widely applied for localizing epileptic
foci.

The spherical head model and the boundary element meth-
od (BEM) model have been used for modeling the human
head when solving the EEG inverse problem.>">'* Many in-
vestigators have suggested that the use of a BEM model with
realistic head geometry provides superior localization ac-
curacy compared to using a three-shell spherical model
when analyzing dipole source models.*"”** Also, the BEM
model was reported to be more reliable than a finite ele-
ment method forward model in dipole analysis.” The validity
of an ESI result has been assessed by direct comparisons
with the intracranially recorded spikes.*>'*?' These investi-
gations were performed by either comparing intracranially
recorded spikes with previously performed noninvasive
ESI"*19%2 or comparing ESI results with simultaneously re-
corded intracranial EEG spikes.>'**

The aim of the present study was to verify the accuracy of
the high-density three-dimensional (3D) ESI analysis meth-
od and to analyze epilepsy foci based on the hypothesis that
there is a single dipole source. We compared the ESI results
with those obtained by presurgical evaluations and MEG
source analysis. We also compared ESI and MEG source im-
aging (MSI) results with the intracranial EEG findings so as
to determine their accuracy. Moreover, we evaluated the ef-
fects of changing the high-pass filter (HPF) used when pro-
ducing ESI images.

METHODS

Patients

Standard 10-10 scalp EEG recordings were performed in 27
partial-epilepsy patients; MEG was also recorded in 23 of
them. The subjects comprised 11 females and 16 males whose
ages ranged from 16 to 55 years (32.4110.8 years, meant
standard deviation). The age at seizure onset ranged from 1
to 34 years (13.2£10.5 years). The epilepsy syndrome was
diagnosed based on the results of a presurgical evaluation
including seizure history, video-EEG monitoring, brain MRI,
ictal SPECT, SISCOM, and FDG-PET. Thirteen patients un-
derwent epilepsy surgery: nine underwent an invasive EEG
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study and four had a single-stage anterior temporal lobecto-
my with amygdalohippocampectomy. Both ESI and MSI
were applied to 5 of 9 patients who underwent intracranial
EEG recording, while only ESI was applied to the remaining
4 patients.

3D EEG recordings

Standard 10-10 EEG was performed with 70 scalp electrodes
and additional EKG1, EKG2, right shoulder, left shoulder,
Al, and A2 electrodes in an epilepsy monitoring unit (EMU).
Full 10-10 EEG recordings were performed from 1 to 7 days
using a NicoletOne LTM system (Natus Medical Incorporat-
ed, Pleasanton, CA, USA) at a sampling rate of 512 Hz. The
electrode positions were digitized in 3D coordinates using
the Brainsight Frameless system (Rogue Research, Montreal,
QC, Canada) and an infrared position-sensing camera (Po-
laris system, Northern Digital Incorporated, Waterloo, ON,
Canada). A coil tracker was attached to the patient’s head for
tracking the head position, and the position-sensing camera
captured the light reflected from the tracker in the coordi-
nate space. The 3D coordinates of each of the 70 electrodes
were registered manually using a pointing sensor. The coreg-
istration of scalp electrode locations and each brain MR im-
age was achieved by matching the digitized positions of three
fiducial points (nasion and left and right preauricular points)
with the locations of these points on the MR image.

MEG recording

Magnetoencephalography is a noninvasive neurophysiologi-
cal technique for detecting the magnetic fields generated by
electric currents in the brain that has previously been used to
localize the source of epileptic discharges in epilepsy pa-
tients.”*” MEG was used in the present study to detect spon-
taneous epileptic discharges. A 152-channel MEG system
(KRISS MEG, Daejeon, Korea) covering the whole head was
used to make MEG recordings in a magnetically shielded
room for 60-90 minutes at a sampling rate of 1,024 Hz. The
relative positions of the head and the MEG sensors were de-
termined by attaching four small positioning coils to the
head. The positions of the coils were recorded at intervals of
10-15 min by the MEG sensors to allow coregistration with
MRI data. The recordings were made with the patients in a
sleep-deprived state in order to induce more interictal spikes.
The 10-20 EEG system scalp recordings were made simulta-
neously with the MEG recordings.

Source localization of EEG and MEG

Electroencephalography source localization was performed
on EEG recordings acquired during the presurgical investi-
gation. Source localization of individual and averaged spikes



was performed using Curry 7 software (Compumedics,
Charlotte, NC, USA). ESI and MSI involve EEG- and MEG-
based dipole source localizations, respectively, combined
with brain MRIL.

We used anatomical MRI images to develop each patient’s
BEM model. To ensure precise boundary modeling, the im-
age’s skin, brain, cortex, gray-matter, and white-matter pa-
rameters were determined explicitly. For EEG source re-
construction, a realistic three-compartment head model
(comprising the skin and the inner and outer skulls) was de-
fined. The BEM conductance was 0.3300 S/m for the skin,
0.0042 S/m for the outer skull, and 0.3300 S/m for the inner
skull. MEG source reconstruction was performed using a sin-
gle-compartment model consisting of only the inner surface of
the skull. By selecting exact landmarks on the MRI image, the
electrode positions could be accurately adjusted on the BEM.

Electroencephalography and MEG interictal spikes were
selected by an experienced epileptologist using visual inspec-
tion. The criterion for spike selection was that it had to show
a distinct sharp waveform with phase reversal in a bipolar
montage followed by a slow wave. Selected spikes were ana-
lyzed at the peak point, since previous studies have demon-
strated that the use of spike peaks reduces localization er-
rors.*” Baseline drift was corrected, and the filtering was set
as a low-pass filter (LPF) with a cutoff of 100 Hz and an HPF
with a cutoft of 1 or 3 Hz. Spike epochs were generated using
a time window from -700 to +300 ms relative to the negative
peak. For source analysis we used a single equivalent current
dipole model, which is a fixed MUSIC technique. The EEG
and MEG dipole source locations were evaluated at the lobar
level by presurgical evaluation.

High-pass filter cutoffs

It has been recommended for the HPF cutoft to be set within
the range of 2-10 Hz rather than 0.5-1 Hz.*® We therefore
analyzed the effects of the following different HPF cutofs for
64 spikes in one mesial temporal lobe epilepsy (MTLE) pa-
tient: 0.5, 1, 2, 3, 4, 5, and 6 Hz. This patient showed frequent
scalp EEG spikes, and underwent an intracranial EEG study
and both pre- and postoperative brain MRI. The patient had
been seizure free for more than 2 years following the surgery.
We evaluated the performance with respect to dipole dis-
persed distances, amplitudes, confidence ellipsoid (CE) vol-
umes, and goodness of fit (GOF) values. The accuracy of a
dipole model is commonly assessed by the GOF or residual
variance. A smaller CE for the EEG or MEG spike source in-
dicates that the model is more reliable.” The calculation for
CE included the signal-to-noise ratio of the spike, the num-
ber of sensors for data recording, and the GOE™
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Presurgical evaluation

The presurgical evaluation included long-term video-EEG
monitoring, brain MRI, SPECT, SISCOM, and *F-fluorode-
oxyglucose (FDG)-PET, the Wada test, and neuropsycholog-
ical tests. Video-EEG monitoring was performed for 4-7
days with full 10-10 EEG electrodes, and interictal spikes and
ictal EEG were analyzed. We attempted to identify brain le-
sions on brain MRI acquired using a 3.0-tesla scanner (Phil-
ips Achieva, Philips Medical Systems, Best, The Netherlands)
or a 1.5-tesla scanner (Signa, General Electric Medical Sys-
tems, Milwaukee, WI, USA). Brain MRI, SPECT, and FDG-
PET images were inspected visually. The EEG dipole source
location was compared with the visually analyzed EEG inter-
ictal spike generation regions, ictal onset zone, and MEG di-
pole source location, and the neuroimaging test results. The
concordance rates between EEG/MEG dipole source loca-
tion and the result of presurgical evaluation were evaluated
at the lobar level and graded by 1, 0.5 or 0. The concordance
rate was decided by comparing the results of two different
modalities among three modalities (presurgical evaluation,
ESI, and MSI). If the results of two modalities indicated the
epileptic focus at the same or similar location in the same
lobe, the concordance rate was described as “well concordant”
and 1. If the locations of two results were far apart in the same
lobe, the concordance rate was described as “partially con-
cordant” and 0.5. If two results indicated the epileptic focus
in different lobes, the concordance rate was described as “not
concordant” and 0.

Intracranial EEG

Thirteen patients underwent resective surgery after presurgi-
cal evaluations, and 9 of them underwent intracranial EEG
recording. The surgical outcome was followed for 18.2+6.8
months. The gold standard in this study was the comprehen-
sive presurgical evaluations for nonsurgical cases, and the in-
tracranial EEG findings and surgical resection margin for
surgical cases. The anatomical concordance rate was evaluat-
ed at the sublobar level. Sublobar regions were defined as fol-
lows: 1) superior lateral, inferior lateral, medial, and orbito-
frontal frontal regions, 2) lateral, mesial, and basal temporal
regions, 3) dorsolateral and medial parietal regions, and 4)
lateral, medial, and basal occipital regions. Intracranial ECoG
recording was performed for 7-10 days prior to the surgical
resection, and the interictal spikes and ictal EEG recordings
were analyzed.

RESULTS

EEG and MEG source localization
The clinical information, the results of presurgical evalua-
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tions, and dipole source localizations of EEG and MEG for
27 patients are summarized in Table 1. There were 21 cases
of temporal lobe epilepsy (TLE), 2 of frontotemporal epilep-
sy, 2 of centroparietal epilepsy, 1 of frontocentral epilepsy,
and 1 of temporo-occipital epilepsy. There were 19 lesional
patients, of whom 13 had MTLE, and 8 nonlesional patients.

The concordance rate of ESI and MSI was determined
based on the presurgical evaluation and ECoG. ESI was well
concordant with the results of presurgical evaluation in 26 of
the 27 (96.3%) patients, and partially concordant in remain-
ing patient (3.7%). Meanwhile, MSI was well concordant
with the results of presurgical evaluation in all but three pa-
tients whose MEG spikes were not recorded. The MSI results
were well concordant with the ESI results in 18 of 20 (90.0%)
patients and partially concordant in 2 (10.0%). The remain-
ing three patients exhibited only EEG spikes (i.e., no MEG
spikes).

Fig. 1 shows the ESI (Fig. 1A), MSI (Fig. 1B), and neuro-
imaging results of patient #14, who had MTLE. Both ESI and
MSI were analyzed with left anterior temporal spikes with a
BEM volume conductor. The HPF cutoft was 3 Hz, and di-
pole sources with GOF values above 70% are plotted in the
figure.

Thirteen patients (#2, 5, 6,7, 8,9, 10, 12, 14, 16, 22, 23, and
26) were diagnosed as MTLE with hippocampal sclerosis
(HS), and most of these patients’ EEG dipoles were quite con-
sistently localized in the anterior, basal, or mesial temporal
region ipsilateral to the side of HS. The numbers of analyzed
EEG dipoles differed markedly between the patients (from 5
to 65 spikes), and several dipoles were located in front of the
ipsilateral anterior temporal region, which is outside the tem-
poral cortex. However, MEG dipole sources were not consis-
tently localized in the same region. MEG dipoles were dis-
tributed more widely in the anterior, superior, middle, and
posterior lateral temporal regions, and occasionally in the in-
sula or frontal region. Most of the MEG dipoles were local-
ized in cortical surface areas.

Six patients (#1, 5, 18, 20, 24, and 27) had a lesion in the
cortical surface area. Both ESI and MSI analyses were per-
formed in patient #1, 5, 18, and 20. Patient #1 showed corti-
cal dysplasia in the left parietal lobe extending from the cor-
tical surface to the deep white matter, and was diagnosed as
left centroparietal lobe epilepsy. ESI showed dipoles in the
deep white matter of the left parietal lobe, with the results
being partially concordant with presurgical evaluation,
whereas MSI showed dipoles in the left dorsolateral parietal
cortex. Patient #5 had right HS and cortical dysplasia in the
right inferior temporal region. The EEG dipoles were ob-
served in the right mesial, anterior, and middle temporal re-
gions, whereas MEG dipoles were observed throughout the
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right whole lateral temporal lobe. The EEG dipoles were
more widely distributed in this patient than in the patients
who had only HS. In patient #18, a cystic tumor was located
in the right anterior-superior temporal region, and a calcifi-

cation was found in the right perihippocampal region. The

. 4 - ‘. '-
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Fig. 1. EEG and MEG dipole source analysis of patient #14 who had
left temporal lobe epilepsy. A: EEG dipoles [high-pass filter (HPF)=3 Hz,
goodness of fit (GOF) levels >70%] were localized in left basal and an-
terior temporal regions. B: MEG dipoles (HPF=3 Hz, GOF levels >70%)
were localized in left anterior to middle temporal regions. C: Ictal
SPECT showed left temporal hyperperfusion. D: SISCOM showed left
anterior to mid temporal hyperperfusion. (E) T2-weighted MRI and (F)
FLAIR MRI showed left hippocampal sclerosis. L: left, R: right.



EEG dipoles were located on the mesial side of the right tem-
poral lobe, whereas the MEG dipoles were located on the lat-
eral side. In patient #20, who had left basal occipital cortical
dysplasia, the EEG dipoles were located in both the left ante-
rior temporal and basal occipital regions. However, the MEG
dipoles were located in the left occipital lobe. In patient #24
and 27, a benign tumor and cortical dysplasia were located
in the right inferior temporal and basal temporal regions, re-
spectively. The EEG dipoles were localized near those lesions.

Brain MRI revealed no lesion in eight patients (#3, 4, 11,
13,17, 19, 21, and 25). When the ESI and MSI results were
compared with the location of the epileptic focus determined
by the presurgical evaluation, the locations of all EEG and
MEG dipoles were well concordant with those epileptic foci
at the lobar level. The comparison between the ESI and MSI
results revealed differences at the sublobar level. In patient
#3, the ESI and MSI results were similar at the sublobar level.
However, the EEG and MEG dipoles of the other patients
differed slightly at the sublobar level. The EEG dipoles were
located more anteriorly than the MEG dipoles in patient #4
(Fig. 2). In patient #11 and 13, EEG dipoles were located in
the left anterior temporal lobe whereas the MEG dipoles
were seen throughout the anterior, middle, and posterior

Fig. 2. EEG and MEG dipole source analysis of patient #4 who had
right frontocentral lobe epilepsy. A: EEG dipoles [high-pass filter
(HPF)=3 Hz, goodness of fit (GOF) levels >70%] were localized in right
frontal lobe. B: MEG dipoles (HPF=3 Hz, GOF levels >70%) were local-
ized in right frontal and parietal regions. C: FDG-PET showed hypo-
metabolism in right frontoparietal cortex. D: SISCOM showed ictal
hyperperfusion in the right dorsolateral and medial frontal cortices. L:
left, R: right.
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temporal regions.

Concordance of ESI and MSI with intracranial EEG
Table 2 presents the results of epilepsy surgery. Five of 9 pa-
tients who underwent invasive EEG recordings demonstrat-
ed both high-density EEG and MEG dipole source localiza-
tion. The concordance rate of the ESI and MSI results with
intracranial EEG findings was 88.9% for ESI in 9 patients
and 80% for MSI in 5 patients. Among 13 surgery patients,
10 (76.9%), 1 (7.7%), and 2 (15.4%) patients had outcomes of
Engel classes IA, IITA, and ITIB, respectively.

In patient #1, the EEG dipoles were localized in deeper
white matter of the left parietal lobe compared to the ECoG
interictal spikes recorded by subdural electrodes, whereas
the MEG dipoles were well concordant with the location of
the ECoG spikes. However, we did not make EEG recordings
in deep white matter where cortical dysplasia was present. In
patient #2, ECoG showed frequent spikes in the left inferior
and mesial temporal regions and less frequent spikes in the
lateral mid-posterior temporal region. The EEG dipoles were
located in the mesial and anterior basal temporal regions,
whereas the MEG dipoles were located in the superior lateral
temporal region. The surgical pathology revealed left HS and
cortical dysplasia in the left anterior and basal temporal re-
gions. In patient #3, intracranial electrodes were inserted in
the left temporal and frontal regions. ECoG showed interic-
tal spikes in the left basal temporal and orbitofrontal regions.
The ESI and MSI results were well concordant with ECoG
spikes in the left temporal region. However, only MSI (i.e.,
not ESI) showed dipoles in the orbitofrontal region too. In
patient #4, who had interictal spikes in the right frontal lobe
in ECoG, the EEG dipoles were located in more-anterior
frontal regions, whereas the MEG dipoles were located in the
frontal and parietal regions (Fig. 2A and B). In patient #5,
who had right HS and inferior temporal cortical dysplasia,
the EEG dipoles were located in the right mesial and basal
temporal regions, whereas the MEG dipoles were located
more diffusely in the right temporal lobe. ECoG showed
interictal spikes most frequently in the mesial temporal re-
gion, followed by the anterior, middle, and posterior tempo-
ral regions.

Comparison of different HPF cutoffs

The 64 individual EEG dipoles of patient #26, who had left
MTLE, are plotted in Fig. 3. Dipoles were analyzed in a pre-
operative BEM head model for different HPF cutoffs, and are
superimposed on postoperative MRI results in the figure.
The HPF cutoffs were 0.5, 1, 2, 3,4, 5, and 6 Hz for A to G in
Fig. 3. The LPF cutoff was 100 Hz in all cases. Fig. 3H shows
the dipoles of averaged 64 spikes for different HPF cutoffs
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Table 2. The summary of ECoG, pathology and surgical outcome in 13 patients

ESI-ECoG  MSI-ECoG Postop.
Pt  ECoG interictal  ECoG ictal onset ° ° Surgical el
. concordance concordance . Pathology F/U Outcome
No. spikes zone resection area .
rate duration
Linf &ant to . L sup & med P,
. Linf & ant to . .
1 mid sup P, post mid sup P 1 post cingulate FCDIIBin P 1yr1mo I1IB
| u
cingulate gyrus P gyrus
Linflat & &
nriat e mes L mes & lat bas T 1 LATUAH, latbasT  HS, FCD A in T Tyrimo 1A
post lat T
Minimal cortical
L OF mes & inflatT, dyslamination in F,
3 L OF, &latT 1 L ATL/AH & OF . 2yr5 1A
HC head mese e / FCDICinT, Focal </ >™M°
infarct in HC
Dense fibrous
R F OF lat & R & lat F OF i floati
p med F OF, lat med & lat F OF, : R ant & mid F inf P tissue a.nd oating Lyr 4 mo A
bas T, inf P lat & bas T, inf P arachroid cells S/O
arachroid cyst in F, P
R mes &lat T, AG, .
5 RmesT AG 0.5 R ATL/AH HS, FCD IIIA in T 1yr7mo IA
HC head
6 NP NP - L ATL/AH HS, FCD A in T 1yr1mo IA
7 NP NP - L ATL/AH HS, FCD A In T 1yr2mo IA
8 NP NP - L ATL/AH HS, FCD IIIAin T 1yr2mo IA
23 NP NP - R ATL/AH HS, FCD A In T 1yr4mo IA
R &bas&latT, R to bas T, FCD IC in OF, FCD IC
g4 " MESCDASCILL HmMEsTo0as 1 R ATL/AH &R OF " Tyrsmo 1A
HC body HC body &IBinT
R post lat & bas &
R mes & bas & lat T, oo a8 R extended ATUAH, FCD ICin antT,
25 mes &sup lat T, 1 . 1yr1mo 1B
HC head to body lat T FCD 1Ainsup latT
AG to HC body
L mes & bas &
L T, HC head .
26 antlatT, HC head t':: ” @ 1 L ATL/AH HS,FCDIIA inT  2yr5mo 1A
to tail
R T (lesi FCD IICin latT,
bas T (lesion), . R ATLJAH, R lat & CD IlICin lat .
27 mes&IatT, R bas T (lesion) 1 Rbas T cavernous angioma 2 yr 7 mo 1A
as
HC head to body in bas T (lesion)

AG: amygdala, AH: amygdalohippocampectomy, ant: anterior, ATL: anterior temporal lobectomy, bas: basal, Bi: bilateral, ECoG: electrocorticography,
ESI: EEG source imaging, F: frontal, FCD: focal cortical dysplasia, HC: hippocampus, HS: hippocampal sclerosis, F/U: follow up, inf: inferior, L: left, lat:
lateral, med: medial, mes: mesial, mid: middle, mo: month, MSI: MEG source imaging, NP: not performed, OF: orbitofrontal, P: parietal, post: posterior,

R: right, S/0: suggestive of, sup: superior, T: temporal, yr: year.

using the same colors as in A-G. Individual EEG dipoles are
dispersed in location and orientation around the averaged
dipole.

Table 3 lists the HPF cutoffs and the mean distance and
variance values for the 64 individual EEG dipoles relative to
the average EEG dipole obtained by statistical analysis. The
results indicate that an HPF cutoft of 3 Hz minimized the
distances of the EEG dipoles from the averaged dipole and
the CE value. GOF was also maximum for an HPF cutoff of
3 Hz, but the amplitude was not maximum and the mean
amplitude of the dipoles became smaller as the HPF cutoft
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increased.

Fig. 4 compares the ECoG findings and the EEG dipoles of
patient #26 with left MTLE. The electrode location of ictal
EEG onset in ECoG is indicated by a red circle (Fig. 4A), and
the location of interictal spikes frequently recorded in ECoG
is indicated by a bright blue circle. The ESI results for the av-
eraged 64 spikes as obtained when using different HPF cut-
offs are shown in Fig. 4B in different colors. The circle around
each dipole indicates the CE range.
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Fig. 3. Different high-pass filter (HPF) setting. The 64 individual dipoles of patient #26 who had left mesial temporal lobe epilepsy. EEG dipoles
were analyzed in preoperative boundary element method (BEM) head model in different HPF settings and superimposed on the postoperative MRI.
HPF settings were as follow: (A) 0.5 Hz, (B) 1Hz, (C) 2 Hz, (D) 3 Hz, (E) 4 Hz, (F) 5 Hz, and (G) 6 Hz. Low pass filter settings were all 100 Hz. The H
shows averaged dipoles of A-G with the matched color. Circles surrounding each dipole indicate confidence ellipsoid range. Each color indicates dif-
ferent HPF setting (red: 0.5 Hz, orange: 1 Hz, yellow: 2 Hz, green: 3 Hz, bright blue: 4 Hz, blue: 5 Hz, violet: 6 Hz). L: left, R: right.
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Table 3. The effect of high-pass filter change on EEG source imaging

Mean single dipole distance from the Confidence

i (i) averaged dipole location (mm) G (TD) ellipsoid (mL) £e7 ()
0.5 20.618.1 822.71£289.7 602.5+816.5 82.3+54
1 19.1+7.7 786.41297.3 554.01831.9 83.4t438
2 174174 781.9%252.3 344114954 85.513.6
3 15.3%6.1 763.41230.2 297913948 859140
4 15.6£6.1 661.1+204.1 389.11£547.3 83.8+5.4
5 15.5%5.9 500.6£170.1 634.1£886.1 79.8+7.0
6 18.0£8.0 395.51228.7 891.6+1936.1 75.719.4

Values are mean=£SD.
Amp: amplitude, GOF: goodness of fit, HPF: high-pass filter.

Fig. 4. The comparison between ECoG and EEG dipoles of patient
#26. The patient had left mesial temporal lobe epilepsy. A: Intracra-
nial EEG electrode locations were plotted on the patient's three di-
mensional MRI. Red circle indicates the electrode location of ictal
ECoG onset, and bright blue circle indicates the location of interictal
spikes frequently recorded on ECoG. B: EEG dipoles of averaged 64
spikes with different high-pass filter settings: red: 0.5 Hz, orange: 1
Hz, yellow: 2 Hz, green: 3 Hz, bright blue: 4 Hz, blue: 5 Hz, violet: 6
Hz. The circle around each dipole indicates confidence ellipsoid
range. L: left, R: right .

DISCUSSION

Various neuroimaging techniques have been applied for the
presurgical evaluation of epilepsy. Brain MRI, FDG-PET,
SPECT, and SISCOM are widely used, whereas noninvasive
ESI and MSI techniques are utilized in only a small number
of centers. The clinical usefulness of MSI has been verified,
and while the clinical role and usefulness of ESI have been
emphasized, it is still only at the investigation stage." The
present study analyzed 70-channel ESI prospectively and
compared the results with those obtained using MSI and
other types of presurgical evaluation. To solve the inverse
problem, we applied 70-channel EEG in the EMU and ap-
plied an individual patient head model for the ESI analysis,
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and we digitized each patient’s electrode positions on the pa-
tient’s brain MRI images. We also performed a detailed ESI
reliability analysis by applying different HPF cutoffs for de-
tecting the interictal spikes.

We found that the ESI results were well concordant at the
lobar level with the presurgical evaluations. While this is
similar to the results obtained in previous studies, the pres-
ent study differs from previous ESI studies in several notable
ways. In a study of 128-channel ESI, 5 of 7 patients who un-
derwent intracranial EEG recording in addition to the rou-
tine presurgical evaluation had consistent EEG dipoles at the
lobar level, but they used a three shell sphere model.* A pre-
vious study found a high level of agreement between intra-
cranial EEG and ESI findings, although the recordings were
not made simultaneously.'' However, they used a three-shell
sphere forward modeling method with standardized elec-
trode positions. Previous ESI studies have focused on TLE
and have usually addressed reliability and validity only indi-
rectly.**!! On the other hand, ESI has rarely been applied to
extra-TLE patients. A previous study performed high-den-
sity EEG recordings (128-256 channels) and volumetric
brain MRI in 27 patients with extra-TLE,* but 3D digitizing
of electrode locations was not conducted. That study ana-
lyzed the mid-uprising time point of interictal spikes, and
there is still debate about the analysis of spike time points.
Analyzing the peak spike point seems to be more appropriate
than analyzing the onset point or a point between the onset
and peak time of a spike in similar studies that used a single
equivalent dipole model,*® so we decided to analyze the peak
spike point. Other study also investigated ESI with 256-chan-
nel EEG recordings in 7 MTLE patients." However, they
used an Montreal Neurological Institute head model with
standard brain electrode positions, whose head geometry is
less realistic. In the ESI analysis performed in the present
study, we applied a dipole source analyzing technique using
individualized realistic forward models based on the pa-
tients’ 3D digitized electrode positions and a BEM model.



A previous study applied ESI with a 76-channel scalp EEG
system and digitized the electrode locations,® but used a
modified 10-20 EEG system that differs from the 10-10 sys-
tem used in the present study. That study compared the ef-
fects of the electrode density and the use of different head
models on the localization accuracy, but the effects of differ-
ent HPF cutoffs were not analyzed.

In the present study, we found that EEG dipoles were con-
cordant at the lobar level with the results of presurgical eval-
uations in 26 of the 27 patients (96.3%) when using 70-chan-
nel EEG recording. This is similar to previous studies’ findings;
93.7% lobar-level concordance in 32 patients with 128-chan-
nel EEG® and 90% lobar-level concordance in 30 patients with
EEG employing fewer than 30 channels.” It therefore seems
that the number of electrodes does not greatly influence the
lobar-level concordance rate. In our study, the concordance
rate at the sublobar level of EEG dipoles with the intracranial
EEG findings was 88.9% (8 of 9 patients), with the remaining
patient showing partial concordance.

Previous studies found that using more scalp EEG elec-
trodes improved the spatial resolution.>" Although those au-
thors proposed that it is necessary to use more than 63 scalp
EEG electrodes in order to reduce the distance from the re-
section margin to less than 2 cm, the ideal number of scalp
electrodes for ESI analysis remains to be determined in future
investigations."" A previous study used an electrode cap to
implement 152-channel EEG with high spatial resolution
over a 1-hour monitoring period.* However, the use of an
electrode cap has potential limitations of unreliable electrode-
scalp contacts and poor long-term EEG recordings," which
contrasts with EEG generally being known for its advantage
of long-term recording and its insensitivity to changes in head
position. Therefore, applying the 10-10 EEG system is rec-
ommended for optimal EEG dipole source analysis.

Simple equivalent dipole fitting analysis is a good source
estimation technique for localizing an epileptic focus.'**' A
distributed source model (e.g., Low Resolution Brain Elec-
tromagnetic Tomography, LORETA) yields a distributed elec-
tric field density rather than the focal modality, and it may
also display widely dispersed unrelated information. A previ-
ous study that performed EEG dipole source analysis with a
27-channel scalp EEG system and simultaneous ECoG re-
cording in one patient with MTLE demonstrated the high
concordance between these measurements;’ the present study
also found a high concordance rate between ESI results and
ECoG findings in 9 diverse patients with lesional or nonle-
sional partial epilepsy.

In single dipole source localization, the EEG dipole source
may move when different HPF cutoffs are used. This charac-
teristic has resulted in some confusion among investigators
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when determining the location of the EEG dipole, indicating
the necessity of comparing the effect of different HPF cutoffs.
It has been reported that the EEG source activity onset is best
demarcated by using a higher HPF cutoff, with one within the
range of 2-10 Hz being preferable over one within the range
of 0.5-1 Hz.* We found that the distribution of individual
spike dipoles was most consistent with the averaged dipole
when a 3 Hz HPF cutoft was applied; HPF cutoffs lower or
higher than 3 Hz resulted in dipoles of wider dispersion,
and lower signal amplitude and greater CE. These results are
consistent with a previous ESI study finding that a 3 Hz HPF
cutoff was the most appropriate.’

Our study analyzed both EEG and MEG dipoles in 23 pa-
tients. In a single dipole source analysis of EEG, the EEG di-
poles tended to be localized in brain regions deeper than the
cortex in patients with MTLE. This result is similar to a pre-
vious study finding spike dipoles localized in deeper brain
regions, such as white matter, than actual cortex.” It is known
that MEG is less sensitive to deep brain sources because the
signals decrease in proportion with the square of the distance
from the source.”® Our MSI analysis also showed that the dis-
tribution was wider over lateral and whole temporal regions.
However, MSI in our study showed a high concordance rate
of 100% at the lobar level compared with the presurgical eval-
uation results, and of 80% (4 of 5 patients) at the sublobar level
compared with intracranial EEG results.

In MTLE patients, the ESI results were the most correctly
localized to the anterior, basal, or mesial region of the tem-
poral lobe. The ESI results obtained in neocortical and non-
lesional epilepsy patients were not as accurate as those in
MTLE patients, although the EEG dipoles were reasonably
well localized at the lobar level compared with presurgical
evaluations and intracranial EEG results. EEG recordings of
interictal spikes can be made over a longer time period than
MEG recordings, which are typically limited to only about 1
hour. Therefore, patients who exhibit rare interictal spikes
during EMU period will tend to show no MEG spikes dur-
ing a 1-hour recording session. Moreover, ESI is more feasi-
ble than MSI for patients with mental retardation or young
children because many such subjects find it difficult to re-
main motionless for an hour. Finally, MEG signals are affect-
ed by the presence of metal objects, so large artifacts in MEG
recordings can be present when patients have metallic dental
implants. Such noise contamination of MEG channels may
affect the MSI results even when the MEG reader turns oft
those channels. In contrast, ESI can be applied more general-
ly since it is not affected by the presence of metallic implants.

There are several problems to be solved in ESI. Our study
was an individualized investigation that developed an indi-
vidual’s forward model and coregistered the patient’s brain
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MRI with the scalp electrode position. However, the volume
conductor can be different in different patients. The same
values for three conductor parameters (skin and the inner
and outer skulls) were applied to all patients in our study,
whereas the conductance of the skin and skull may differ be-
tween patients, especially in postsurgical patients, which may
exert an inhomogeneous skull conductor effect in the EEG
source analysis. Another issue that needs to be addressed is
identifying a more accurate method for analyzing ESI in pa-
tients with neocortical epilepsy.
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