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The present study was aimed at investigating the
accuracy of electric source reconstruction in the pre-
surgical evaluation of epilepsy patients. Spontaneous
EEG activity of 14 patients with focal intracerebral
epileptogenic lesions was analyzed by source recon-
struction based on high-resolution EEG (64-channel
system) and a boundary element method head model
accounting for the individual head anatomy. Equiva-
lent dipole modeling was applied to focal delta and
interictal epileptiform activity. The localization re-
sults were validated quantitatively by comparison
with the sites of the structural lesions. In 6 of 9 pa-
tients with focal delta activity, the maximum of dipole
concentration was closer than 10 mm to the nearest
lesion margin and mostly at the border or within
pathologically altered cortical tissue. In all 11 patients
showing interictal epileptiform activity, the localiza-
tion results were found in the same lobe as the lesion.
In almost half of them, they were closer than 10 mm to
the lesion margin. Patients with larger distances
(22–36 mm) mostly had hippocampal atrophy or scle-
rosis. Their dipole locations did not appear in the af-
fected hippocampus, but in the adjacent temporal neo-
cortex. In conclusion, electric source reconstruction
applied to both abnormal slow and interictal epilepti-
form EEG activity seems to be a valuable additional
noninvasive component in the multimodal presurgical
evaluation of epilepsy patients. © 2001 Academic Press

Key Words: brain; brain mapping; electroencepha-
lography; epilepsy; hippocampus; human; magnetic
resonance imaging; methods; models; seizures.

INTRODUCTION

In the presurgical evaluation of epilepsy patients,
accurate localization of the epileptogenic focus is essen-
tial. Despite advances in structural imaging tech-
niques, the functional localization by means of electro-
physiological methods remains an indispensable part

of the evaluation process. Seizure recordings using in-
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tracranial electrodes are regarded as “gold standard”
for defining epileptogenic brain regions (Engel et al.,
1981; Spencer et al., 1993). However, invasiveness, risk
of morbidity, limited availability, and high costs of this
technique limit its use in the clinical routine. The con-
ventional interpretation of scalp-recorded electroen-
cephalograms (EEGs), on the other hand, does not pro-
vide the localizing accuracy required for surgical
planning. Only with the advance of more sophisticated
analyzing methods, the information obtained from
scalp-recorded EEG could be significantly increased. A
growing emphasis has been on developing the method
of electric source reconstruction based on equivalent
dipole modeling (Henderson et al., 1975; Cohen and
Cuffin, 1983; Scherg, 1990). From the distribution of
scalp-recorded EEG potentials and the shapes and con-
ductivities of the different head compartments (e.g.,
brain, skull, skin), an inverse solution can be calcu-
lated for the location, orientation, and strength of pos-
sibly underlying sources. Recent advances include the
coregistration of EEG data with anatomical informa-
tion from magnetic resonance images (MRI) and the
use of realistic head models (Gevins et al., 1990; Roth et
al., 1993; Buchner et al., 1995; Koles, 1998).

In the field of epilepsy, source reconstruction based
on EEG and magnetoencephalography (MEG) has
demonstrated its usefulness in localizing intracranial
generators of interictal epileptiform activity (Ebersole,
1994; Baumgartner et al., 1995; Diekmann et al.,
1998). The results were in agreement with those of
other imaging modalities (MRI, positron emission to-
mography, or intracranial EEG recordings (Nakasato
et al., 1994; Stefan et al., 1994; Roth et al., 1997; Merlet
et al., 1998)). In addition, the propagation of interictal
spikes has been studied (Wong, 1993; Ebersole, 1994;
Baumgartner et al., 1995). Other investigators have
focused on locating abnormal low-frequency neuromag-
netic activity as a marker of regional cortical dysfunc-
tion associated with epileptogenic lesions (Vieth et al.,

1996; Gallen et al., 1997).
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16 HUPPERTZ ET AL.
The accuracy of localizing electric sources noninva-
sively has been assessed previously (Cohen et al., 1990;
Cuffin et al., 1991): Artificial dipoles generated in hu-
man brains with implanted depth electrodes could be
located with an average error of 10 to 11 mm. Using a
human skull phantom the average localization error
was even smaller (7–8 mm for EEG and 3 mm for MEG
(Leahy et al., 1998)). The reproducibility of source re-
construction based on high-resolution EEG of the N20
SEP component was found to be in the range of 2.6 to
4 mm (Kristeva-Feige et al., 1997). However, there
have been only a few studies quantifying the accuracy
of source reconstruction in the presurgical evaluation
of epilepsy patients. Using MEG source analysis, Ste-
fan et al. (1994) could locate focal epileptiform activity
to within 10 mm of the border of seizure-related tu-
mors. With a combined EEG/MEG approach, Diek-
mann et al. (1998) found the calculated locations of
interictal spikes in an average distance of 18 mm to
epileptogenic lesions. Krings et al. (1998) located inter-
ictal spike activity or rhythmic EEG activity at seizure
onset to within 8 mm of the border of epileptogenic
lesions.

The present study was aimed at investigating the
accuracy of electroencephalographic dipole localization
in a series of 14 epilepsy patients with focal epilepto-
genic lesions. Two approaches were used: electric
source reconstruction applied to (1) focal delta EEG
activity, suggested to be a marker of regional cortical
dysfunction associated with epileptogenic lesions
(Gambardella et al., 1995; Vieth et al., 1996; Gallen et

l., 1997), and to (2) interictal epileptiform activity,
enerated in the irritative zone according to Lüders et
l. (1993).
The results of electric source reconstruction were

alidated by comparison with the sites of the structural
esions. Consequently, the study also addressed the
elationship between epileptogenic lesion and irrita-
ive zone in symptomatic focal epilepsy. In contrast to
he above-mentioned studies (Stefan et al., 1994; Diek-
ann et al., 1998; Krings et al., 1998), the electric

source reconstruction was based on a high-resolution
EEG (64-channel system) and a realistically shaped
boundary element head model which is expected to be
more accurate than the usual three- or four-shell
sphere models (Yvert et al., 1997). The results of the
present study have implications on assessing the value
of electric source reconstruction in the presurgical
evaluation of epilepsy patients.

MATERIALS AND METHODS

Patients

Fourteen epilepsy patients (10 males, 4 females,
25–74 years) were selected from the routine clinical

EEG laboratory according to the following criteria: (1) h
EEGs with focal delta activity and/or interictal epilep-
tiform activity (spikes, sharp waves) and (2) one focal
lesion on MRI which was regarded as epileptogenic
according to clinical reasoning considering the semiol-
ogy of seizures and the localization of interictal epilep-
tiform activity in the EEG. Patients with multiple le-
sions or diffuse pathology on MRI or multiple focal
slowing in the EEG were excluded. Informed consent
was obtained from each patient.

High-Resolution EEG

Using a 64-channel EEG system (Neuroscan), the
EEG was recorded from 61 scalp electrodes equally
distributed over both hemispheres, including two sub-
equatorial electrodes to improve localizations in the
temporal lobe (Cz electrode as reference; ground elec-
trode on the forehead; electrode resistances below 5
kV). Eye movements and blinks were monitored to
exclude artifacts. The measurement protocol consisted
of 15-min recording of spontaneous EEG activity (i.e.,
without hyperventilation, photostimulation, with-
drawal of antiepileptic drugs, or drug-induced activa-
tion) in a HF-shielded room (bandpass filter 0.1–100
Hz, sampling rate 500 Hz).

For subsequent EEG/MRI coregistration, the elec-
trode positions were digitized using an ultrasound lo-
calizing device (Zebris) and the head contour was ob-
tained by collecting approximately 1600–2000 points
while moving the digitizer across the head surface.

Analysis of Delta EEG Activity

The EEG data processing was done offline (Neuro-
scan software Scan 3.0). If focal delta EEG activity was
established by visual inspection, the EEG was digitally
filtered in the delta range (bandpass filter 1–3.5 Hz, 24
dB/Oct, zero phase shift).

A principal component analysis (PCA) based on a
singular value decomposition algorithm (1992) was
used to select periods of time showing one predominant
component in the filtered EEG. This was done because
the single equivalent dipole model used in the subse-
quent source reconstruction is only adequate for de-
scribing EEG data with one predominant underlying
source (Kober et al., 1992; Vieth et al., 1996). The PCA
analyzed the filtered EEG in time epochs of 480 ms
with an overlap of 160 ms. The EEG data were decom-
posed into multiple linearly independent, i.e., tempo-
rally and spatially noncorrelated “principal compo-
nents” (Soong and Koles, 1995; Friston et al., 1996;
Lagerlund et al., 1997). An EEG epoch was accepted if
he first component was at least 10 times higher than
he “noise floor” of the four components following in
trength. As an example, the PCA results of two EEG
pochs are plotted in Fig. 1, one containing no predom-
nant principal component and the other showing a

igh component followed by a noise floor consisting of
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17LOCALIZATION OF DELTA AND EPILEPTIFORM EEG ACTIVITY
component 2–5. Apparently, one component is domi-
nating in the second epoch. Although there is no one-
to-one correspondence between principal components
and individual sources, an EEG epoch with one pre-
dominant underlying source can be expected to go
along with one predominant principal component
(Vieth et al., 1996; Lagerlund et al., 1997). Typically,
bout 30 s were selected out of the original 15 min of
EG, imported into the source reconstruction software

CURRY, Neuroscan) and rereferentiated to a common
verage reference.

nalysis of Interictal Epileptiform Activity

Spikes and sharp waves were identified visually ac-
ording to IFSECN criteria (Chatrian et al., 1974) and

marked on the highest negative peak in the EEG (Neu-
roscan software Scan 3.0). If there were different types
of spikes/sharp waves separable by their waveform or
scalp distribution, they were collected in different
groups. Only groups containing three or more epilepti-
form events were admitted for further analysis.

MRI and Surface Segmentation

A 3D anatomical data set was acquired using a
MPRage sequence (TR/TE/alpha 5 9.7 ms, 4 ms, 12°)
on a 1.5-T Magnetom Vision (Siemens). With 2562 pixel
per matrix, 170 slices, a field of view of 256 mm, and a
3D slab thickness of 170 mm, the resulting voxel size
was 1 mm3.

Based on the MRI data, four different surfaces were
segmented (CURRY software, Neuroscan): (1) Cortex:
A semiautomatic 3D region growing algorithm started
from inside the brain and stopped at the border be-
tween the white and gray matter (gray scale threshold
criterion) (Wagner et al., 1995). In critical regions (e.g.,

FIG. 1. Example of PCA results of two EEG epochs. The princi-
al components are ordered by their strength. The first EEG epoch
ontains no predominant principal component (dotted line), while
he second one shows a high component followed by a kind of “noise
oor” consisting of components 2–5 (solid line).
orbita, temporal pole) “boundary markers” were in-
serted. The finally segmented cortex surface consisted
of about 20,000 triangles. (2) Inner skull: The segmen-
tation was achieved by smoothing and expanding the
segmented cortex surface. (3) Outer skull: The segmen-
tation was performed by expanding the inner side of
the skull. (4) Skin: After setting all gray values inside
the outer skull to white, the skin surface was seg-
mented by a region growing algorithm searching from
inside for the border between skin and surrounding
space. To the lower end of the head the surface was
limited by an artificial border.

Coregistration of EEG and MRI Data

The coregistration of EEG and MRI data, i.e., the
transformation of electrode positions and MRI data
into the same coordinate system, was based on match-
ing the digitized head surface as obtained by 3D ultra-
sound scanning after each EEG recording and the head
surface as segmented from the MRI data (Huppertz et

l., 1998).

Electric Source Reconstruction

An inverse solution algorithm based on a single
equivalent current dipole (ECD) model (Henderson et
al., 1975; Cuffin, 1985; Scherg, 1990) was applied for
electric source reconstruction (CURRY software, Neu-
roscan). For a given time point, this algorithm itera-
tively minimized the difference between the measured
EEG scalp potentials and the theoretical potential dis-
tribution which a single dipolar electric source in the
brain, i.e., the ECD, would generate. The goodness of
fit (GoF) was determined as the percentage of EEG
data explained by the solution of the ECD location.

The source reconstruction was calculated in individ-
ual head models using the boundary element method
(BEM) (Gevins et al., 1990; Roth et al., 1993; Buchner
et al., 1995; Koles, 1998) and accounting for the real-
istic shape of the three compartments, skin, skull, and
brain (including the surrounding cerebrospinal fluid).
The surfaces of these compartments were segmented
as described above. The conductivities of the different
tissues were defined as 0.33 S/m for the skin, 0.0042
S/m for the skull, and 0.33 S/m for the brain (Geddes
and Baker, 1967). A separate compartment represent-
ing the cerebrospinal fluid was not defined because of
potential mathematical errors arising from closely
spaced boundary surfaces in a BEM model, in this case
the surfaces of brain and cerebrospinal fluid (Fuchs et
al., 1998). Due to the same reason, the source space
defined as the brain (1 cerebrospinal fluid) compart-
ment was reduced by 3 mm in a closing operation.

EEG epochs with delta activity as selected by PCA
were subjected to an automatic electric source recon-
struction which analyzed the data in steps of 4 ms and
collected location results with a GoF $ 85% (Boon and

D’Have, 1995). To summarize the results of all EEG



3
l
w
c
v
E
1
v
t
p
s
3
t

F
e
e
a
o
s
a
c
t
d

E

b
t
n
a
(
a
e
w
(

S

o
m
h
(
n
h
w

d
s
t

g
c
f
a
t
g
o
I
r
m
g
(
a
T
t
i
o

9
c
i
l

S

f
w
l
w
T
a
w
(

(
a
4
l
p
t
g
w
e
t
v

R

s
r
z
a

18 HUPPERTZ ET AL.
epochs, a spatial dipole density distribution was calcu-
lated (Vieth et al., 1993; Diekmann et al., 1998). The
D MRI data set was divided in voxels of 3-mm edge
ength. For each voxel, the number of ECD locations
ithin this voxel was counted and a dipole density was

alculated which was standardized in relation to the
olume of the source space and the sum of all localized
CDs. For example, a dipole density of 100 meant that
00 times more dipoles were located in the analyzed
oxel than in case of an equal distribution of localiza-
ion results within the source space of the respective
atient. The dipole density distribution was encoded in
quares of different sizes which were projected onto the
D representation of the segmented cortex at the site of
he corresponding voxels.

Epileptiform discharges were analyzed in two steps.
irst, electric source reconstruction was applied to
ach single epileptiform discharge. Only epileptiform
vents with a GoF $ 85% were considered and aver-
ged. If there were events belonging to different groups
f similar spikes or sharp waves, they were averaged
eparately. Then, electric source reconstruction was
pplied to the peak of the averaged epileptiform dis-
harges. The resulting ECD location was projected onto
he 3D representation of the segmented cortex and
epicted in the appropriate MRI slices.

valuation of Localization Results

The results of source reconstruction were validated
y comparison with the site of the MRI-verified struc-
ural lesion in each patient. As a measure of the good-
ess of localization, the distance between the lesion
nd (1) the maximum of the dipole density distribution
resulting from the analysis of the delta EEG activity)
nd/or (2) the ECD location of the averaged interictal
pileptiform activity was calculated. The distances
ere determined by two independent investigators

J.K. and E.H.) using the CURRY software.

RESULTS

ource Reconstruction of Delta EEG Activity

Nine of 14 patients showed intermittent or continu-
us focal delta EEG activity. In all but 1 patient, the
aximum of dipole density was located in the same
emisphere as the MRI-verified lesion. In 6 patients
67%), the maximum was closer than 10 mm to the
earest lesion margin. Four of these patients (44%)
ad the maximum at the immediate lesion border or
ithin pathologically altered cortical tissue (Table 1).
In four patients, more than one maximum of dipole

ensity was observed: One patient with hippocampal
clerosis (patient 5) showed three equal maxima close

ogether in the posterior part of the middle orbital m
yrus and adjacent to the parahippocampal gyrus. The
enter of gravity of these maxima was located 17 mm
rom the affected hippocampus. Another patient with
n infarction of the right middle cerebral artery (pa-
ient 11) had two equal maxima, one in the precentral
yrus (within 3 mm of the infarct margin) and the
ther in the postcentral gyrus (at the infarct margin).
n the third patient who also had an infarction of the
ight middle cerebral artery (patient 10), three equal
axima were found close together in the right angular

yrus along the infarct margin. The fourth patient
patient 2) showed four equal maxima lying in the gray
nd white matter along the interhemispheric fissure.
he minimum distance to the lesion was 46 mm and
hereby far beyond the results of the other patients. It
s noticeable that his high-resolution EEG displayed
nly rare and flat delta waves.
In a patient with right hippocampal atrophy (patient

), the maximum of dipole density was found in the
ontralateral uncus hippocampi, while the averaged
nterictal epileptiform activity was located in the ipsi-
ateral inferior temporal gyrus.

ource Reconstruction of Interictal Epileptiform
Activity

In all 11 patients with sufficient interictal epilepti-
orm activity (number of averaged spikes or sharp
aves varying between 3 and 8, average 5), the ECD

ocation of the averaged interictal epileptiform activity
as located in the same lobe as the MRI-verified lesion.
he corresponding GoF values varied between 93.1
nd 98.7%. In 5 patients (45%), the ECD locations
ere closer than 10 mm to the nearest lesion margin

Table 1).
Four patients showed a relatively large distance

22—36 mm) between source reconstruction results
nd nearest lesion margin. Three of them (patients 3,
, and 9) had a hippocampal atrophy or sclerosis. Their
ocation results did not appear in the affected hip-
ocampus, but in the adjacent temporal neocortex, i.e.,
he inferior temporal gyrus, or middle occipitotemporal
yrus. The fourth patient had a venous malformation
ith gliosis of adjacent white matter in the right pari-
tal lobe (patient 13). The ECD location was deep in
he white matter and near the trigonum of the lateral
entricle.

esults of Selected Patients

Patient 1. This 29-year-old man had simple-partial
eizures with Jacksonian march of convulsion in the
ight arm and secondarily generalized tonic–clonic sei-
ures. In the past, he underwent several embolizations
nd a partial operative removal of an arteriovenous

alformation in the left temporoparietal and insular
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region. At the time of this study, his MRI showed a
large resection hole comprising parts of the left post-
central and supramarginal gyrus and residual emboli-
zed angiomatous tissue in the adjacent supramarginal
and superior temporal gyrus. The EEG contained fre-

TAB

Principal Diagnoses, Lesion Sites

Patient Principal diagnosis Lesion site

Delta activity (DA):
Location of max.

dipole density

1 Embolized and partly
resected vascular
malformation

Left posterior insular
cortex, left
supramarginal 1
superior temporal
gyrus

Supramarginal
gyrus

2 Resected meningioma,
gliosis adjacent to
resection hole and
along the operative
way of accession

Left temporopolar
region and
posterior insular
cortex

Gray 1 white
matter along
interhemispheric
fissure

3 Hippocampal atrophy Left temporomesial
cortex

No DA

4 Hippocampal sclerosis Right temporomesial
cortex

No DA

5 Hippocampal sclerosis Right temporomesial
cortex

Middle orbital and
parahippocampal
gyrus

6 Defects and gliosis
after contusio
cerebri and
subdural
haematoma

Left temporal lobe Inferior temporal
gyrus

7 Metastasis Left superior and
middle frontal
gyrus

Superior frontal
gyrus

8 Defect after
intracerebral
hemorrhage

Right lateral
occipital gyrus

Angular gyrus

9 Hippocampal atrophy Right temporomesial
cortex

Uncus of opposite
side

10 Cerebral infarct Posterior territory of
the right middle
cerebral artery

Angular gyrus

11 Cerebral infarct Posterior territory of
the right middle
cerebral artery

Precentral and
postcentral
gyrus

12 Resected
hemorrhagenic
cavernoma

Left lateral occipital
gyrus and left
angular gyrus

No DA

13 Vascular
malformation,
gliosis of adjacent
brain tissue

White matter of the
right parietal lobe

No DA

14 Protoplasmatic glioma Left temporal lobe
including
hippocampus and
amygdala

No DA

Note. DA, delta activity; SW, interictal epileptiform activity, i.e., s
quent sharp waves and dysrhythmic delta waves in the
left temporal region. Both the maximum dipole density
resulting from the source reconstruction of delta activ-
ity and the ECD location of the averaged interictal
epileptiform activity were found in the supramarginal
gyrus and within pathologically altered tissue near the

1

d Source Reconstruction Results

ipole
nsity

Location of
averaged

epileptiform
activity (SW)

GoF
(%)

Same
hemisphere Same lobe

Distance to
lesion margin

(mm)

DA SW DA SW DA SW

524 Supramarginal
gyrus

98.7 x x x x 6 2

994 Insular cortex 93.1 x x x .46 14

— Inferior temporal
gyrus

97.2 x x 36

— Middle
occipitotemporal
gyrus

95.0 x x 22

741 Semilunar gyrus 98.5 x x (x) x 17 6

661 No SW — x x 0

159 No SW — x x 0

315 No SW — x 9

230 Inferior temporal
gyrus

95.7 x x 37 28

899 Superior temporal
gyrus

96.5 x x x x 0 0

707 Supramarginal
gyrus

97.0 x x (x) x 3 and 0 0

— Lateral occipital
gyrus

97.3 x x 7

— White matter of
parietal lobe

96.2 x x 29

— Insular cortex 97.5 x x 15

es or sharp waves.
LE

, an

D
de

3

1

1

resection hole (Fig. 2).
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FIG. 2. Results of patient 1 (embolized and partly resected vascular malformation). (A) 3D view of the segmented cortex from above and
from the side of the lesion. The segmented resection hole is shown in black, and the pathologically altered brain tissue in brown. The dipole
density resulting from the source reconstruction of delta EEG activity is encoded in squares of different sizes which are projected onto the
segmented cortex. The baseline offset is 10% of the maximum of the dipole density. (B) Maximum of the dipole density shown in axial and
coronal slices of the patient’s MRI. (C) ECD location corresponding to the averaged interictal epileptiform activity. The absolute size of arrows

and squares in B and C carries no information.
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FIG. 3. Results of patient 5 (right hippocampal sclerosis). (A) Dipole density resulting from the source reconstruction of delta EEG
activity projected onto the segmented cortex. The axial and coronal MRI slices are laid through the center of gravity of these localizations.
(B) Maximum of the dipole density shown in axial and coronal MRI slices. (C) ECD location corresponding to the averaged interictal

epileptiform activity.
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22 HUPPERTZ ET AL.
Patient 5. This 51-year-old man with right hip-
pocampal sclerosis suffered from pharmacoresistant
epilepsy with epigastric auras and complex partial and
secondarily generalized tonic–clonic seizures since the
age of 4 years. The EEG contained intermittent delta
waves, sharp waves, and sharp-slow waves in right
frontal and temporal recordings. Video EEG monitor-
ing showed a clear origin of ictal activity in the right
sphenoidal electrode. Three days after recording the
high-resolution EEG for this study, the patient under-
went selective right amygdalohippocampectomy and
remained seizure free since then. Source reconstruc-
tion of delta EEG activity yielded three equal maxima
of the dipole density lying close together in the poste-
rior part of the middle orbital gyrus and adjacent to the
ipsilateral parahippocampal gyrus. The averaged in-
terictal epileptiform activity was located in the right
semilunar gyrus, i.e., adjacent to the amygdaloid nu-
cleus (Fig. 3).

Patient 10. This 60-year-old woman had simple
partial seizures with left-sided sensorimotor symptoms
and secondarily generalized seizures after an infarc-
tion of the right middle cerebral artery. The MRI
showed the infarct comprising the inferior parietal lob-
ulus and parts of the angular and superior temporal
gyrus. The EEG contained almost continuous delta
waves and intermittent sharp waves in the right tem-
poral and parietooccipital region. Source reconstruc-
tion of delta EEG activity resulted in three equal max-
ima of dipole density close together in the right angular
gyrus along the infarct margin. The averaged interictal
epileptiform activity was located in the right superior
temporal gyrus and at the infarct margin as well
(Fig. 4).

DISCUSSION

The purpose of this study was to investigate the
accuracy of electric source reconstruction in patients
with focal intracerebral lesions and epileptic seizures
using an innovative approach: source reconstruction
based on high-resolution EEG and considering the in-
dividual head anatomy as obtained from MRI.

Source Reconstruction of Delta EEG Activity

The present study is the first report of source recon-
struction applied to focal delta EEG activity. The dif-

culty of such an approach lies in the possibility of
ultiple active sources, the relatively low signal-to-
oise ratio (SNR), and the missing possibility to aver-
ge this delta activity. Two methods, the PCA and the
alculation of the dipole density, were used to overcome
hese problems and to handle multisource activity. A
ime-overlapping PCA analyzed the delta-filtered EEG
ata and preselected time epochs containing one pre-

ominant underlying source. The calculation of the f
ipole density resulted in a spatial average where con-
entrations of dipole locations were made visible while
onfocal activity averaged out (Kober et al., 1992;
ieth et al., 1996).
In 6 of 9 patients with focal delta EEG activity, the
aximum of dipole density was found closer than 10
m to the structural lesion, mostly at the immediate

esion border or within pathologically altered cortical
issue. Two of the remaining patients had right tem-
oromesial lesions. The maxima of dipole density were
ound in the neighborhood of the affected hippocampus
posterior part of the middle orbital gyrus, adjacent to
arahippocampal gyrus) and in the contralateral un-
us hippocampi, respectively. It remains unclear
hether these are really mislocalizations. In the first
atient, one could speculate that the affected hip-
ocampus influenced adjacent and via fornix frontoor-
ital neocortical tissue. In the other patient, the local-
zation in the contralateral uncus could be a sign of
ual pathology (So et al., 1989; Cendes et al., 1995). In
ne patient with operated left temporopolar meningi-
ma, the location results were scattered around the
nterhemispheric fissure. Since the high-resolution
EG displayed only rare and flat delta waves the mis-

ocalization seems to be a consequence of a low SNR
hich typically leads to erroneous dipole locations in

he center of the head model.
The present results have to be assessed by compar-

ng them with MEG source reconstruction results in
iterature. Vieth et al. (1996) investigated delta activity
n 27 patients with different structural lesions. In all
ases, the results of MEG source reconstruction were
lose to the lesion, mostly on the lesion margin. In 12
troke patients, Kamada et al. (1997) located increased
low-wave activity adjacent to the infarcts. In the field
f epilepsy, Gallen et al. (1997) found the localization of
ow-frequency neuromagnetic activity concordant with
he presumed epileptogenic region in 48.5% of 33 in-
estigated patients. Thereby, it was comparable to
oninvasive ictal video EEG monitoring and was ex-
eeded in specificity only by invasive ictal monitoring.

direct comparison between the results of this study
nd the aforementioned studies is not possible because
f different patient populations and missing quantita-
ive data about the distances between location results
nd structural lesions. However, the present results
upport the idea that source reconstruction based on
igh-resolution EEG or MEG can provide valuable in-
ormation about the origin of abnormal delta activity.

What is the rationale of using focal delta activity as
marker of cortical dysfunction associated with epi-

eptogenic cerebral lesions? Animal studies have
hown that delta waves develop due to lesions of the
halamus or the white matter and are localized in the
verlying cortex. It has been concluded that cerebral
esions can deprive the cortex of an adjusting influence

rom the white matter, which is responsible for main-
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tenance of a normal basic activity (Gloor et al., 1977;
Schaul, 1990). Although the lesions do not have to be
epileptogenic, a close association of focal slowing and
focal epilepsy has been suggested (Quesney et al., 1988;

anet-Raymond and Gotman, 1990; Blume et al., 1993;
ambardella et al., 1995). Gambardella et al. (1995),
.g., analyzed background abnormalities in 56 epilepsy
atients with mesiotemporal atrophy. Delta waves and
pikes occurred together in more than 85% of the cases,
ere never in disagreement with respect to lateraliza-

ion, and showed a striking concordance concerning
heir location. Thus, delta activity can offer important
dditional localizing information about the epilepto-
enic focus.
Localizing delta activity has several advantages: In

ontrast to interictal or ictal epileptiform activity, delta
ctivity does not need to be awaited or provoked by
apering off antiepileptic drugs. It is especially useful
hen interictal epileptiform activity is absent or very

are. It can be utilized as a screening tool for detecting
ases in which pathological cortex is probably not con-
ned to a focal region (Gallen et al., 1997). Further-
ore, source reconstruction could be applied to postic-

al slowing, a very reliable lateralizing finding
ccording to Williamson et al. (1993) and Hufnagel et
l. (1995).

ource Reconstruction of Interictal Epileptiform
Activity

In all 11 patients with interictal epileptiform activ-
ty, the ECD locations were located in the same lobe as
he MRI-verified lesion. In almost half of them, the
CD locations were closer than 10 mm to the nearest

esion margin. Thereby, the accuracy of source recon-
truction was comparable with that of interictal and
ctal dipole modeling described in literature (Stefan et
l., 1994; Boon and D’Have, 1995; Boon et al., 1997;
iekmann et al., 1998; Krings et al., 1998; Minassian et
l., 1999; Herrendorf et al., 2000). In all but 2 of 22
atients with temporal lobe epilepsy, Stefan et al.
1994) found the MEG results of epileptiform activity
ithin the affected temporal lobe. In 7 of 8 patients
ith seizure-related tumors, the dipole location was
ithin 10 mm of the lesion border. Diekmann et al.

1998) compared the localization of methohexital-in-
uced spikes based on EEG, MEG, and combined EEG/
EG data. In 6 patients with a MRI-verified lesion, the
EG/MEG approach resulted in the smallest distances

o the lesions (average, 18 mm) whereas MEG and
EG alone yielded larger values of 24 and 22 mm,

espectively. Krings et al. (1998) located interictal EEG
pike activity of 8 patients with mesiotemporal or ex-
ratemporal epileptogenic lesions to within 8 mm of the
esion margin. In 10 of 11 children with nonlesional
xtratemporal epilepsy, Minassian et al. (1999) found

hat the MEG location of epileptiform discharges cor- i
esponded to the ictal onset zone as established by
ntracranial recordings. Recently, Herrendorf et al.
2000) used source reconstruction based on a realistic
ead model (BEM) to locate interictal EEG activity in
patients with mesiotemporal epilepsy within a mean
istance of 13.6 mm from the affected hippocampus.
What is the rationale of expecting the sources of

nterictal epileptiform activity close to focal epilepto-
enic lesions? The spatial relationship between epilep-
ogenic lesion and irritative zone, i.e., the cortex area
enerating interictal spike activity, is complex (Engel,
993; Lüders et al., 1993). Interictal epileptiform activ-
ty may arise within the epileptogenic lesion (e.g., an
nfiltrative tumor), adjacent to it (e.g., in case of a
oninfiltrating lesion like a cavernoma), or at a dis-
ance from it. Nevertheless, depth recordings and elec-
rocorticograms (ECoG) have shown that epileptic ac-
ivity often originates in brain tissue in the vicinity of
ocal lesions (Sutherling et al., 1987; Palmini et al.,
995). Considering the fact that in the present study
nterictal epileptiform activity was always located in
he same lobe as the lesion, it seems unlikely that there
as much contamination of the results by activity aris-

ng from irritative zones far away from the lesion.
In the present study, 3 of 4 patients showing a rela-

ively large distance (22–36 mm) between location re-
ults and nearest lesion margin had a hippocampal
trophy or sclerosis. Their ECD locations did not ap-
ear in the affected hippocampus, but in adjacent tem-
oral neocortex, i.e., the inferior temporal gyrus, or
iddle occipitotemporal gyrus. The reason could be

hat in cases of mesiotemporal lesions, epileptiform
ctivity generated in the temporobasal or temporolat-
ral cortex can mask the activity generated in deeper
tructures or that epileptiform activity is not “visible”
or surface electrodes until it has propagated to adja-
ent neocortex. There is an ongoing debate whether
urface electrodes can register electric fields generated
n deep structures at amplitudes sufficient for source
econstruction (Gloor, 1985; Alarcon et al., 1994;
rings et al., 1998; Merlet et al., 1998; Merlet and
otman, 1999). According to Alarcon et al. (1994),
hysiologically unrealistic voltage gradients would be
ecessary for deep sources to evoke detectable scalp
otentials. In contrast, Krings et al. (1998) found ECD
ocations in epileptogenic hippocampi and concluded
hat the calculations of Alarcon et al. might be true for
ipolar point sources, but not for distributed sources
hich have a smaller decrease of the voltage gradient

n relation to the distance from the source. Recently,
erlet and Gotman (1999) compared dipole locations

ased on scalp EEG paroxysms with intracerebral po-
entials recorded simultaneously. They never observed
calp EEG spikes corresponding to focal activity lim-
ted to mesiotemporal structures. In all instances, the
ateral temporal neocortex at least was involved. Sim-

larly, the results of neither the delta nor the epilepti-
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FIG. 4. Results of patient 10 (infarct in the posterior territory of the right middle cerebral artery). (A) Dipole density resulting from the
source reconstruction of delta EEG activity projected onto the segmented cortex. The infarct area is shown in brown. (B) Maximum of the

dipole density shown in axial and coronal MRI slices. (C) ECD location corresponding to the averaged interictal epileptiform activity.
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form activity in this study were found in the hippocam-
pus or amygdala. However, there were localization
results in deep structures, e.g., uncus and inferior tem-
poral gyrus.

The last of the four patients mentioned above had a
venous malformation with gliosis of adjacent white
matter of the right parietal lobe. The source of interic-
tal epileptiform activity was located deep in the white
matter. A possible explanation is that a single equiva-
lent dipole characterizes only the center of mass and
might be falsely located in the depth, when large brain
areas are activated (Henderson et al., 1975; Gloor,
1985).

To assess the results of this study and their clinical
significance, the applied methodological steps and un-
derlying assumptions are critically reviewed below:

On a typical adult head, the usual 21-channel “10/
20” montage of electrodes has an interelectrode dis-
tance of about 6 cm. Better spatial sampling is the first
requirement for extracting more detailed information
from EEG (Gevins et al., 1995). Increasing the number
of electrodes to over 100 reduces the average interelec-
trode distance to about 2.5 cm. This is in the range of
the typical cortex-to-scalp point-spread function, i.e.,
the size of the scalp representation of a small, discrete
cortical source. On the other hand, the usefulness of
increased spatial sampling is limited by the highly
resistive skull acting like a low-pass filter for neuronal
potentials and causing their distortion and smearing
on the scalp (Gevins et al., 1995). In view of these
arguments, a high-resolution EEG based on about 60
scalp electrodes seems to be a reasonable compromise.

Assuming that focal spikes or sharp waves arise
from a limited cortex area which is excited synchro-
nously, a single equivalent current dipole was used for
their source reconstruction. Since there are only six,
i.e., three positional and three moment, parameters to
determine the model has the advantage of being more
stable than multiple dipole models (Mosher et al.,
1993). The high GoF values in this study indicated that
the measured EEG potential distributions were con-
gruent with the assumption of a single-dipole model.
However, a single moving ECD model is a simplifica-
tion. Even if the activation of a limited cortical area can
be assumed and applying a single-dipole model seems
to be adequate, one must keep in mind that the single
ECD model applies to small focal sources and does not
accurately characterize extended sources (Gallen et al.,
1997).

In spite of the short recording time and the fact that
only spontaneous epileptiform activity was used to
avoid any additional burden for the patients and to
keep the method noninvasive in a strict sense, enough
interictal epileptiform activity was recorded to yield
reliable results of source reconstruction.

The coregistration of EEG and MRI data was based

on matching digitized head surfaces as obtained by 3D
ultrasound scanning and segmentation from the MRI
data. This seems to be more reliable than matching a
small number of reference points, because the digitiza-
tion error of single points largely averages out when
surfaces consisting of thousands of points are fitted
(Pelizzari et al., 1989; Kober et al., 1993; Itti et al.,
1997). According to a previous study, the error of the
localizing device was 1–2 mm within a distance of 1 m
and the transformation error amounted to 1.6 mm on
average which is smaller than the electrode diameter
(Huppertz et al., 1998).

EEG data strongly depend on the head’s shape and
its conductivities (Cohen et al., 1990; Cuffin, 1990;
Marin et al., 1998). A three- or four-shell spherical
head model is far from being physiological and seems
to be an important cause of error in dipole modeling.
Roth et al. (1993) found differences of source locations
with three-sphere and realistically shaped head mod-
els which amounted to 1.97 cm on average. Source
reconstruction results obtained with a realistically
shaped head model were more in accordance with
ECoG findings than results obtained with a three-
sphere model (Roth et al., 1997). On simulated EEG
data, Yvert et al. (1997) showed that the best spherical
model leads to localization errors of 5–6 mm in the
upper part of the head and of 15–25 mm in the lower
part. Therefore, a realistically shaped head model
seems to be essential.

To summarize the results of delta EEG localization,
a spatial dipole density distribution was calculated in a
discrete, voxel-based manner similar to the original
discrete dipole density plot (DDP) by Vieth et al.
(1990). In comparison to a continuous DDP as devel-
oped later by Vieth et al. (1993) and improved by Diek-
mann et al. (1998), the usage of discrete volume units
may produce a localization error of up to half of the
edge length of the volume unit. However, the edge
length of voxels was only 3 mm in this study instead of
10 mm in the discrete DDP of Vieth et al. (1990). Thus,
the localization error due to discrete volume units
could only be 1.5 mm at maximum.

Assessing the accuracy of electric source reconstruc-
tion necessarily must rest on the best available clinical
and morphological data. In this study, the results of
electric source reconstruction were validated by deter-
mining the distance to the nearest border of the struc-
tural lesion (Diekmann et al., 1998; Krings et al., 1998).
This validation is based on the assumption that inter-
ictal epileptiform and focal delta EEG activity arise in
the vicinity of the lesion. The reasons have been dis-
cussed above. But even with this assumption, the pre-
cise origin of the localized activity is not known, it
remains open at which side of the lesion it is situated.
The resulting possible error is in the range of the

spatial extent of the lesion.
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CONCLUSIONS

Epilepsy surgery requires the exact preoperative lo-
calization of the epileptogenic zone. There is no single
method to localize and delineate the latter in its precise
extension. The localization and determination of
boundaries must derive from the convergence of differ-
ent investigational methods (Lüders et al., 1993).

Electric source reconstruction can be one of these
methods. The results of the present study indicate that
source reconstruction based on a high-resolution EEG
and considering the individual head anatomy can lo-
calize abnormal slow and interictal epileptiform EEG
activity with an adequate accuracy and a much finer
spatial resolution than conventional scalp EEG.

The method may help to delineate both the irritative
zone and the regions of cortical dysfunction. It can
prove the epileptogenic nature of a structural lesion or
guide the placement of intracranial electrodes when
necessary (Krings et al., 1998). On the other hand, it
may increase confidence in the localization of the epi-
leptogenic zone and thereby obviate the need for inva-
sive recordings. The source reconstruction of focal delta
activity can be especially useful when interictal epilep-
tiform activity is absent, and it may provide an early
indication of multifocal or bilateral pathology (Gallen
et al., 1997).

In conclusion, the method of electric source recon-
struction applied to both abnormal slow and interictal
epileptiform EEG activity seems to be a valuable addi-
tional noninvasive component in the multimodal pre-
surgical evaluation of epilepsy patients.
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