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Abstract 

The usefulness of MEG-baaed techniques in lateralizing and localizing the epileptogenic area was investigated in the present study. 
Spontaneous and methohexital-imduced spikes were studied in a group of 15 patients with temporomesial epilepsy using a 37-channel 
neuromagnetomcter. The accuracy of the magnetic source imaging was compared to the results of electrocorticographic ( ECoG) recordings. 
Differences of drug-induced spike densities in the MEG recordings between both sides confirmed a similar lateraliring power of the MEG 
and ECoG recordings. Source location analyses based on a moving dipole model resp. a rotating dipole model were performed uGng a 
spherical head model. After subdivision of the volume of each patient’s head. 8 cm’ cubicles containin g at least 3 source locations were 
projected onto the individual MRI scan and resulted in source locations within or close to the presurgically defined primary cpileptogenis 
area only in 3 of the I5 patients. Spike induction by methohexital has the advantage of shortening the recording period ax compared to 
recordings of interictal epileptiform discharges. However, the correlation analyses of spike densities from MEG and ECoG recordings and 
the source location analyses from MEG recordings indicate that spikes generated in deep lemporomesial structures may escape the MEG 
re.@stration. (~4 1997 Elsevier Science Ireland Ltd. 

Ke~~~nl.s: Magnetoencephalography: Electrocorticography: Temporal lobe epilepsy; Source localization: Methohexital 

1. Introduction 

Epilepsy surgery requires the exact delineation and local- 
ization of the epileptogenic zlone. To date the most reliable 
results are provided by electrocorticographic registration 
(ECoG) of seizures using subdural electrodes and/or intra- 
cerebral depth electrodes (Elger. 1992; Liiders et al.. 1993). 
However. in order to avoid invasive diagnostic procedures, 
reliable techniques for non-invasive focus localization are 

brospinal fluid and brain must be taken into account for 
EEG-based source-modeling, whereas it is sufficient to 
model the local head shape in the case of magnetic 
source imaging. 
No reference is needed for the MEG recordings, 
whereas for EEG recordings always a reference elec- 
trode is necessary. 

Despite these advantages. the value of MEG recordings 

required. Magnetoencephalography (MEG) permits the 
non-invasive evaluation of magnetic fields produced by 
neuronal activity. Concerning focus localization, the MEG 
offer% the following advantages compared to the EEG: 
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the localization of the primary epileptogenic area is still 
controversially discussed (Stefan et al.. 1990. 1994; Tiiho- 
nen et al.. 1990: Nakasato et al.. 1994; Pateau et al.. 1994; 
Ebersole et al.. 199.5; Smith et al.. 199s). One problem 
consists in recording seizures in the MEG because move- 

1. The different conductive properties of skull. scalp, cere- 
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ment artifacts during seizures render reliable MEG record- 
ings almost impossible. Therefore. most authors have 
investigated interictal spike activity in the MEG. However, 
interictal spike activity is considered to be of minor value as 
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far as the localization of the primary epileptogenic area is 
concerned. According to Liiders et al. (1993), interictal 
spike activity mainly reflects the irritative zone. which in 
general is larger than the primary epileptogenic zone. The 
area of seizure onset corresponds best to the primary epi- 
leptogenic zone which has to be resected in order to achieve 
seizure free outcome after surgery (Elger, 1992; Ltiders et 
al., 1993). According to the concept of an irritative and a 
primary epileptogenic zone, the value of interictal spikes in 
EEG and ECoG recordings concerning focus localization is 
well defined, but the significance of interictal spikes in the 
MEG recordings with respect to the irritative and the pri- 
mary epileptogenic zone has not been established until now. 
Furthermore, in most epilepsy patients interictal spikes 
represent an inconstant and infrequent phenomenon. There- 
fore, in order to record a sufficient number of spikes, long- 
lasting recording periods are required. The necessity to keep 
patients motionless during the MEG recordings causes addi- 
tional problems. To shorten the recording period, techniques 
that increase the frequency of spikes would be useful. 

Barbiturates are known to have activating effects on epi- 
leptiform discharges. Short-acting barbiturates are used to 
identify the epileptogenic focus during preoperative evalua- 
tion for epilepsy surgery (Fuster et al., 1948; Pampiglione. 
1952; Bickford et al., 1953; Brazier, 1969: Harris and Paul, 
1969; Wilder, 197 I ; Lieb et al.. 1974). Many reports about 
the effects of the different barbiturates as methohexital 
(Musella et al., 1969; Gumpert and Paul, 1971; Celesia 
and Paulsen, 1972; Ford et al., 1982; Wyler et al.. 1987; 
Aasley et al., 1989; Hufnagel et al., 1992), amobarbital 
(Aasley et al.. 1989; Kiersey et al., 195 1: Hufnagel et al., 
1990a), thiopental (Sperling et al., 1986; Lieb et al., 1989; 
Dasheiff and Kofke, 1993; Brockhaus et al.. 1995) and the 
narcotic propofol (Hazeaux et al., 1987; Hufnagel et al., 
1990b) have shown that different short-acting barbiturates 
and narcotics have distinct activative and suppressive 
effects on epileptiform discharges in EEG and ECoG 
recordings. Methohexital is known to be one of the barbi- 
turates with a high potency to activate epileptiform 
discharges. Hufnagel et al. (1992) showed that methohexital 
increases the spike density and, furthermore, activates 
another quality of epileptiform pattern described as spike 
burst suppression (SBS) pattern which is characterized by a 
high amplitude spike burst followed by a suppression in the 
EEG/ECoG consisting of isoelectrical activity or subdelta 
background activity. Spikes and SBS pattern induced by 
methohexital in the ECoG recorded with temporal subdural 
strip electrodes are known to be of good localizing value 
concerning the primary epileptogenic zone (Wyler et al., 
1987; Hufnagel et al., 1992). Furthermore, the results con- 
cerning focus localization by methohexital activation of 
epileptiform discharges are reproducible. Kowalik et al. 
(1997) performed successive methohexital narcoses in a 
group of temporal lobe epilepsy patients and showed that 
the brain region where a SBS pattern was activated 
remained at the same location in more than 90% of the 

patients. Additionally, changes of serum levels of the anti- 
convulsive drugs did not influence the results. 

The high potency of methohexital to activate spikes 
should be useful to increase spike activity during MEG 
recordings. Besides of a reduced recording period. the 
short narcosis induced by methohexital should provide 
recordings without movement artifacts due to reduced 
motor activity. Because of the good localizing value of 
methohexital-induced epileptiform discharges in ECoG 
recordings with subdural strip electrodes. it can be expected 
that MEG recordings of methohexital-induced spikes pro- 
vide more precise data concerning the epileptogenic zone 
than solely measuring interictal spike activity. To our 
knowledge, barbiturate-induced epileptiform activity has 
not been evaluated in MEG recordings up to now. 

The purpose of this study was to evaluate the signilicance 
of methohexital-activated epileptiform discharges in MEG 
recordings concerning its value for the lateralization and 
localization of the primary epileptogenic zone. As a refer- 
ence method the methohexital-induced activation of spikes 
and SBS pattern in the ECoG was used. In order to improve 
statistical conditions, the study was performed in a homo- 
geneous group of patients with temporal lobe epilepsy 
(TLE). 

2. Methods and materials 

2.1. Patients 

The clinical. radiological and histopathological data as 
well as the type of surgery performed and the post-operative 
outcome with respect to seizure control are summarized in 
Table 1. All 15 patients (aged 17-44 years, median 37 
years) suffered from long-standing temporal lobe epilepsy 
(duration of epilepsy 11-41 years, median 24 years). 
Informed consent was obtained from each patient. All 
patients underwent preoperative evaluation using simulta- 
neous video and ECoG registration of interictal and ictal 
epileptiform activity. In all but one patient a temporomesial 
seizure onset was confirmed during the presurgical evalua- 
tion. Patient 5 became seizure free after lesionectomy of a 
temporobasal ganglioglioma without hippocampectomy. 

Anticonvulsive medication was maintained at therapeutic 
levels during both ECoG and MEG recordings. 

2.2. Recordirzg techniques 

During the invasive presurgical evaluation, electrocorti- 
cographic recordings were performed using chronically 
implanted subdural strip electrodes and intrahippocampal 
depth electrodes (cf. Bonn protocol of presurgical evalua- 
tion (Engel, 1993)). In all patients, bilateral temporal sub- 
dural strip electrodes with electrode contacts of 2.5 mm 
diameter and an intercontact distance of lo- 15 mm were 
implanted covering the basal, mesiobasal and lateral aspects 



Patient ID/age Side ol Medication dose (mg/day) MRI lesion Surgical procedure Histopathologkxl Postop follow 

(years) initials 1ctal onset serum level (pglml) tindingy up (months)/ 

wvure--free 

II26 B.B. Kight 

?/I7 M.A. Kight 

3173 K.R. Kight 
1138 P.D. I .eft 
5141 K.I. Kipht 

607 H.B. I.cft 

7137 H.D. Kighr 

XI% K.D. Isft 

‘)I% V.H. Kight 

IO/28 S.U. Isft 

II/% H.M. I .rft 

12143 H.K. I .eft 

13/37 F.W. Right 

14/37 D.C. Kight 

15/44 A.S Kipht 

PH’I 350 (lY.S), CLB 20 

CBZ 1800 (8.5) 

(‘BZ; 1600 (Y.9) 
CBZ 1100 (9.31 

CB% IX00 (12.1) 

CB2: I600 (10.7) 
CBZ. 1700 (10.0) 

CB%. 1200 (7.5) 

CBZ 1600 (9.‘)) 

CB7: IX00 (9.2) 
CB7, 2000 (7.1) 

CB7. 1600 (0.3) 

PHT iS0 t 15.31 

CB% 1800 (9.8) 

CB7. 1650 (9.5): VBT 2000. 

(‘LB 20 

No p.i. SAH AHS 

No p.1‘. 213 ATLR and HE Heterotopla 

AHS SAH AHS 

AHS SAFf AHS and GNH 

Le.\ion temporo-basal 1.E without HE GG WHO (;r;ldc I 
AHS SAH AHS 
No p.l’. SAH AHS 

AHS SAH AHS 

AHS SAH AHS 

AHS SAH AHS 

AHS 213 ATLR and HE AHS and hilD 
AHS 70 ATLR and HE AHS 
AHS SAH AHS 
AHS SAH AHS 
Lesion temporo-mrsial SAII CiG WHO Grade I 

Patient ID: Identification number of cnch patient; CBZ, carbamaxpinc, serum concentration of carbamdzepine in pawnthese\. therapeutical rwge of CBZ 

serum concentration: J-10 g/ml: PHT. phenytoin, serum concentration of phenytoin in brackets. therapeutical range of PHT serum concentration: S-20 h*g/ 

ml: CLB. clobazam. no strum concentration determined: VBT. vigabatrin, no serum concentration determined; no p.f.. no pathological tindlnga; AHS. 

ammonshorn sclensis: SAH, selective amygdalohippocampectomy; HE, hippocampectomy: 2/3 ATLR, 3/.1 anterior tempos-al lobe resection: I.E. Ic~ioncc- 
tomy: GNII. gl~oncuronal hamartia; GG. gnnglioglioma; MD. migration disorder. 

of the temporal lobes. Bilateral intrahippocampal depth 15). no intrahippocampal depth electrodes were implanted. 
electrodes were stereotactically implanted providing 10 Two to 4 weeks after explantation of the intracranial 
cylindrical electrode contacts with a length of 2.5 mm and electrodes the simultaneous recording of MEG and scalp 
an intercontact distance of 3 mm in the longitudinal axis of EEG was performed. For scalp EEG recordings (SYN- 
the hippocampus on both sides (Fig. 1 A). In one patient (No. AMPS@? Neuro Scan Inc.) 15 Ag/AgCl-electrodes were 
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Fio C’ I. (A) Scheme of location of the implanted subdural and depth elcctrodea. Subdural strip electrodes: TBAR. tcmporoha~al anterior right; TBPR, 
temporobahal posterior right: TBAL temporobasal anterior left: TBPL. temporobasal posterior left: TLR. temporolntrl-al right; TLL. temporolateral left. 

lntrahippocampal depth clectrodea: TR. right depth electrode; TL. left depth electrode: R, right hemisphere: L, left hemisphere. The electrode figures refer to 

those in the recordings. F. cut off frequency of the low pass filter: T. time constant of the high pas tilter. tB,C) Original elcctrocorticogram~ of patient 12. (B) 
Except of a single spike left temporolateral in channel 8. the baseline recordings of the EC& show no rpileptiform activity prior to the administration oi 
methohexital. (C) The ECoG recordings I min after intravenous administration of 100 mg methohcxikll show, a mxkcd induction of spikeh and spike burst 
suppression pattern (SBSI left tempotoha\al (channel 6 and 7) and temporolatrral (channel 8) a\ well ah in the intrahippocampal depth electrode (TL: channel 
9 and IO). 



placed according to the International lo-20 System over the 
temporal, frontal, central, and parietal brain regions. Addi- 
tional electrodes were placed at the temporal locations Tl 
and T2 according the International lo- 10 System (American 
Electroencephalographic Society, 1991). The nose was cho- 
sen as reference, because this location has an equal distance 
to both temporal lobes and was easy to control during the 
simultaneous MEG recordings with the patient laying on 
either side successively. MEG was recorded using a 37- 
channel neuromagnetometer (Magnesa; Biomagnetic 
Technologies Inc.), which consisted of first-order axial gra- 
diometers with 5 cm baseline. The pickup coils with a dia- 
meter of 20 mm were arranged in an array of concentric 
circles with a maximal diameter of 12 cm. 

The sensor was positioned successively over the hemi- 
sphere on either side. The investigators did not know the 
side of the epileptogenic focus. The sensor was centered 1.5 
cm superior to the electrode locations T3 resp. T4 according 
the International lo-20 System (Fig. 2). During the MEG 
recordings patients were lying on their side with their head 
and body fixed by a vacuum cushion. They were instructed 
to avoid eye blinks and head movements. MEG recordings 
were performed in a magnetically shielded room using a 
sampling rate of 297.6 Hz and a passband filter of 0.03- 
100 Hz. The head position relative to sensor pickup coils 
was measured by a sensor position indicator. Prior to the 
MEG recordings a MRI scan of each patient was performed 
(1.5 Tesla; sequences: MPR3D-2_Tl_MPR; slice thick- 
ness: 1.5 mm). The procedures used to align the different 
coordinate systems of MEG and MRI recording techniques 
have been described in detail elsewhere (Pantev et al.. 
1991). 

2.3. Methohexital-induced activation of epileptiform 
discharges 

For both the ECoG recordings and the MEG recordings 
the methohexital application was performed according to 
the protocol during the presurgical evaluation. The dosage 
of 100 mg methohexital for each investigation was standar- 
dized and not adjusted to the patients weight. During the 
methohexital administration, anesthetic monitoring and 
standby was provided in order to counteract complications 
of the short narcosis. For the ECoG recordings as well as the 
simultaneous MEG and scalp EEG recordings, a baseline 
during a period of at least 10 min was recorded. For the 
evaluation of spike activation in the ECoG a single metho- 
hexital administration was sufficient, whereas for the MEG 
and EEG recordings methohexital had to be administered 
twice due to the successive MEG recordings from both 
hemispheres. In order to allow the recovery of the patients’ 
vigilance to normal levels as well as of the MEG and EEG 
recordings to return to baseline status the successive record- 
ings were interrupted by a break of 22-89 minutes (mean: 
40 min). 

From ECoG recordings the density of epileptiform poten- 
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Fig. 2. (A) Scheme of the sensor position and the head frame coordinate 
system projected onto the patients head. Ca corresponds to the electrode 
position according the International IO-20 Sytem. (B) Scheme of the head 
frame coordinate system: the .x-axis is defined as the line connecting nasion 
and inion, the y-axis is detined as the line connecting the left preauricular 
(LPa) and right preauricular (RPa) point and the z-axis is defind a:, the line 
perpendicular to the vertex. indicated by the electrode position CI accord- 
ing the International IO-20 System. 

tials recorded in the temporobasal and temporolateral con- 
tacts of the subdural electrodes and in the intrahippocampal 
contacts of the depth electrodes on either side after metho- 
hexital administration was estimated. 

Epileptiform potentials in the ECoG were defined as 

‘Spikes’: spikes (<80 ms) and sharp waves (80-200 
ms) exceeding the amplitude of the maximal back- 
ground activity by a factor of 2. 
‘Spike burst suppression (SBS) patterns’: focal high- 
amplitude spikes followed by short intervals of isoelec- 
tric or very slow subdelta background activity. 

MEG recordings were evaluated by 2 independent and 
experienced raters. For the first evaluation, spikes in MEG 
recordings were accepted only when they were accompa- 
nied by a spike in the surface EEG recordings. The first 
evaluation of the MEG and surface EEG recordings was 
performed to develop a model of the characteristics of epi- 
leptiform discharges recorded in the MEG. In the second 
evaluation epileptiform discharges recorded with MEG 
were accepted as a ‘spike’, if the following conditions 
were met: 

I. The field amplitude had to exceed the maximal ampli- 
tude of the background activity by a factor of 2 

2. The ascending part of the spike had to rise steeply and 
reach the peak within 50 ms 

3. The latency between ascending and descending part of 
the spike must not exceed 100 ms 

4. The recorded activity should exhibit an approximately 
dipolar distribution. 

2.3. Comparuti\*e unnlysis of the density of epilept(fiwn 
potentials in ECoG and MEG/EEG recordings 

In order to evaluate the activation of epileptiform poten- 



tials in the ECoG recordings, the number of spikes/SBS 
during a period of 3 min after the methohexital administra- 
tion were assessed in the temporobasal, temporolateral and 
intrahippocampal ECoG channels. For the recordings of the 
MEG and scalp EEG, the Ispike density during a 3-min 
period under baseline conditions and during a 3-min period 
after administration of methohexital were assessed sepa- 
rately. A ‘correct’ lateralization was assessed if the follow-- 
ing conditions were met: 

The spike density (and SEIS density in the case of ECoG 
recordings) ipsilateral to the primary epileptogenic area 
exceeded the contralateral spike (and SBS) density by at 
least SO’i( 
If no spikes were recorded on the contralateral side, 
the spike (and SBS) density ipsilaterally had to be 25 
per 3 min. 

In the case of a higher spike (and SBS) density contra-- 
lateral (according to the same criteria as above), a contra-- 
lateral activation and ‘incorrect lateralization’ was assessed. 
If the spike and SBS density ipsi- and contralaterally dif-- 
fered to a lesser degree. the result was rated as a ‘bilateral 
activation’ and in the case of an insufficient increase in 
densities ((50% or <5 spikes/SBS per 3 min) as ‘no acti-- 
vation’. 

.5. Analysis crf the mapetk field distributiom 

Using the raw data of the MEG recordings (i.e., without 
modeling), the time point corresponding to the spike’s 
peak amplitude with respect to each of the 37 sensors 
was determined. The sensor where the spike exhibited 
the highest magnetic field amplitude was identified. 
Time lags between the peaks of the spike recorded in dif- 
ferent sensors with respect to the peak of the spike recorded 
by the sensor where the spike exhibited its maxima1 ampli- 
tude were calculated. These peak latencies and the topogra- 
phical distribution of magnetic field extrema of both 
spontaneous and methohexital-induced spikes were ana- 
lyzed. 

2.4. .S~LI~-~YJ loc~rlixrtim hi dipole rnodeli?ly 

In order to localize the underlying generators of neuronal 
activity. the single equivalent current dipole (ECD) model 
based on a moving dipole was applied (LMkenhGner et al.. 
1995). Time segments restricted to the ascending part of the 
spike were selected and emered the subsequent analysis 
steps. Signal averaging was not performed in order to 
avoid the reduction of the spatial resolvability by averaging 
spikes of possibly different origin. For each sampling point 
of the preselected time segments the magnetic field distri- 
bution was calculated. ECD parameters (spatial coordinates 
and components of the dipole moment) were obtained by 
minimizing the difference between the measured and the 
calculated field distribution. The resulting spatial coordi- 

nates of the estimated ECD were considered to represent 
locations of the underlying source if the root mean square 
(RMS) of the measured magnetic signal and the goodness- 
of-fit (GOF) of the minimization procedure simultaneously 
exceeded certain empirically defined threshold values (GOF 
2 98%, RMS 2 600 fl). These threshold values were 
selected in order to guarantee that only equivalent current 
dipoles corresponding to the spikes’ absolute maxima were 
selected. 

Additionally. source localizations were calculated using a 
spatio-temporal dipole model based on a single rotating 
dipole (Ltitkenhtiner et al.. 199 I : Liitkenhiiner. 199 I : 
Scherg, 1994; Scherg and Ebersole. 199-I. LOtkenhiiner et 
al.. 1995). As for the moving dipole. time segments were 
restricted to the ascending part of the spike. In order to 
estimate the ECD parameter IO randomized starting values 
of the fit procedure were used. The starting values were 
characterized by a source location within a predetined 
volume and a predefined orientation. Only stable solutions, 
defined as being independent on starting value,<, entered the 
subsequent analysis steps. In case of several stable, but dif- 
ferent ECD solutions the most frequent one was assumed to 
represent the location of the source generating the epilepti- 
form discharge. 

For both dipole models the source localizations were cal- 
culated based on the assumption of a spherical head model 
using a homogeneous sphere that besr fitted the patients’ 
head underneath the sensor array. The coordinates of the 
dipole localization were determined in a head. frame coor- 
dinate system adjusted to sensor position (Fig. 7). After 
source localization, a source location density analysis was 
performed in order to find correlations betwelzn the calcu- 
lated ECD locations obtained from the applied models and 
the primary epileptogenic area determined during the pre- 
surgical evaluation. For thih purpose. the volume of each 
patient’s head was subdivided into equidistant cubicles of 
64 cm’, 8 cm’ and I cm3. For each size of the cubicles. the 
number of calculated source locations within a cubicle was 
estimated. Cubicles comprising at least 3 dipole source loca- 
tions were projected onto the patient’s MRI scans in order to 
allow neuro-anatomical correlations. 

2.7. St~itistical trriulj~sis 

The Wilcoxon signed-ranks test for paired samples 
was applied to compare spike densities of the successive 
baseline MEG and EEG recordings as well as before 
and after methohexital administration and to compare 
spike/SBS-densities ipsi- and contralateral to the side of 
the epileptogenic focus in MEG. EEG and ECoG record- 
ings. 

Correlations between spike and SBS densities in the 
ECoG and spike density in the MEG and EEG were 
evaluated using the bivariate Spearman’s coefficient. A 
significant correlation was accepted if P < 0.05 was 
obtained. 
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Fig. 3. MEG recorded over the right hemisphere and scalp EEG recordings of patient 5. Channels l-37 refer to the magnetic sensors. channel Tl to Cz to the 
scalp EEG electrodes according the International lo-20 System. (A) Scheme of MEG sensor positions. (B) The baseline recordings show no spontaneous 
spikes. (C) After methohexital application the spike density increases in the MEG recordinga as well as in the scalp EEG recordings. 

3. Results 

3.1. Clinical effects of methohexital 

No adverse effects during or after the short narcosis were 
noticed by either the patient or the investigators. Patients 
fell asleep 30-60 s after application of methohexital, recov- 
ered quickly within 10 min and had no clinical excitatory 
effects, nausea or vomiting. No seizure was elicited. 

3.2. Analysis of the density oj’spontnneous and 
methohexital-induced epileptiform potentials in ECoG, 
MEG, and EEG recordings 

An example of methohexital evoked epileptiform dis- 
charges in the ECoG recordings is presented in Fig. 1B 
and C showing a marked activation of spikes and SBS in 
the intrahippocampal, temporobasal and temporolateral 
recordings ipsilateral to the epileptogenic focus. 

Prior to the first and second methohexital application the 
MEG and EEG recordings showed no differences in base- 
line spike densities. After methohexital administration a 
significant increase in spike density was observed. This 
spike induction was more pronounced ipsilateral to the epi- 
leptogenic focus than over the contralateral hemisphere 
(Figs. IB,C, 5). In 7 of the 9 patients who exhibited sponta- 
neous spikes during the baseline MEG recordings, the field 
amplitudes of the methohexital-induced spikes were higher 
as compared to the field amplitudes of the spontaneously 
occurring spikes. Automatic spike detection was not 
assessed because a discrimination between spikes and 

drug-induced beta-activity was difficult to perform in 5 of 
the 15 patients. However, the scalp EEG recordings often 
proved helpful, although a spike detectable in the MEG was 
not always accompanied by a spike in the EEG recordings. 
In 7 of the 15 patients spikes in the MEG recordings without 
accompanying spike in the EEG recordings occurred. In 
these 7 patients on average 37% of the MEG recorded 
spikes (lo-68%) were not accompanied by a spike in the 
EEG recordings. In most patients, visual detection of spikes 
in the MEG recordings was easy to perform (Figs. 3, 4). 

3.2.1. Lateralizing signijcance of methohexital induced 
epileptiforrn discharges 

The number of spikes and SBS detected during the period 
of 3 min after methohexital application in ECoG, MEG, and 
scalp EEG ipsilateral to the epileptogenic focus are pre- 
sented in Table 3. 

3.2.1.1. ECOG recordings. The lateralizing significance of 
methohexital induced epileptiform discharges in the ECoG 
differed between the 3 different temporal brain regions as 
well as between spikes and SBS. Comparison between ipsi- 
and contralateral spike densities showed statistically 
significant differences (P < 0.01) for the temporobasal 
as well as for the intrahippocampal depth recordings. 
Differences of SBS densities between ipsi- and contra- 
lateral recordings did not reach statistical significance nor 
did the spike resp. SBS densities recorded in the temporo- 
lateral contacts. 

3.2.1.2. MEG recordings. In contrast to the spontaneously 
occurring spikes, the difference between the methohexital- 
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Fig. 4. Same as Fig. 3. but recordings of patient 14 (right hemisphere). (A) Scheme of MEG sensor positions. (B) The baseline recordings \how a typical 
interictal period with a low spike density (one spike at the end of the first second of the presented recording period). (C): After methohexital application spike 
density and amplilude increases in the MEG recordings as well as in the scalp EEG recordings from the right hemisphere. The spikes are followed by a 
suppression of brain activity similar to the SBS observed in the ECoG recordings. 

induced spike density in the MEG recordings ipsi- and the side of the primary epileptogenic area proved to be close 
contralateral was statistically significant (P < 0.05) (Fig. to that of methohexital-induced spikes in the ECoG record- 
5). ings in this selected group of patients with TLE. As sum- 

The lateralization power of the spike density of metho- marized in Tables 3 and 4, the spike densities of metho- 
hexital-induced spikes in the MEG recordings concerning hexital-induced spikes and SBS in the temporobasal record- 

Table 2 

Comparison of individual ipsilateral spike densities 

Patient 
III 

MEG spike density 

Spontaneous Induced 

EEG spike density 

Spontaneous Induced 

ECoG density of spikes and spike-burst-suppression 

Hippocampal Temporobasal Temporolateral 

Spikes SBS Spikes SBS Spikes SBS 

x 
Y 

I 0 
II 

I2 
Ii 

14 

15 

Median 

0 
I I 

5 

‘1 

0 

0 

0 

0 
‘) 

0 

17 
7 
2 

0 

3 
I 9 

21 
90 

s 
IO 
II 

II 
? 7 __. 

0 

90 

. 
7 IO 

2:’ 

I’) 

0 
IO 
14 
6 
3 
2 
6 
0 
0 
0 

33 

0 

19 
3 
3 

0 
33 

5 
16 
53 
28 
18 
0 
9 

30 
7 

162 

217 
43 
18 

1s 102 
4 97 

290 0 
197 0 
171 I30 
I.37 0 
132 IS 
36 0 
92 197 
37 6 
73 6 

152 140 
39 23 
72 7x 

83 ?I 

33 
0 

144 
184 
184 
73 

217 
34 

191 
53 

0 
161 
25 

102 
10-l 
39 

0 
9 

I2 
0 

21 
0 

II 
0 
-I 
6 
0 

73 
0 

-L4 
x 
6 

0 

73 

0 

0 

x 
0 

IO 
0 

? 
0 

106 

0 

17 
77 

Figures refer to number of spikes resp. spike burst suppression (SBS) during the period of 3 min (spike resp. SBS density). The MEG- and scalp EEG 
recordings were evaluated during baseline (spontaneous spike density) and after methohexital administration (induced spikes). The ECoG recordings were 
evaluated after methohexital administration with respect to spikes and SBS in the three temporal regions (intrahippocampal. temporobaaal and temporo- 
lateral ). 
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Fig. 5. Bars indicate the mean spike density in the EEG recordings ipsi- 
lateral (EEG ipsi) and contralateral (EEG contra) as well as in the MEG 
recordings ipsilateral (MEG ipsi) and contralateral (MEG contra) to the 
primary epileptogenic focus. The error bars indicate the standard devia- 
tion. (spent.. spontaneous spike density. ind.. induced spike density after 
methohexital application). Mean spike densities in EEG and MEG record- 
ings increase significantly after methohexital administration compared to 
the density of spontaneous spikes ipsilateral (P < 0.001) and contralateral 
(P < 0.05) to the epileptogenic focus. 

ings allowed to correctly lateralize the primary epilepto- 
genie area in 13 of 15 patients. Intrahippocampal and tem- 
porolateral epileptiform potentials had a poorer lateralizing 
value. The spike density of methohexital-induced spikes in 
the MEG recordings allowed a correct lateralization in 9 of 
the 1.5 patients. Spontaneously occurring spikes were less 
frequent and allowed a correct lateralization only in 5 of the 
I5 patients. Spike density analyses in the EEG recordings 
provided similar results as were obtained from the MEG 
recordings. 

3.2.2. Correlation between spike densities in MEG 
recordings and spike/SBS densities in the ECoG recordings 

Three patients did not exhibit spikes in the MEG record- 
ings (patients 1, 8 and 11). In the ECoG recordings of these 
3 patients epileptiform discharges were restricted to the 
temporomesial region with spikes recorded in the intrahip- 
pocampal contacts. Patient I and 8 showed additional spike 
activation in the adjacent temporobasal contacts of the sub- 
dural electrodes, but none of the 3 patients exhibited any 
spikes or SBS in the temporolateral contacts. 

Correlations between the spike density in the MEG 

recordings and the density of epileptiform discharges in 
the ECoG recordings varied depending on the brain region 
(intrahippocampal, temporobasal or temporolateral) as well 
as on the type of epileptiform discharges (spike or SBS) in 
the ECoG recordings. A significant positive correlation wa\ 
obtained for the temporobasal SBS density with the spike 
density in the MEG recordings ipsilateral to the focus (P <: 
0.001). Furthermore. the correlation between the temporo- 
lateral spike density and the ipsilateral MEG spike density 
was statistically significant (P < 0.001). In contrast. no sig- 
nificant correlations were obtained between the intrahippo- 
campal spike or SBS density and the MEG spike density. 

Analyzing the amplitudes of spikes or SBS. no signiticant 
correlation between the amplitudes of epileptiform poten- 
tials in the ECoG recordings and the spike density or the 
field amplitudes of spikes in the MEG recordings were 
observed. 

3.3. Analysis of the peak latertcies ofthe spikes recor-ded in 
the MEG 

In order to determine whether a single generator activa- 
tion or a successive activation of different generators took 
place, we measured the differences between time points 
where a single spike exhibits its highest magnetic field 
amplitude at different sensor locations in each patient. We 
observed a mean difference of the peak latencies of 9 f 5 
ms for spontaneous spikes and 6 f 3 ms for methohexital- 
induced spikes. The difference between spontaneous and 
methohexital-induced spikes was not statistically signifi- 
cant. In a single spike an anterior-posterior shift in the 
peak latencies could be observed (Fig. 6). With regard to 
all patients, no preferred direction (either anterior-posterior 
or superior-inferior) was observed. 

3.4. Analysis of’ the rnqnetic jield distributiotl 

Analyses of the magnetic field distribution in the tem- 
poral evolution of the spikes revealed a high spatial varia- 
bility of the field extrema, even at the time when the spike 
reached its apex. Furthermore, field extrema were predomi- 
nantly located at the margin of the area covered by the 
sensor as shown in Fig. 6. 

Table 3 

Classification with respect to the primary epileptogenic area based on the ECoG data 

ECoG Correct Contralateral Bilateral No Activation 

Spikes SBS Spikes Spikes SBS Spikes Spikes SBS Spikes Spikes SBS Spikeh 
+ SBS + SBS + SBS i SBS 

Intrahippocampal 12 8 9 I 5 3 I 0 I I 2 I 
Temporo-basal 12 7 13 I 2 0 I I I I 5 I 
Temporo-lateral 7 7 8 I I I I 0 I 6 7 5 

LateraliLation of the epileptogenic area based on spike and SBS densities in the ECoG recordings after methohexital application. Figure? refer to numbers 01 
patients in each classification group. 



Table 4 

Classitication with respect to the primary epileptogenic area based on the MEG and EEG data 

C‘0rPXt Contralateral Bilateral No activation 

Spontaneous Induced Spontaneous Induced Spontaneow Induced Spontaneous Induced 

MEG 5 ‘> ? I 0 2 8 3 
EEG 6 I 0 I I 0 I x 3 

LateraliLation of the epileptogenic arca based on the spike densities in the MEG and EEG recordings hefore and after methohexital application. Figures refer _ 
to numbers 01‘ patient5 in each clas\ilication group. 

The results of the dipole source localizations on the basis 
of the spatio-temporal rotating dipole model did not differ 
substantially from the results obtained with the moving 
dipole model. With increasing size of the cubicles the num- 
ber of dipole source locations within a cubicle increased in 
all patients of the sample. In cubicles of 8 cm3 the density of 
dipole source locations was twice as high as in cubicles of 1 
cm’ (range: l-3.3). In cubicles of 64 cm3 the density of 
source locations was 2.1 folded higher than in cubicles of 
8 cm3 (range: 1.3-2.89). In the following the results of the 
classification based on a cubicle size of 8 cm3 is going to be 
presented. because this volume best resembles the volume 
of the amygdala and the anterior part of the hippocampus. 

Twelve of the 1.5 patients exhibited spikes in the MEG 
recordings after methohexital injection. According to the 
source location density analysis, in 6 of the 12 patients 
more than 3 dipole source locations were found within cubi- 
cles of 8 cn?. After projecting these cubicles into the brain 
MRI scans of‘ each patient. 4 groups of patients could be 
distinguished. 

For the tirst group (patients 5, 12 and 14) localizing 
results were obtained that correspond to the epiletogenic 
area detined according the results of the presurgical evalua- 
tion. The MRI projections of the cubicles were located 

Pat.: D. C.; *14.09.57; right hemisphere 

within the parahippocampal gyrus or the adjacent temporal 
cortex as illustrated in Fig. 7. These patients exhibited a 
marked activation of spikes in the MEG after methohexital 
of 90,96 and 2 16 spikes/3 min in the MEG recordings, and a 
high source location density per cubicle was obtained in 
these patients. 

The second group assembled patients (6, 13 and 15) with 
poor localizing results. These patients exhibited only a low 
spike activation in the MEG after methohexital administra- 
tion and the source location density per cubicle was corre- 
spondingly low. The source locations projected into the 
frontal subcortical layer in patient 6 (one cubicle with 8 
dipole source locations), into the parietal cortex and into 
the parahippocampal gyrus in patient I3 as presented in 
Fig. 8 (3 cubicles with 5 and 3 dipole source locations) 
and onto the temporolateral skull in patient I5 (one cubicle 
with 3 dipole source locations). 

The third group consisted of patients (2-4, 7. 9 and IO) 
with a moderate spike activation in the MEG recordings, but 
without consistent results in the source density analysis. In 
these patients, a spatial density of at least 3 dipole solutions 
per cubicle was not achieved. Consequently, no projection 
of cubicles into the MRI scans was possible in these 
patients. 

As already mentioned, the fourth group (patients I. 8 and 
I 1) did not exhibit spikes in the MEG recordings. Therefore. 
no source localization was possible in these patients. In this 
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Fig. 6. Spatial distribution of a smgle methohexital-induced spike of patient I1 projected onto the sensor layout (part A) and the correspondmg magnetic tield 
distributirrnh I pat B) calculutcd f(ar the preselected time segment indicated by the vertical lines in part A. Ant., anterior. Post.. posterior. Time interval 
hetwen each magnetic held distribution map is 6.7 ms. During the time course of the spike. the magnetic ticld distribution exhibit5 a considerable spatial 

variahilitc. E\cn during the pcah cf the spike. the cxtrema of the magnetic held arc located at the margin or outside the arca covet-cd by the sensor array. 



Fig. 7. Projections of the cenkr of the 8 cm cubicles including at least 3 

dipole solutions of patient I4 onto his MRI xans. The cubicles are indi- 

cated by the following symbols: 0 (35 solutions). A (29 solutions), 0 ( 13. 
I4 or IS solutions). Projections of the cubicles onto the axial plane fuppet 

leli). onto the coronal plane (upper right). onto the sagittal plane flower 
left) and onto the head frame coordinate <>stem. 

group of patients, no spikes or SBS were detected in the 
temporolateral contacts of the subdural electrodes. 

With respect to the activation of epileptiform activity in 
the ECoG, there were no clear differences between patients 
with good and poor localizing results. Patients with good 
results of the MEG source localizations all exhibited a 
marked activation of spikes and SBS in the intrahippocam- 
pal. temporobasal and temporolateral contacts. But in the 
group of patients with poor or missing localizing results, the 
activation in the ECoG was low in about half of the patients. 
but well pronounced in the other half. No consistent rela- 
tions between the density of spikes and SBS in the different 
temporal regions (intrahippocampal, temporobasal and tem- 
porolateral) recorded in the ECoG and depth recordings on 
the one hand and the source localizations of the MEG 
recorded spikes on the other were obtained. 

During the measurement period of 3 min the spike density 
of spontaneous spikes was significantly lower (Fig. 5) than 
after methohexital application. Analyzing the source local- 
izations of spontaneous spikes, in none of the patients the 
criterion of a spatial density of at least 3 dipole solutions 
restricted to a cubicle of 8 cm3 was met. Therefore. no 
projection of cubicles into the MRI scans for the sponta- 
neous spikes was possible. 

4. Discussion 

The purpose of this study was to evaluate the possibilities 
and limitations of non-invasive simultaneous multi-channel 
MEG and scalp EEG recordings concerning the lateraliza- 
tion and localization of the epileptogenic zone. The value of 

spontaneous and drug-induced epileptiform activity was 
analyzed and compared to the results of ECoG and depth 
recordings of the same patients. The study was performed in 
a clearly defined group of patients with unilateral temporal 
lobe epilepsy (TLE) contirmed by the invasive presurgical 
evaluation a\ well as by the histopathological findings and 
the poatsurgical outcome. The present study demonstrates 
that methohexital administration is a simple and fast method 
to increase the spike density in the MEG recordings and to 
shorten the registration time. The diminution of movement 
artifacts during the short narcosis is another advantage ot 
the methohexital application. For ECoG recordings it has 
been shown in several investigations that methohexital 
application increases the density of epileptiform discharges 
of high localizing value (Bickford et al.. 1953; Musella et 
al., 1969: Ford et al., 1983; Aasley et al., 1989; Hufnagel et 
al.. 1992). The lateralizing and localizing results of metho- 
hexital-induced epileptiform discharges are reproducible 
and independent tram serum levels of anticonvulsive 
drugs (Kowalik et al.. 1997). In most patients investigated 
in our study anticonvulsive medication consisted of a car- 
bamazepine monotherapy within the therapeutical range. 
Therefore, differences in drug interactions can be neglected 
in these patients. In those 1 of our patients receiving cloba- 
zam. effects on the spike activation can not be excluded. 
However, no systematic influence was observed since in 
patient 1 no spikes were detected in the MEG recordings, 
whereas patient I5 exhibited a clear spike induction. 

The comparison between ECoG and MEG recordings 
confirmed that the value of methohexital-induced spikes 
in non-invasive MEG recordings concerning the I~tclrr/i:a- 
fiolz of the epileptogenic area is comparable to that of metho- 
hexital-induced spikes in invasive ECoG recordings. 
Furthermore. methohexital-induced spikes in the MEG 
recordings are superior to spontaneous spikes concerning 



their lateralizing significance. since only few patients exhib- 
ited enough spontaneous spi’kes within comparable registra- 
tion times. 

However, a reliable Inccdi.xrtio~z of the epileptogenic zone 
remains still difticult. The results of the methohexital- 
induced epileptiform discharges in MEG recordings indi- 
cate that. under the experirnental conditions and assump- 
tions of thi\ study. the MEG is capable to detect 
epileptiform discharges rliclted in the more lateral parts of 
the temporal lobe. whereas the spikes and SBS generated in 
temporomesial structures seem to escape the MEG regiatra- 
tion. This can he concluded by comparing the MEG spike 
density to the spike and SBS density in the ECoG record- 
ings. 

For clinical purposes of an exact localization and delinea- 
tion of the primary epileptogic zone, a SOUITP loctrlix~tior~ 

within a volume of 1 cm’ would be desirable. The present 
study showed that consistent localizatory results can be 
achieved for cubicles of X cm’. corresponding to a volume 
of the amygdala and the anterior part of the hippocampus, in 
3 of the I5 patients. Source estimations of spikes recorded in 
the MEG resulted in localization< within the parahippocarr- 
pal gyrus and the adjacent temporal cortex in only 3 
patients. whereas in another 3 patients widespread localiza- 
tiona into frontal and parictal regions were obtained. For the 
remaining 9 patients no consistent source locations were 
obtained. Cubicles of 6-l cm I. corresponding to the volume 
of the whole temporal lobe, do not provide sufficiently pre- 
cise localizatory information that is required for epilepsy 
surgery. 

The results reported here can only be discussed on the 
basis of previously reported simulation studies (Gharib et 
al.. lc)c)S~ and analyses of spontaneous interictal spike 
recordings in the MEG. because to our knowledge no stu- 
dies concerning drug-induced epileptiform activity in MEG 
recordings have been described before. MEG recordings of 
interictal spontaneous spike activity in patients with focal 
epilepsy have been found to bc of limited value for the 
localization of deep source >, in the temporal lobe. In order 
to compare the localizing value of scalp EEG. ECoG. and 
MEG. Nakasato et al. ( 199-l) evaluated 5 patients with neo- 
cortical epilepsy and one patient with temporomesial epi- 
lepsy using a 7-channel magnetometer. In 3 of 6 patient-s 
good localizing results with MEG were obtained, but in the 
patient with tcmporomesial epilepsy no source localization 
was possible, because no spikes were detected in the MEG 
recording\ Tiihonen et al. ( IWO) presented a study in 2 
subjects \~ith T1.E using ;I ‘7.channel gradiometer. They 
were able !o iocali/e sources into the lateral aspects 01’ the 
temporal lobe. whcrcas the results of the preoperative c:va- 
luation 5u~ge5ted a teniporon~e~ial epileptogenic area. .4 
recent study on 50 patients with focal epilepsy showed 
that MEG recordings using a 37-channel first-order axial 
gradiometer provided good localizing results for patients 
with convexity foci. whereas source localizations in patients 
with orbitofrontal or deep fclci did not agree with the results 

of the presurgical evaluation (Smith et al., 19%). These 
studies indicate that even with a 37-channel system the 
source localization of spontaneous interictat epileptiform 
activity generated in deep structures as the temporomesial 
region is still difficult. 

The low IocaliLing value of MEG recordings concerning 
deep sources may have different reasons. In order to solve 
the inverse problem. the algorithm\ used to localize neuro- 
magnetic sources are based on \evcral assumption\ concerti- 
ing measurement condition\. 4ourcc contiguration. and head 
models. 

The fact that the extrema of the magnetic tields were 
predominantly located at the margins of the area covered 
by the \ensor represents one main reason for the limited 
results of the source localization procedure. The sensor 
array of 37-channel gradiometer used in this study had a 
maximal distance of sensor points of I2 cm that might be 
too small to correctly localize deep sources ( 4honen et at.. 
1993). Thus. whole-head MEG-syctems may be better suit- 
able to solve this problem. Besides the configuration of the 
sensor array. the baseline ol’the gradiometcr influences the 
power to record magnetic tields of deep sources. The gta- 
diometer used in our study had a baseline 01‘ 5 cm. which 
does not yield ;I very good signal-to-noise rario (S/N ratio) 
in the case of deep sources (i.e. h-7 cm). The S/N ratio is 
one of the most important parameters that might intluence 
the localization power of the MEG. With increasing depth of 
the source. the signal intensity decrease\. i.c. the S/N ratio 
dccrea\es (Ogura and Sekihara, I99i; Supek and Aine. 
1993: Cohen et al.. 1990). By performing MEG recordings 
in a magnetically shielded room. the cuternal noise ha\ been 
reduced as much as possible in this \tudv. However. the 
noise caused by the brain activity itself cannot be elimi- 
nated. Signal averaging can impro\:e the S/N ratio. How- 
ever. aceraginy of spikes ha\ not hern performed in this 
study in order to avoid the risk of a\,eraginf activity genrr- 
ated in different brain area\. 

L.ittle i\ known about the source contiguration corrc- 
spondinp to epileptiform activity in focal epilepsies. Only 
the depth of the source can be estimated because our study is 
based on a group of patients with temporal lobe epilepsy 
(TLE). in all but one patient with ;I tcmporomesial \eiLure 
onset contirmed by the presurfical epilepsy evaluation 
including invasive video monitoring. According to the 
results of the previously performed ECoG recordings of 
the methohexital-induced rpileptiform potential:,, the spa- 
tial distribution of the generators of the epileptiform activity 
could be demonstrated. Yet. dipole moment and orientation 
are not known. This study was based on the assumption that 
the location of the generators of epilrptiform activit! in the 



ECoG and the MEG recordings remains invariant. It has 
been shown previously that the methohexital activation pro- 
vides reproducible results with respect to localization and 
lateralization of the primary epileptogenic area (Kowalik et 
al., 1997). Nevertheless. in order to be sure about the origin 
of a spike or SBS, it would be necessary to perform simul- 
taneous recordings of the ECoG and MEG. 

The implications of drug-induced epileptiform activity 
compared to spontaneous spike activity for the source con- 
figuration are not known. Difficulties in determining the 
exact source localization even in our study on a highly uni- 
form group of patients may be due to the fact that sponta- 
neous spikes as well as methohexital-induced spikes and 
SBS are generated in rather extended brain areas. The 
ECoG recordings showed that methohexital-induced spikes 
and SBS can be recorded not only in the temporomesial 
structures, but over the temporobasal and temporolateral 
cortex as well. According to Wyler et al. (1987). Hufnagel 
et al. (1992), and Kowalik et al. (1997), the methohexital- 
induced spikes and SBS are of good localizing value con- 
cerning the primary epileptogenic zone and superior to the 
localizing value of interictal spikes, which reflect the irrita- 
tive zone (Ltiders and Awad, 1991). Methohexital causes 
not only a quantitative increase in epileptiform pattern, but 
also a qualitative change with induction of high-amplitude 
SBS in the ECoG recordings (Hufnagel et al., 1992). With 
respect to our results. the localizing value of methohexital- 
induced spikes recorded with the MEG is superior compared 
to spontaneous interictal spikes due to the increased spike 
density and a higher specificity with respect to the epilepto- 
genie area. 

The solution of the inverse problem is based on several 
assumptions concerning the source configuration, such as 
the number of active sources and their spatial separation. 
For our patients with TLE we would have expected source 
localizations in a depth of 6-7 cm. The limits of source 
resolutions for a multiple dipole model grow with increas- 
ing depth (Supek and Aine, 1993; Liitkenhbner et al., 1991). 
Approximately. the distance at which 2 sources can be 
resolved using magnetic field measurements is comparable 
to the distance between source and sensor (Tan et al., 1990). 
In accordance with these theoretical assumptions, single 
dipole models are adequate models for the source localiza- 
tion procedure. Simulation studies showed that the resol- 
ving power in case of a spatio-temporal dipole model 
based on a rotating dipole resp. a fixed dipole is only slightly 
superior compared to a moving dipole model (Ltltkenhoner 
et al., 1991). In accordance with these results. the results of 
the present study showed that the source locations obtained 
with the spatio-temporal dipole model based on a rotating 
dipole did not lead to different localizing results compared 
to the results obtained by the single ECD based on a moving 
dipole. Nevertheless, the widespread activation of epilepti- 
form potentials in the ECoG recordings after methohexital 
and the differences in peak latencies of the spike maxima 
indicate that single dipole models can not be regarded as 

adequate models to describe the underlying source. Whether 
distributed source models (Nunez, 1986; de Munck et al.. 
1992; Supek and Aine, 1993) are more suitable to describe 
the source has to remain open. Differences in peak latencies 
of the maxima of a single spike have already been observed 
in animal models of focal epilepsies (Petsche et al., 1969: 
Elger and Speckman, 1980). suggesting a successive activa- 
tion of different generators. 

According to Alarcon et al. ( 1994), human interictal spike 
activity recorded in the scalp EEG does not arise from 
volume conduction from deep structures, but is generated 
in the underlying neocortex. Within milliseconds interictal 
activity can propagate and successively activate large cor- 
tical areas due to 3 possible mechanisms. Fast association 
fibers can activate remote cortical areas either directly or by 
triggering local activity. Furthermore. propagation can take 
place along the neocortex. Thus, it was concluded that due 
to these propagation mechanisms the assumption of a single 
dipole or multiple-dipole model is not adequate to describe 
interictal activity at least for EEG recordings and that the 
analysis of propagation mechanisms may be more fruitful 
(Alarcon et al., 1994). These results confirm our hypothesis 
that one reason for the limited localizing value of MEG 
recorded spikes may be the propagation of epileptiform 
activity to the neocortex near the MEG recording site. 
Thus, the epileptiform activity generated in the temporolat- 
era1 cortex may mask the activity generated in deeper struc- 
tures. Further studies are necessary to answer the question 
whether MEG systems with an improved spatial resolution 
are able to separate deep activity from the propagated activ- 
ity in superticial cortical areas. 

Additional problems are caused by the deviation of dipole 
orientation. MEG is more sensitive to tangential sources 
than to radial sources. In patients undergoing presurgical 
evaluation Cohen et al. ( 1990) produced well defined 
dipoles with a predominant radial component by passing a 
weak current pulse through the depth electrodes. The local- 
izations error ranged from 24 to 40 mm for deep sources in 
the amygdala or the mid temporal gyrus (Cohen et al.. 
1990). Simulation studies showed that the localization 
error increases with increasing deviation of dipole orienta- 
tion from a tangential towards a radial orientation (Menn- 
inghaus et al., 1994; Menninghaus and Ltitkenhoner. 1995). 
Because little is known about the dipole orientation of elec- 
tromagnetic fields generated in the temporal lobe, especially 
in the temporomesial structures, there is no possibility to 
estimate the influence of dipole orientation under the regis- 
tration conditions of this study. 

4.3. The head tmdel 

The assumption of a spherical head model will also cause 
an error in localizing the dipole source, although this kind of 
error is expected to be a certain aberration from the true 
solution rather than the lack of, plausible, solutions as we 
found in the majority of our patients. Even if the effects of 



local variations in skull and scalp thickness more affects the 
localization accuracy of EEG signals rather than of MEG 
signals (Cuffin, 1993). the error in source localization for 
MEG signals increases with increasing depth of the source 
using a spherical head model (Menninghaus et al., 1994; 
Menninghaus and Liitkenhclner. 1995). Up to now, the 
advantage of realistic head models has been demonstrated 
for a maximal depth of 3 cm (Menninghaus et al., 1994). 

5. Conclusions 

This study shows the advantages of the application of 
methohexital for MEG recordings, since the simple and 
safe short narcosis considerably increases the spike density. 
Thus, registration periods are shortened and movement arti- 
facts are reduced. With respect to the identification of the 
primary epileptogenic area, MEG recorded spikes after 
methohexital application allow a correct lateralization of 
the epileptogenic area in about 2 thirds of the patients 
with TLE, whereas the localizing value is still unsatisfac- 
tory. The results of this study indicate that. under these 
measurement conditions. the MEG recorded spikes predo- 
minantly reflect the neuronal activity generated in temporo- 
lateral structures. whereas the activity of deeper sources. 
especially of temporomesial structures, is obviously diffi- 
cult to register using the MEG. In order to improve measure- 
ment conditions. whole-head systems are a possible 
solution. Further progress in localization algorithms and 
the use of realistic head models are strongly requested. In 
order to explain the differences in peak latencies observed in 
our investigation. simultaneous recordings of ECoG and 
MEG are essential. An improved knowledge about thz 
source configuration corresponding to epileptiform activity 
and about propagation mechanisms is required prior to a 
revised assessment of the clinical relevance of MEG record- 
ings for the presurgical evaluation of epilepsy patients. 
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