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Abstract

Objective: A quantitative analysis of scalp electric ®elds in patients suffering from pharmacoresistant temporal lobe epilepsy was

performed in order to study the development of rhythmic ictal activities over time.

Methods: A method that calculates phase-corrected voltage maps in the frequency domain (FFT-approximation) was applied to ictal

multichannel recordings in 10 epileptic patients. The onset of the ictally dominant frequency was determined and its temporal evolution over

a time period of 46 s around the ictal EEG onset was studied. The analysis was completed by a linear inverse solution that estimated the

sources of the dominant frequency.

Results: This method permitted the identi®cation of an ictally dominant frequency which started on the average prior to the onset of initial

EEG signs as determined by visual inspection. The frequency incremented during the evolution of the seizure in all patients. The linear

inverse solution algorithm localized the source of this frequency to the brain region which was clinically determined as the site of seizure

onset and whose resection rendered all patients seizure-free.

Conclusions: Our data suggest that the constant increase of the ictally dominant frequency is related to the amount of temporal lobe tissue

generating the ictal discharges. Frequential analysis of ictal electric ®elds can be reliably used to detect focal pathological activity early

during seizure onset arising in deep structures such as the mesial temporal lobe. q 2000 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Many patients with medically refractory complex partial

seizures of temporal lobe origin can bene®t from neurosur-

gical treatment. The non-invasive presurgical evaluation

process usually includes the recording of multiple seizures

by means of video-EEG from scalp and sphenoidal electro-

des in order to localize the epileptogenic region. This region

is de®ned as the smallest area of the brain whose removal

results in a total cessation of seizures (Engel et al., 1993).

Different spectral changes of the EEG have been

described in patients with complex partial seizures (Geiger

and Harner, 1978; Blume et al., 1984). The most frequent

pattern is characterized by a widespread attenuation of

background activity, without topographic value, followed

by the appearance of rhythmic frequencies containing loca-

lizing information (Quesney et al., 1993). When analyzing

these lateralized rhythmic patterns, Risinger et al. (1989)

found a high correlation between ictal patterns of 5 Hz or

faster frequencies in a sphenoidal and/or temporal location

and the presence of an ipsilateral mesial temporal seizure

onset. Although this pattern was quite speci®c, it unfortu-

nately had a poor sensitivity of only 40±50%. The latter

®nding was con®rmed by Ebersole and Pacia (1996) who

proposed a frequential differentiation between seizures aris-

ing in the lateral or the mesial temporal cortex. They found

that seizures originating in the lateral temporal lobe can be

characterized by a typical frequency pattern of 2±5 Hz.

They also noted a low stability and commonly observed

morphological and frequential changes early during the

seizure for this ictal pattern (Ebersole and Pacia, 1996).

However, there has been some discussion about whether

and when seizures originating in the mesial temporal lobe

can be detected on the surface EEG. Studies which analyzed
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seizure propagation in depth and surface recordings in

temporal lobe epilepsy have suggested that visual EEG-

analysis can only detect ictal activity once it has spread

from mesial to neocortical structures (Spencer et al., 1990;

Pacia and Ebersole, 1997). Thus it is a drawback for the

presurgical work-up that the visual EEG patterns which

provide the localizing and lateralizing information about

the seizure origin are not a `direct manifestation of cerebral

activity at seizure onset' (Pacia and Ebersole, 1997) and

only result from current spread during later ictal evolution.

The combination of quantitative methods and multichannel

EEG recordings might help to detect frequential changes

early and prior to the visually estimated seizure onset.

Recent investigations have shown that the spectral proper-

ties during the phase which follows rhythmic seizure onset

can be retrieved (Gotman et al., 1993; Alcaron et al., 1995).

By approximating phase corrected voltage maps in the

frequency domain, Lantz et al. (1999) have calculated the

full scalp spectrum for ictally dominant frequencies, by

using the so-called FFT Approximation method (Lehmann

and Michel, 1990) and subsequently used these voltage

maps to localize the mesiotemporal epileptic focus. More-

over, a recent preliminary report from our group suggests

that the calculation of the full scalp spectrum in the

frequency domain can detect pathological ictal rhythms

earlier in time than revealed by pure visual inspection of

the EEG (Michel et al., 1999).

However, the time of onset as well as the temporal evolu-

tion of these ictal spectral changes and their relation to

electroencephalographic signs ± as revealed by visual

EEG analysis ± have been investigated systematically.

The aim of the present study was to investigate the onset

and temporal evolution of ictally dominant frequencies in a

group of patients with a highly probable seizure onset in the

mesiotemporal lobe. We completed our analysis by using a

linear inverse solution in order to localize the sources of

these frequencies and compare them with the brain region

whose resection rendered all patients seizure-free. Prelimin-

ary results have been published previously (Blanke et al.,

1997).

2. Methods

2.1. Patients

Cases were selected of candidates for partial temporal

lobectomies (TLE) with medically refractory epilepsy.

The operations were performed at the University Hospital

of Geneva, Switzerland, or at the Lund University Hospital,

Sweden. All patients had a similar evaluation that included

interictal and ictal video-EEG, neuropsychological testing,

interictal and ictal SPECT (single photon emission compu-

ter tomography), brain magnetic resonance imaging (high

resolution in seven cases), in seven cases interictal PET

(positron emission tomography) and neuropathological

analysis of the resected tissue. Patients ful®lling the follow-

ing two criteria were included in the analysis: (1) patients

with maximal ictal activity in the sphenoidal electrode and/

or temporal electrode with clear focal rhythmic activity

(Risinger et al., 1989); (2) patients evaluated with high-

resolution MRI (n � 7) who had signs of unilateral hippo-

campal sclerosis on MRI scans (diminished volume of the

hippocampus and/or T2-signal enhancement) or patients
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Table 1

Clinical information on all patientsa

Patient Age Ictal EEG MRI PET SPECT Pathology

1 44 Sp1, F7, T3 Normal* ± Left fronto-temporal ±

2 28 Sp1, F7, T3 Normal* ± Left fronto-temporal Unspeci®c

3 41 Sp1, F7, T3 Wide left temporal horn* ± Bitemporal

(Iomazenil: left

temporal)

Left hippocampal sclerosis

4 20 Sp1, FT7, F7 Left hippocampal sclerosis Left temporal Left temporal Left hippocampal sclerosis

5 33 Sp1, FT7, T3 Left hippocampal sclerosis,

left anterior temporal

atrophy

Left temporal Left temporal Left hippocampal sclerosis,

discrete temporal

neocortical gliosis

6 44 F7, T3, Sp1 Left hippocampal sclerosis,

discrete atrophy of the left

hemisphere

Left temporal Left temporal Unspeci®c

7 31 Sp1, T3, F7 Left hippocampal sclerosis Left temporal Left temporal Left hippocampal sclerosis

8 46 Sp2, T4, F8 Right hippocampal sclerosis Right temporal Right temporal Right hippocampal sclerosis,

discrete temporal

neocortical gliosis

9 19 Sp2, F8, AF8 Right hippocampal sclerosis Normal Left hemispheric Unspeci®c

10 21 Sp2, F8, T4 Right hippocampal sclerosis Right temporal Right temporal Right hippocampal sclerosis

a An asterisk (*) in the MRI column indicates that low-resolution MRI has been carried out. In patient 9 a discrepancy can be noted between SPECT ®ndings

(left hemispheric) and other results from the presurgical workup (right temporal). However the patient was included in the study since inclusion criteria were

based on EEG and MRI ®ndings. Note that patient 9 as well as all the other patients have been seizure-free for more than 24 months following the operation.



who were investigated with low resolution MRI (n � 3) and

had a normal MRI. Ten patients were included in the study.

Clinical ®ndings are depicted in Table 1. Left partial ante-

rior temporal lobectomy was carried out in seven patients

and right partial temporal lobectomy in the three remaining

cases. Neuropathological examination of the resected tissue

con®rmed hippocampal sclerosis in 6 of 9 patients, 3

patients showed unspeci®c changes, one patient was not

investigated (Table 1). After the operation, all patients had

excellent outcome (seizure free for .24 months), consistent

with class 1 of the Engel classi®cation (Engel, 1993).

2.2. Visual video-EEG analysis

Seizures were recorded with 28 or 31 electrodes, placed

according to the 10±20 system, with special coverage of the

temporal lobes and bilateral sphenoidal wire electrodes

(Deltamed equipment). In each patient three clinically and

electroencephalographically representative seizures were

selected. We only included complex partial seizures with

continuous rhythmic EEG changes. For all seizures, the

electroencephalographic seizure onset (Fig. 1; ESO �
focal or non-focal sharp- and slow waves, spikes or spike

wave complexes) and the onset of clear continuous focal

rhythmic activity (Fig. 1; RSO � well modulated rhythms

of temporal location (Risinger et al., 1989; Ebersole and

Pacia, 1996) were determined by visual video-EEG analy-

sis. After excluding the signals recorded with the sphenoidal

electrodes, the data were further analyzed using the follow-

ing methodological approach.

2.3. Identi®cation of the ictally dominant frequency band

and determination of its temporal evolution

The time period chosen for the analysis was from 32 s

before to 14 s after the ESO. We did not include the onset

of ictal behavior to select the ictal time period, since it has

been shown in previous studies that ictal EEG analysis alone

can reliably de®ne the seizure onset (Risinger et al., 1989;

Ebersole and Pacia, 1996; Lantz et al., 1999). The selected 46

s time period was divided into 23 non-overlapping 2 s epochs.

The 2 s epochs were collected consecutively, without the

exclusion of epochs containing eye movements or other arti-

facts. Each epoch was transformed into the frequency

domain with a resolution of 0.5 Hz by the FFT-Approxima-

tion which has been described previously (Lehmann and
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Fig. 1. Typical seizure with temporal onset. Seizure onset recorded with 31 electrodes shown in a bipolar montage. Electrode names are shown on the left. A

period of 34 s around the electroencephalographic seizure onset (vertical black line) is shown. Dashed line indicates rhythmic seizure onset and the horizontal

black line indicates the seven consecutive 2 s time epochs which were chosen to determine the ictally dominant frequencies for each seizure. EEG recording

shows left temporal seizure onset.



Michel, 1990). This reference-independent technique incor-

porates the phase angles between the different electrodes in

order to derive a non-ambiguous statement about the electric

®eld distribution for each frequency point. The FFT-Approx-

imation method provides ± in contrary to the analysis of

power maps ± voltage maps with positive and negative values

(as the raw EEG-data). This method as been applied in differ-

ent data sets (Michel et al., 1992, 1995; Dierks et al., 1993;

Lehmann et al., 1993) including EEG of epileptic patients

(Lantz et al., 1999; Michel et al., 1999). Fore each seizure in

each patient, the 7 FFT-approximated epochs following the

ESO were averaged. From this average prominent power

peaks in the frequency spectrum were identi®ed. Frequencies

below 2.5 Hz were considered to be mainly due to eye arti-

facts, and were therefore excluded from the analysis. The

frequency with maximal global ®eld power (GFP, Michel

et al., 1995) which were consistent across the three evaluated

seizures were identi®ed in each patient and subsequently

analyzed. The range of consistency was de®ned as the

frequencies within ^0.5 Hz around the prominent power

peak in the frequency spectrum of each seizure (see Fig. 2).

The GFP of these dominant and consistent frequencies was

then determined for each of the 23 consecutive 2 s epochs (E),

thus giving the temporal evolution of the strength of the

electric ®eld in the particular frequency (Fig. 3). The mean

value of the temporal evolution of the dominant frequency

for the three seizures was calculated per patient. The time

period was determined during which the dominant frequency

had maximal strength (dominant epoch, DE). By following

the dominant and consistent frequencies back in time from

the DE, the point in time when the band power started to rise

could be determined. This point in time was considered as the

seizure onset.

2.4. Three-dimensional localization of seizure onset

In order to estimate the localization of the ictal spectrum,

we applied a 3-dimensional source localization method for

the dominant and consistent frequency. For this purpose the

2 s epoch showing the highest GFP during the evaluated

period was selected (DE). The EEG of all patients was

interpolated to the same standard 21 electrode setup. This

procedure was carried out, because special coverage of

certain brain areas (as used over the temporal lobes during

the presurgical evaluation in our patients) leads to a non-

uniform coverage of the whole scalp and can disrupt proper

source localization (Spinelli et al., 1997). Finally, the

surface maps corresponding to the dominant and consistent

frequencies were used to localize the source of each

frequency map using a linear inverse solution algorithm:

Radially Weighted Minimum Norm (Grave de Peralta and

Gonzalez, 1998; Michel et al., 1999). The use of the linear

inverse solution will allow to control that the analyzed

frequency is generated approximately within the brain

region whose resection rendered all patients seizure-free.

We choose the Radially Weighted Minimum Norm solution

because it avoids the undesirable tendency of the Minimum

Norm solution to reach maxima only at the borders of the

solution space while re¯ecting (from a physical point of

view) the boundary character of the current density vector.

Besides its simplicity this solution has shown a performance

comparable or better than more complex solutions in the

analysis of epileptic data and evoked potentials (Grave de

Peralta, 1999; Michel et al., 1999). The solutions were

calculated on a regular grid of 1152 nodes, using a three-

shell spherical model.

3. Results

3.1. Ictal frequency bands and their temporal evolution

In all patients an ictally dominant and consistent

frequency of .5 Hz could be determined, which has been

found in previous studies to be predictive of mesiotemporal

seizure onset (Fig. 2, Table 2; Risinger et al., 1989; Ebersole

and Pacia, 1996; Lantz et al., 1999). Over all patients the

mean of this frequency was determined at 7.0 ^ 0.8 Hz).

However in 6 of 10 patients a second dominant frequency

peak between 3.0 and 5.5 Hz was found (mean: 4.0 ^ 1.0

Hz; Table 2, Fig. 2). The ictally dominant frequencies in

three seizures per patient ranged thus from 3.0 to 8.5 Hz

(Fig. 2a±j). In patient 1 two dominant frequencies were

determined for all three seizures with one peak at 4.0±4.5

Hz (mean 4.5 Hz) and a second one at 7.0±7.5 Hz (mean

7.5 Hz). The gray area in Fig. 2a represents the ictally

dominant frequency band which includes the peak

frequency of each single seizures ^0.5 Hz. The initial rise

of the lower frequency was determined in the fourth 2 s time

epoch prior to the ESO (E-4) and the DE was found in the

second 2 s time epoch following to the ESO (E-2). The

initial increase for the 7.5 Hz frequency in this patient

was detected in the third 2 s time epoch prior to the ESO

(E-2, see Fig. 3a) an was maximal during E7. Patient 2

showed very similar results concerning the dominant

frequencies and their temporal evolution. The dominant

mean frequencies were found at 3.5 and 7.0 Hz (Fig. 2b)

and again the initial rise and the DE of the lower frequency

(initial rise: E-5; DE: E1) was preceding the respective

epochs of the higher frequency (Fig. 3b, initial rise: E1;

DE: E5). Two dominant frequencies were also found in

patients 6, 7, 9 and 10 (Fig. 2). In patients 7 (Fig. 3g) and

9 (Fig. 3i) the higher mean frequency had its DE prior to the

peak of the lower frequency band. In patient 7 the lower

mean frequency was at 4.5 Hz (7.5 Hz) with an initial rise at

E-2 (E-2) and the DE at E6 (E2, values in brackets give

values for 7.5 Hz frequency). In patient 9 the lower mean

frequency was at 5.5 Hz (8.5 Hz) with an initial rise at E-1

(E-2) and the DE at E6 (E3). In patients 6 (Fig. 3f) and 10

(Fig. 3j) both frequencies showed a similar temporal evolu-

tion. In patient 10 both dominant frequencies (3.0 and 6.0

Hz) showed their initial rise during E-1 and their DE during

O. Blanke et al. / Clinical Neurophysiology 111 (2000) 763±772766
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Fig. 2. Determination of the ictally dominant frequency band. For all 10 patients (a±j) and for all evaluated seizures (three per patient) the full scalp spectrum as

determined by the FFT-Approximation as averaged over the 14 s period following the electroencephalographic seizure onset is shown from 2.5 to 15.5 Hz. The

global ®eld power peaks for each seizure determined the ictally dominant frequencies in the respective seizure (i.e. in patient 5 (e), the dominant frequency was

determined at 7.0, 7.5, and 8.0 Hz). The area indicated in gray represents the consistent (between three seizures) ictally dominant frequency band (^0.5 Hz around

the power peak) which was subsequently analyzed. In 6 of 10 patients two consistent and dominant frequency bands could be calculated (see (a), patient 1).
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Fig. 3. The rise of the consistent and dominant frequency starts before the visual EEG onset. The temporal evolution of the global ®eld power of the ictally

dominant frequency bands is shown in all 10 patients (a±j). The temporal dynamics are shown for the whole evaluated period of 46 s. The vertical line indicates

the ESO and the dashed vertical line the RSO as in Fig. 1. Thus, in all patients, 14 s or seven 2 s time epochs (E) are shown after the electroencephalographic

seizure onset (E1±E7, see x-axis in (i,j)) and 32 s or 16 E are shown prior to the ESO (E-16±E-1). The dominant frequency of each evaluated seizure (three thin

lines) over time are indicated for each patient. The fourth line (thick line) indicates the mean of the temporal evolution of the ictally dominant frequency. The

arrow indicates its onset.



E7. In patient 6 both frequencies (3.0 and 6.5 Hz) peaked in

E6 but the 6.5 Hz frequency increased its power already

during E-4, the lower mean frequency during E-1. In the

remaining patients only one dominant frequency was

detected. In patient 3 7.0 Hz (Fig. 2c), in patient 4 6.0 Hz

(Fig. 2d), in patient 5 7.5 Hz (Fig. 2e) and in patient 8 6.0 Hz

(Fig. 2h). In patient 3 the dominant frequency increased its

power from E-7 to E7 (Fig. 3c), in patient 4 from E-2 to E7

(Fig. 3d), in patient 5 from E1 to E7 (Fig. 3e) and in patient 8

the initial rise was found in E-1 and its DE in E2 (Fig. 3h).

Even though a dominant ictal frequency could be clearly

determined in patient 8, the temporal evolution of this

frequency band was found to show large variability within

and across the three evaluated seizures (Fig. 3h). This

pattern was clearly different if compared with the other

patients, however if the mean of the frequency strength

over time is calculated its increase prior to the ESO and

the DE can be appreciated. Inspection of the EEG revealed

high amplitude eye movement artifacts.

In summary, for each patient the duration from the initial

increase to its maximal strength could be determined for the

ictally dominant frequency. Over all patients, the mean time

epoch with the initial rise was found in E-2. The dominant

frequency was thus found 4.0 s prior to ESO and 9.0 s before

the RSO. The DE was found on average in E6. The mean

duration of the GFP-increase was 13.0 s. In 6 of 10 patients a

second dominant frequency which was smaller than 5 Hz

was found. It started increasing its strength during E-3 (4.6 s

prior to the ESO) and had its DE in E5. The mean duration

of increase in strength was slightly shorter and started about

1 s earlier.

3.2. Three-dimensional localization of seizure onset

The spatial information contained in the ictally dominant

frequency in the dominant time epoch was used to localize

the epileptic activity with a linear inverse solution algo-

rithm. The results of this analysis are shown in Fig. 4a±j

for all patients. The lateralization and localization of the

mean dominant frequency during the period with its maxi-

mal strength corresponds for 9 of 10 patients well with the

localization proposed by non-invasive methods such as

EEG, MRI, PET and SPECT and with the operated brain

region. The linear inverse solutions showed a very consis-

tent localization on the lower slices in an anterior temporal

or lateral temporal position (Fig. 3a±i). However more exact

methods which use individual realistic head shapes, realistic

head models and more complex linear inverse solutions will

be necessary to distinguish between the ictal implication of

lateral and mesial temporal structures (Fuchs et al., 1999;

Michel et al., 1999). In patient 10 the EEG was character-

ized by strong eye movement artifacts which strongly in¯u-

enced the localization procedure for both dominant

frequencies (3.0 and 6.0 Hz, see Fig. 4j).

4. Discussion

In a selected group of patients suffering from temporal

lobe epilepsy in whom a mesiotemporal seizure origin can

be assumed on the basis of EEG and MRI signs we analyzed

the electric ®elds recorded by multichannel EEG in order to

determine the time of onset and the further development of

ictally dominant frequencies over time. By calculating the

GFP of frequency-transformed phase corrected voltage

maps, this method allowed to identify ictally dominant

frequencies of .5 Hz which started prior to initial EEG

signs and incremented during the further evolution of the

seizure in all patients. The ictally dominant frequencies

found by the present approach thus con®rms the importance
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Table 2

For each patient the ictally dominant frequency band .5 Hz (given in bold) and the second frequency band (if present), the epoch (E) of their initial rise and

their dominant epoch as well as the duration of its increase in strength are indicateda

Patient Ictal frequency

(Hz)

Initial rise

(E)

Dominant epoch

(E)

RSO

(E)

Duration of

GFP-increase (s)

1 4.5 24 2 5 10

7.5 23 7 5 18

2 3.5 25 1 4 10

7 1 5 4 8

3 7 27 7 2 26

4 6 22 7 5 16

5 7.5 1 7 2 12

6 3 21 6 2 12

6.5 24 6 2 18

7 4.5 22 6 3 14

7.5 22 2 3 6

8 6 21 2 1 4

9 5.5 21 6 5 12

8.5 22 3 5 8

10 3 21 7 4 14

6 21 7 4 14



of ictal frequency patterns .5 Hz ± as found by visual EEG

analysis ± in mesial temporal lobe epilepsy (Risinger et al.,

1989; Ebersole and Pacia, 1996; Pacia and Ebersole, 1997).

Furthermore, Risinger et al. (1989) argued that the appear-

ance of this pattern during early and later ictal periods (.30

s following the seizure onset) is characteristic of mesial

O. Blanke et al. / Clinical Neurophysiology 111 (2000) 763±772770

Fig. 4. 3D localization of the ictally dominant frequency band (.5 Hz) during the dominant epoch is shown for all patients in the same order as in Figs. 2 and 3.

A distributed linear inverse solution was applied to the frequency domain potential maps. The ®gure in the lower right corner indicates the vertical position of

the solution slices through the head: lower slices are shown for each patient on the left, higher slices (at the top of the head) on the right. L, left; R, right; A,

anterior; P, posterior for each shown slice. Note that in 9 out of 10 patients, the ictally dominant frequency during the dominant epoch is lateralized and

localized to the brain region which has been operated. In patient 10, a bifrontal activation was obtained for the dominant frequency.



temporal lobe onset, whereas Ebersole and Pacia (1996)

only found a good speci®city for a mesiotemporal onset if

the pattern appeared during the ®rst ®ve seconds of the

seizure. The early detection of the ictally dominant

frequency in all patients by the use of EEG mapping tech-

niques in the frequency domain suggests that especially the

early appearance of this pattern immediately after the ESO

is a strong indicator of a mesial temporal onset as suggested

by Ebersole and Pacia (1996). Furthermore we did not

observe initial rises of ictally dominant frequencies during

later epochs of the seizure (i.e. E5±E7). However, since we

did only analyze early time periods during seizures (up to 14

s following the ESO), we cannot exclude that the `delayed

focal onset' (.30 s after ESO) as proposed by Risinger et al.

(1989) also predicts mesial temporal lobe epilepsy.

The range of ictal frequencies in our patient group was

somewhat larger than in previously reported studies and in 6

of 10 patients a second mean frequency peak at 4.0 Hz was

determined. Whereas Risinger et al. (1989) do not mention

the appearance of frequencies ,5 Hz in mesial temporal

lobe epilepsy, these frequencies have been found in 16%

of patients with mesiotemporal onset as determined by intra-

cranial recordings (Pacia and Ebersole, 1997). Minor spec-

tral changes of ictal frequencies (i.e. from 5 to 7 Hz) can

also be appreciated in the ®gures of the exemplary seizures

of mesiotemporal origin in the paper by Ebersole and Pacia

(1996). Finally, Lantz et al. (1999) have also observed in

some of their patients that during different time periods

following the ESO different frequencies become dominant.

Even if our analysis con®rms the importance of ictal

frequencies .5 Hz in mesiotemporal lobe epilepsy since

they could be detected in all patients, we note that in 4 of

6 patients in whom two dominant frequencies were deter-

mined the lower frequencies from 3.0 to 5.5 Hz appeared

earlier than or at the same time as the higher `typical mesio-

temporal ' frequency patterns. This quantitative ®nding

con®rms qualitative EEG analysis (Pacia and Ebersole,

1997) and might suggest an early ictal implication of lateral

temporal structures in some cases of mesial temporal lobe

epilepsy. Future quantitative EEG-studies which investigate

seizures arising in the lateral temporal lobe will further

clarify the frequential differentiation between lateral and

mesial temporal seizures. Another important ®nding in our

study is the onset of the dominant frequencies .5 Hz prior

to the ESO and its consistent increase in strength over a

period of 13 s. The onset of the ictally dominant frequencies

was found prior to non-focal EEG signs (ESO) and focal

EEG signs (RSO) in a time period in which visual EEG

analysis did not reveal focal epileptogenic activity. The

initial rise of the ictally dominant frequencies was deter-

mined as early as 16 s prior to the onset of focal rhythmic

activity (see patient 3, Fig. 3c). This period prior to focal

RSO in surface EEG (Risinger et al., 1989; Ebersole and

Pacia, 1996) has recently been investigated by Pacia and

Ebersole (1997) in simultaneous depth and surface (8±20

electrodes) recordings. In their investigation this period

lasted from 10 s to .1 min and `showed either no change

or a diffuse disruption of the background' activity in surface

EEG recordings. During this silent EEG period, simulta-

neous temporal depth electrodes recorded focal ictal

rhythms of .13 Hz which have been described by Spencer

et al. (1992) as the typical hippocampal seizure onset. The

onset of focal rhythmic activity in surface EEG recordings

(RSO in our study) characterizes the next ictal phase and

shows a spectral pattern of .5 Hz which is supposed to arise

from synchronously active lateral and mesial temporal

structures (Pacia and Ebersole, 1997). Three lines of

evidence in our results suggest that the combination of

multichannel EEG recordings with topographic mapping

methods in the frequency domain might allow to detect

ictal rhythms before the pathological seizure activity has

encompassed mesial as well as lateral temporal structures:

(1) the appearance of the ictally dominant frequency 9.0 s

prior to rhythmic seizure onset with its long continuous

duration; and (2) the onset of this frequency even prior

(4.0 s) to non-focal EEG signs (ESO) in almost all evaluated

seizures. The present approach allows to follow the ictally

dominant frequencies back in time into a period when the

mesial ictal activity ± as found by simultaneous surface and

depth recordings ± has not yet spread to the lateral temporal

neocortex (Pacia and Ebersole, 1997). Although this ictal

pattern can only be cautiously assumed in our data ± since

our patients were operated without previous intracranial

seizure monitoring ± the precise selection of our patients,

the excellent postoperative seizure outcome and the neuro-

pathological proof of hippocampal sclerosis in most cases

render it highly probable that in all cases the seizure origi-

nated in the mesiotemporal lobe. Furthermore, (3) Michel et

al. (1999) were recently able to detect focal ictal epileptic

rhythms restricted to the hippocampus by means of surface

electrodes in using the technique used here in a patient with

simultaneous depth and surface recordings. Our results

therefore suggest that the calculation of the global ®eld

power of phase corrected voltage maps in the frequency

domain can be reliably used to detect ± early in the devel-

opment of a seizure ± focal pathological activity arising in

deep structures such as the mesial temporal lobe. It is

furthermore suggested that the observed increase of the

power of the ictally dominant frequency over time might

be related to the amount of epileptogenic tissue involved in

the generation of the ictal discharges, starting in the mesial

temporal lobe and propagating later, following the ESO as

proposed by Pacia and Ebersole (1997) to neocortical struc-

tures.

Our data further demonstrate in 9 of 10 cases that the

surface distribution of the EEG in the ictal frequency

contains spatial information that can be used to correctly

lateralize and localize the ictal focus, by using the combina-

tion of the FFT-Approximation and a linear inverse solu-

tion. This localization is concordant with the results

obtained with other non-invasive evaluation methods such

as EEG, MRI, PET and SPECT and shows that the observed
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spectral changes during the early evolution of the evaluated

seizures are related to the epileptogenic sources in the

temporal lobe whose resection rendered all patients

seizure-free. This is especially interesting since visual

EEG analysis does not reveal any focal EEG changes at

that time (Ebersole and Pacia, 1996). However this localiza-

tion procedure alone does not allow to decide if the primary

epileptic focus is in mesial or lateral structures, or already in

both areas (Lantz et al., 1997). Future EEG mapping studies

in patients with neocortical temporal lobe epilepsy might

show a different localization of the epileptic focus and a

different temporal evolution of ictal rhythms during seizures

in comparison to seizures arising in the mesial temporal

lobe. These ®ndings are clinically important since they

might help to non-invasively identify patients suffering

from seizures arising in the temporal neocortex, because

they have less favorable outcomes with standard partial

anterior temporal lobectomy. As discussed elsewhere the

combination of multiple linear and non-linear inverse solu-

tions as well as realistic head models seems mandatory in

order to use a localization method to its full potential (Eber-

sole, 1999; Fuchs et al., 1999; Michel et al., 1999).

In conclusion, we believe that this methodological

approach can accurately and reliably de®ne a patient-speci-

®c ictal frequency pattern which is generated initially by a

small ictal region followed by discharges situated in a large

electrical ®eld later in the seizure. Since surface ictal record-

ings are considered by many to provide the best non-inva-

sive indicator of the epileptogenic zone, we think that easy

comparable criteria and maximized interobserver reliability

are strongly needed in order to further improve the utiliza-

tion of surface EEG recordings to their full potential. The

®ndings of the present study suggest that a combination of

spatial mapping techniques, full-scalp spectral analysis and

linear inverse solutions might be a useful tool during the

presurgical noninvasive evaluation phase.
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