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Summary 
This study includes 11 patients (3 males, 8 females) with mean 

age of 29 years (range: 15-42 years) who underwent a presurgical 
evaluation for refractory complex partial seizures (CPS). In all 
patients, neuroimaging (1.5 T optimum-MR) demonstrated intra- 
cranial structural abnormalities (space-occupying: n = 2; atrophic: 
n = 8; dysplastic: n = 1) and video-EEG monitoring showed CPS. 
Because of discrepancies in the non-invasive examinations, all 
underwent additional intracranial EEG monitoring. After tailored 
resective procedures, all but one patient became seizure free. Mean 
follow-up was 30 months (range: 12-52 months). Results of intra- 
cranial EEG recording were compared with spatiotemporal dipole 
mapping of interictal and ictal epileptic discharges. Interictal dipole 
modelling revealed two distinct dipole patterns. Patients with 
lesions located in the medial temporal lobe uniformly presented a 
combined dipole that consisted of a radial and a tangential compo- 
nent with a high degree of elevation relative to the axial plane. 
Patients with extrahippocampal lesions had a less stable dipole 
with a predominant radial component. Dipole modelling of early 
ictal discharges revealed a striking correspondence with the interic- 
tal findings in individual patients. Elevation of ictal dipoles was 
always congruent with localisation based on intracranial EEG 
recordings. Interictal and ictal dipole mapping of medial temporal 
lobe sources may limit the number of surgical candidates for refrac- 
tory CPS that need intracranial EEG recording. Whether ictal 
dipole modelling can be equally useful in extratemporal epilepsy 
remains to be proven. 

Keywords: Epilepsy; electroencephalography (EEG); intracra- 
nial EEG; interictal spike; ictal EEG; dipole modelling; epilepsy 
surgery. 

Introduction 

In the context  of  the presurgical  evaluat ion o f  

patients with refractory epilepsy, the main purpose o f  

performing EEG is to identify the "epi leptogenic  

area" (see ref. in: [2]). Intracranial  EEG,  recorded 
with subdural  and/or depth electrodes, is the gold 

standard o f  presurgical localisation in epilepsy [18]. 

Invasive EEG procedures,  however ,  require large 

resources in infrastructure and technology.  They  are 

expensive and time consuming  and carry a potential  

risk for  morbidity.  Invasive recordings also have their 

limitations. The number  of  intracranial electrodes is 

l imited because of  patient safety requirements.  In 

approximately  10-20% of  patients who undergo 

intracranial EEG monitoring,  seizures cannot  be loc- 

alised which leads to the decision not to perform 

resective surgery [20]. 

Several non-invasive E E G  procedures have 

emerged  that are potent ia l ly  as informat ive  and reli- 

able in localising epileptic loci  but at a lower  risk to 

the patient. Recently,  voltage topography of  epileptic 

potentials and source (dipole) localisation are among  

the mos t  investigated techniques [19]. The superiori- 

ty of  dipole model l ing over  visual inspection of  scalp 

EEG has been demonstrated [9]. Several authors have 

tried to define criteria for different types of  epileptic 
spikes in different epileptic syndromes such as medi-  

al (and lateral) temporal  lobe epilepsy and benign epi- 

lepsy o f  chi ldhood with centrotemporal  spikes [9, 11, 

13, 15, 16, 22]. 

In epilepsy surgery candidates with underlying 

structural lesions, the lesion is mos t  likely the cause 

o f  the seizures [3, 4]. Intracranial  recording in these 

patients is felt to be redundant  in mos t  cases. Howev-  
er, when discrepancies between non- invasive  exami-  

nations are found, the et iologic relationship o f  lesion 

and seizures has to be further documented  [4]. We 
have previously  reported our experience with interic- 

tal and ictal dipole model l ing o f  epileptiform abnor-  
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malities and compared this technique with localisa- 
tion based on interictal and ictal scalp EEG findings 
[8]. The aim of the present paper is to compare defini- 
tion of the epileptogenic area using interictal and ictal 
scalp EEG dipole modelling techniques with localisa- 
tion based on intracranial EEG recording in epilepsy 
surgery candidates with epileptogenic structural 
lesions in the frontotemporal area. 

Patients and Methods 
Inclusion Criteria 

Out of a series of 620 patients who were evaluated at the Uni- 
versity Hospital of Gent Epilepsy Monitoring Unit and the Clinique 
Paul Castaigne at the Salp~tri~re Hospital in Paris between 10/90 
and 12/95, a series of 11 patients (Gent: n = 9; Paris: n = 2) were 
selected on the basis of the following inclusion criteria: 

(a) the presence of long-standing refractory CPS documented 
with video-EEG monitoring; (b) the presence of a structural lesion, 
demonstrated with CT and/or MRI (1.5 T, optimum protocol) and 
confined to a limited area in the temporal or frontal lobe (1); (c) the 
availability of high quality interictal scalp-EEG recordings, dem- 
onstrating a unilateral epileptiform abnormality and ictal scalp- 
EEG recordings; (d) the availability of invasive video-EEG record- 
ings; (e) availability of pathological examination of resected tissue 
and postoperative follow-up data for at least 1 year. 

Methods 

Invasive EEG recording was performed because of discrepan- 
cies between results of non-invasive examinations, such as non- 
congruency between the location of the lesion and the EEG abnor- 
mality and the clinical semiology of the habitual seizures. The 
absence of: a) a focal neuropsychological deficit, b) a focal glucose 
hypometabolism on FDG-PET, or c) a lateralised ictal scalp EEG 
recruitment in patients with a medial temporal lobe structural 
lesion were considered other possible rationales for implanting 
depth electrodes. 

Invasive monitoring was performed using an appropriate set of 
depth electrodes (ADTECH, SD-12 Spencer probes | and/or sub- 
dural strips and grids (ADTECH, T-WS-4; T-WS-8; T-WG-20; 
T-WG-64 Wyler subdural electrodes | as determined for each 
individual patient. Semi-rigid, 12-contact depth electrodes were 
placed according to the occipital-temporal approach. The proximal 
part of the electrodes was situated in the occipital cortex; the distal 
part in the amygdala [2]. In some patients, a combination of differ- 
ent types of silicone embedded strips (4- and 8-contact) and/or a 
subdural grid (20- and 64-contact) were placed in the subdural 
space to sample EEG and to perform functional stimulation from 
neocortical areas near the suspected lesion [17]. 

For the purpose of the present study, 32-channel scalp EEG was 
recorded continuously for 48-72 hours at a 200 Hz sampling rate 
in digital-multiplexed format using a TELEFACTOR-Beehive | 
(Gent) or BMSI (Paris) monitoring system [2, 5]. An intracranial 
contact, distant from the suspected epileptogenic lesion is used as 
reference. Periods of active epileptiform spiking were visually 
located during sleep stages 1 and 2 because of a higher incidence of 
focal spikes during these stages. Patients with bilateral independent 
spikes were excluded. VHS recorded digital EEG, each containing 

one manually selected epileptiform transient (sharp wave, spike, 
spike and wave), were sliced and converted to a TELEFACTOR- 
Beekeeper | format by means of a customer-designed software pro- 
gram (Gent) or FOCUS | (MEGIS) (Paris). Between 6-19 filtered 
spike files were averaged for each patient. Spatiotemporal multiple 
dipole modelling was performed according to the strategies that we 
previously described using BESA | (MEGIS, Brain Electromagnet- 
ic Source Analysis) [6]. In all patients, ictal EEG was recorded. For 
each seizure, a 20-second epoch was manually sampled at the onset 
of the first visible ictal scalp EEG changes using narrow band 
(2-14 Hz) digital filtering to minimise movement and muscle arte- 
fact. Each such epoch was sliced in smaller consecutive epochs of 
1350 msec. These data were then read, baseline corrected and fil- 
tered in BESA | in the same way as the interictal spike files but 
using a low pass filter at 14 Hz. Due to rapid frequency changes of 
ictal discharges, averaging was limited to too few epochs and did 
not significantly improve S/N ratio. Hence, original, non-averaged 
ictal files were further processed according to the above strategy. 

Dipole modelling is a method for describing electrical activity 
in the brain and is based on the assumption that changes in local 
activity in one or a few particular brain structures result in EEG 
changes recorded at the scalp [18]. The dipole is generated by the 
electrical activities of the individual neurones within a restricted 
brain volume. The different neuronal currents of the individual 
ceils that make up the little dipole for each neuron can be vectorial- 
ly summed on a macroscopic scale. The summed vector or current 
dipole has an orthogonal orientation with respect to the cortical sur- 
face due to the columnar organisation of the cortex. At any given 
moment in time, an epileptic potential (spike or spike and wave) 
can be explained by an underlying electrical source that is repre- 
sented by the dipole. The BESA | software, on which our dipole 
modelling methodology is based, uses a spherical, triple layered 
shell, head model, resulting in some inaccuracy in the absolute 
location of the dipoles. Nevertheless, important information can be 
retrieved from the calculation of the orientation of the dipole 
allowing characterisation of the generators of the epileptiform 
potentials [8, 10]. 

Patient Population (Table 1) 

Eleven patients (3 males, 8 females) with mean age of 29 years 
(range: 15-42) and mean duration of seizures of 20 years (range: 
8-35) were included in the study. All patients were included in a 
presurgical evaluation protocol after a structural lesion was detected 
with CT and/or MR. In 2 patients, the structural lesion appeared as 
space-occupying; in 8 patients an atrophic lesion was suspected; in 
one, a limited area of cortical dysplasia and heterotopia was 
present. Lesions were in the temporal lobe in 9 patients (medial 
temporal structures: 7 patients; medial temporal structures and a 
limited area of the lateral temporal neocortex: 2 patients) and in the 
frontal lobe in 2. Video-EEG monitoring documented CPS in all. 
All but one patient underwent a lesionectomy. This surgical proce- 
dure included a complete resection of the structural lesion with free 
margins. One patient, in whom a parasellar lesion was not resect- 
able, underwent an ipsilateral hippocampectomy on the basis of 
intracranial EEG findings. Pathological diagnosis of the resected 
tissue in this patient revealed only mild gliosis. In 8 patients, mesial 
temporal sclerosis (MTS) was demonstrated. A low-grade oligo- 
dendroglioma was found in 1 patient. Focal gliosis with cortical 
dysplasia was demonstrated in I patient. According to the Engel 
outcome scale, postoperative seizure control was rated I in all but 
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Table 1. Patient Characteristics 
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No. Patient Sex Age Sz. Lesion Neuroimaging Pathology Outcome 
Dur. Loc. F.U.(m) 

1 SL M 33 30 LF orbital space-occupying oligodendroglioma gr ][ Ia (52) 
2 DKF M 15 10 LT med + 1at atrophic MTS Ia (3a) 
3 DGA F 42 35 RF parasellar space-occupying mild gliosis ~ IVb (52) 
4 HF F 31 20 RT med+ lat atrophic MTS Ia (43) 
5 DWC M 30 29 RT medial atrophic MTS Ia (18) 
6 DCV F 26 15 RT medial atrophic MTS Ia (18) 
7 ML F 30 16 RT medial atrophic MTS Ia (18) 
8 DA F 27 14 RT medial atrophic MTS Ia (18) 
9 BK F 22 14 RT medial atrophic MTS Ia (36) 

10 JS F 29 28 RT bas + reed dyspl + heterotop, dysplasia Ia (27) 
11 MC F 33 8 RT medial atrophic MTS Ia (12) 

Loc localisation; Sz seizure; Dur duration; M male; F female; L left; R right; F frontal; T temporal; reed medial; lat lateral; gr grade; MTS 
medial temporal sclerosis; bas basal; dyspl dysplasia; heterotop heterotopia; F.U. follow-up; Ia, IVB refers to Engel outcome scale. ~ Hippo- 
campal specimen in patient with an inaccessible lesion. 

Table 2. lnterictal and lctal Scalp EEG Localisation 

No. Pat. Loc. interictal Ictal 
spikes Scalp EEG 

1 SL F7, T3 
2 DKF F7, T3, F9, T9 
3 DGA T4, T10, P4 
4 HF F8, T4 
5 DWC F8, F10 
6 DCV F8, F10 
7 ML F8, FT10 
8 DA T6, 02 
9 BK T4 

10 JS T4, F8, C4 
11 MC F8, TI0, F10 

L frontotemporal recruitment 
L > R temporal recruitment 
R paroxysmal activity 
R temporal recruitment 
R temporal recruitment 
R > L temporal recruitment 
R temporal recruitment 
R temporal recruitment 
Bilateral recruitment 
R > L temporal recruitment 
R = L paroxysmal activity 

Pat patient; Loc localisation; F*, T*, C*, O* are electrode positions according to the 10-20 International System, odd numbers refer to posi- 
tions on the left, even numbers to positions on the right side. 

the one patient in whom the lesion could not be resected; average 
follow-up was 30 months (range: 12-52 months). 

R e s u l t s  

Interictal  and Ictal  E E G  (Table 2) 

P ro longed  in ter ic ta l  and ic tal  E E G  record ings  were  

ava i lab le  for  r ev iew in all  pat ients .  A uni la tera l  or  

p r e d o m i n a n t l y  (> 90% o f  ips i la te ra l  d i scharges )  uni-  

la tera l  sp ike  or  sharp wave  focus  was demons t r a t ed  in 

all. Ten pat ients  had  in ter ic ta l  sp ikes  wi th  ampl i tude  

m a x i m a  in anterior ,  mid-  and/or  infer ior  t empora l  

e l ec t rode  pos i t ions .  One  pa t ien t  wi th  a pa rase l l a r  

les ion  had  a sp ike  wi th  a mid -  to pos te r io r  t empora l  

and par ie ta l  d is t r ibut ion .  

Ic tal  scalp  E E G  was r eco rded  in all,  bu t  was avai l -  

able  for  d ipo le  analys is  in only  8 pat ients .  S ix  pat ients  

had  unique  or  p r e d o m i n a n t  rec ru i tment  of  rhy thmica l  

ac t iv i ty  in the ips i la te ra l  t empora l  scalp  e lec t rodes .  In 

2 pat ients ,  b i la te ra l  r ec ru i tment  was recorded .  

Intracranial  E E G  (Table 3) 

In all  pat ients ,  invas ive  E E G  mon i to r ing  was per-  

f o rmed  in the p resence  o f  a k n o w n  structural  les ion 

because  d i sc repanc ies ,  as desc r ibed  above ,  were  

found  be tween  resul ts  o f  d i f ferent  non- invas ive  tests.  

Two (2/11) pat ients  had  smal l  spa c e -oc c upy ing  

les ions  in the f rontal  lobe.  In  one pa t ien t  wi th  a small ,  

parase l lar ,  s pa c e -oc c upy ing  les ion,  unequ ivoca l  h ip-  
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pocampal  seizure onset was demonstrated. A set of  4 

frontal depth electrodes in the immediate vicinity of 

the lesion and frontal subdural strips recorded frontal 

EEG abnormalities only seconds after the initial ictal 

hippocampal discharge. This patient, in whom the 

frontal lesion was hardly accessible, underwent a hip- 

pocampectomy based on the findings of the intracra- 

nial recording. After a short seizure-free period, com- 

plex partial seizures resumed at the presurgical fre- 

quency. The other patient with a frontal orbital lesion 

underwent implantation of a hippocampal  depth elec- 

trode and two subdural frontal strips overlying the 

lesion (see Case Report  2). Two (2/11) other patients 

had atrophic structural abnormalities involving both 

medial temporal structures and lateral temporal neo- 

cortex. In these last 2 patients, clear-cut ipsilateral 

hippocampal  seizure onset was demonstrated. Six 

(6/11) patients who had medial temporal atrophic 

structural lesions also underwent implantation of 
bilateral hippocampal  depth electrodes with/without 

combined subdural electrodes; in all of these, unilat- 

eral anterior to mid hippocampal  seizure onset was 
demonstrated. Case report 1 provides a detailed 

account of  one of these patients. Finally, one (1/11) 
patient with a hippocampal dysplastic lesion under- 

went invasive EEG recording and was shown to have 
an anterior hippocampal  seizure onset. 

lnterictal Spike Voltage Topography and Dipole 
Modelling (Table 3) 

Two distinct types of  spike voltage field patterns 

and corresponding dipoles were found. All patients 

with structural lesions in the medial temporal  lobe 

had a voltage field pattern with the following charac- 

teristics: ipsilateral, well delineated, negative voltage 
field, occupying less than 50% of the scalp with a 

contralateral positive voltage field that extended well 

beyond the midline. The negative voltage field had a 
steeper gradient than the positive field. The corre- 

sponding dipole had a clearly distinct radial and tan- 
gential component  and an average elevation of 38.9 ~ 

P. Boon et al.: Dipole Modelling 

Table 3. Correlation Between Localisation of lctal Onset Zone and 
Type of lnterictal and IctaI Dipole 

No. Pat. Ictal Type Elev. Elev. 
Intracranial EEG Dip. Interictal Ictal 

1 SL R frontobasal-ant, temp onset 2 13.9 10.7 
2 DKF L ant. hippocampal onset 1 26,8 n.a. 
3 DGA R hippocampal onset 2 6.9 2.0 
4 HF R hippocampal onset 1 24.1 n.a. 
5 DWC Rant. hippocampal onset 1 48.9 53.4 
6 DCV Rmidhippocampal onset 1 58.9 47.4 
7 ML R hippocampal onset 1 34.8 22.4 
8 DA R hippocampal onset 1 31.3 56.7 
9 BK R hippocampal onset 1 29.2 76.5 

10 JS Rhippocampal onset i 62.1 69.1 
11 MC R ant. hippocampal onset 1 33.7 n.a. 

n.a. not available; R right; L left; ant anterior; temp temporal; Pat 
patient; Dip dipole; Elev elevation. 

(24.1~176 SD = 14.1 ~ relative to the axial plane 

(see Case Report  1 and Fig. 1). Both patients with lat- 

eral temporal structural abnormalities, associated 

with medial temporal lobe lesions also presented with 

the above spike "type. 

Two patients with frontal lesions presented with a 

quite different spike voltage field and dipole. The 

spike voltage field showed a less well delineated neg- 

ativity with a smoother gradient towards a less pro- 

nounced positivity. The corresponding dipole had a 

major radial component  and a minor, if  any, tangential 

component  and an average elevation relative to the 

axial plane of 10.4 ~ (6.90~176 SD = 4.95 ~ (see 

Case Report  2 and Fig. 2). 

Voltage Topography and Dipole Modelling of lctal 

Discharges (Table 3) 

In 9/11 patients, topographic voltage maps and 

dipoles were calculated from early epochs of ictal 

paroxysmal  scalp EEG activity. Patients with a medi- 

al + / -  lateral temporal lobe lesion were found to have 

an ictal dipole that consisted of a radial and tangential 
component  with an average elevation of 54.3 ~ 

Fig. 1. (a) Inversion recovery Tl-weighted coronal image showing volume loss and loss of internal structure in the right medial temporal lobe 
structures. (b) Sagittal Tl-weighted MR demonstrating occipital-hippocampal multi-contact depth-electrode. (c) Intracranial EEG trace. Ictal 
onset with high amplitude rhythmical recruitment in channels RPT1-2, 2-3 (anterior hippocampus) at time of clinical onset (arrow), a more 
widespread activity in the right medial temporal lobe is noted. Electrode contacts overlying the posterior lesion in the right lateral temporo- 
occipital cortex (AS 1-4 & PS 1-4) remain silent. (d) Interictal dipole modelling. Upper part: averaged spike with maximum amplitude at F8. 
Lower part: calculated dipole in axial, coronal and sagittal plane. Localisation in anterior medial temporal lobe; orientation of approx. 45 ~ 
relative to the axial plane with low residual variance of 4.68%: "type 1". (e) Ictal dipole modelling. Upper part: early epoch of ictal EEG, fil- 
tered (low pass) at 14 Hz. Lower part: calculated ictal dipole with "type 1" characteristics 
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Fig. 2. (a) %-weighted coronal MR showing a left frontal orbital cystic space-occupying lesion. (b) Intracranial EEG trace. Electrodecre- 
mental event in electrodes of temporal subdural strip (TS1-TS4) overlying the medial basal temporal area, followed after 3 s by a high 
amplitude discharge of spike and wave in the electrode contacts TS 1-TS6. Electrode contacts overlying the frontal orbital lesion (FS 1-4) 
remain relatively silent. (c) Interictal dipole modelling. Upper part: averaged spike with maximum amplitude at F7. Lower part: calculated 
dipole with radial orientation, localisation in frontal orbital area, somewhat higher residual variance: 13.6%: "type 2". (d) Ictal dipole mod- 
elling. Upper part: early epoch of ictal EEG, filtered (low pass) at 14 Hz. Lower part: calculated ictal dipole with "type 2" characteristics 
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(22 .4~176  S D  = 18.9 ~ re l a t ive  to the  axia l  p l a n e  

(see Case  R e p o r t  1 an d  Fig.  1). Th i s  f i n d i n g  corre-  

s p o n d e d  to the in te r ic ta l  d ipo le  pa t t e rn  f o u n d  in  each  

of  these  pa t ien t s .  T h e  two e x t r a t e m p o r a l  l e s i o n  

pa t i en t s  p r e s e n t e d  wi th  a d i f f e ren t  d ipo le  pa t te rn .  The  

c a l c u l a t e d  ic ta l  d ipo l e  h ad  a p r e d o m i n a n t  rad ia l  c o m -  

p o n e n t  w i t h  an  e l e v a t i o n  o f  6 .33 ~ ( 1 . 9 5 ~ 1 7 6  

SD = 6 .20~ s imi l a r  to this p a t i e n t s '  in te r ic ta l  d ipo le  

c o n f i g u r a t i o n  (see Case  R e p o r t  2 an d  Fig.  2). 

Case Report 
Case Report 1: Patient 5 (Fig. 1) 

This patient is a 30-year-old male who suffered from prolonged 
and repeated febrile seizures at the age of 6 months, with involve- 
ment of the left hemisoma and postictal Todd's phenomenon on the 
left side. Since early schoolage, the patient experienced CPS with 
initial fear, vocalisation, loss of contact, semipurposeful behaviour 
and postictal confusion and disorientation. Several trials of medical 
treatment with a combination of various anticonvulsant drugs 
revealed unsuccessful. At the time of evaluation, the patient expe- 
rienced 6 seizures a month. EEG showed an anterior right temporal 
spike. Optimum MR showed volume loss in the right medial tem- 
poral lobe structures (Fig. 1 a) and a signal abnormality in the lat- 
eral temporal-occipital cortex on the same side. Interictal FDG- 
PET demonstrated a focal hypometabolism in the entire right tem- 
poral lobe and a defect of cortical activity in the temporal-occipital 
neocortex. Video-EEG monitoring documented CPS with clinical 
characteristics suggestive of medial temporal origin. An interictal 
spike with phase reversal on F8-F4 was recorded. Ictal EEG 
showed a right temporal recruitment of theta activity. Intracarotid 
amytal procedure demonstrated left hemisphere language domi- 
nance and intact memory function after subsequent injection of 
both right and left internal carotid arteries. Because of the bifocal 
stmctm'al abnormalities and the lack of congruency between results 
of non-invasive examinations, intracranial monitoring was per- 
formed. Two occipital-temporal depth electrodes (Fig. 1 b) were 
stereotactically implanted and two 4-contact subdural strips were 
placed above the suspected temporal-occipital lesion. Four habitu- 
al seizures were recorded showing clear seizure onset in the anteri- 
or hippocampal electrode contacts on the right side (Fig. 1 a-c). 
The neocortical strip electrodes remained silent, Subsequently, the 
patient underwent a modified right-sided temporal Iobectomy with 
hippocampectomy and has remained completely seizure-free and 
without sequelae of 18 months postoperatively. Anatomorphologi- 
cal examination of the resected specimen revealed mesial temporal 
sclerosis. Interictal and ictal modelling revealed a "type 1" oblique 
dipole with a high degree of elevation relative to the axial plane 
(Fig. 1 d and e). 

Comment: In this patient in whom non-invasive studies had 
revealed 2 different structural abnormalities possibly reflecting 
either a widespread epileptogenic zone or multiple zones, invasive 
monitoring demonstrated unequivocal anterior hippocampal sei- 
zure onset. The presence of a type 1 interictal and ictal dipole was 
suggestive of a medial-basal temporal lobe seizure origin. 

Case Report 2: Patient 1 (Fig. 2) 

This patient is a 33-year-old right-handed male who presented 
with CPS since the age of three. He had seizure-free intervals of 

maximum 2 years and more recently developed refractory epilepsy. 
Despite anticonvulsant polytherapy, there were daily episodes of 
short loss of awareness and automatisms followed by confusion 
and postictal aphasia with occasional secondary generalisation. At 
the age of 30, CT and MR showed a small left frontal orbital space- 
occupying lesion, thought to be a low grade glioma or a mucocoele 
(Fig. 2 a). Interictal scalp EEG during sleep showed an anterior 
temporal sharp wave with phase reversal over F7-T3. Video-scalp 
EEG monitoring classified the reported episodes as CPS of tempo- 
ral lobe origin and showed a regional left frontotemporal build-up 
of rhythmical activity. Neuropsychological testing was normal. 
InterictaI PET failed to show a hypometabolic zone. Intracarotid 
amytal testing revealed left hemisphere language and intact right- 
sided hippocampal function during left-sided injection. Because of 
the discrepancies found, invasive EEG was planned. A hippocam- 
pal depth electrode on the left side was implanted and subdural 
strips were placed on the fontobasal cortex overlying the lesion and 
on the medial and lateral temporal cortex. Widespread interictal 
spiking was found, involving frontobasal, lateral and basal tempo- 
ral cortex. Ictal subdural EEG onset was clearly regional and 
involved an area posterior to the lesion in the anterior temporal 
neocortex and the temporal basal area (Fig. 2 b). The electrode con- 
tacts in the immediate vicinity of the lesion were relatively silent. 
Two years after removal of the lesion, the tip of the temporal lobe 
and an anterior part of the temporal basal gyrus the patient is entire- 
ly seizure-free. Pathological diagnosis of the lesion was oligoden- 
droglioma, grade I. Interictal and ictal dipole modelling showed a 
"type 2" radial dipole, located near the orbital frontal area (Fig. 2 c 
and d). 

Comment: In this patient in whom non-invasive studies had 
revealed discrepancies, the area of the lesion, the in-itative zone and 
the ictal onset zone were not congruent. Complete resection of the 
structural lesion, only including a small part of the irritative and 
ictal onset zones, lead to complete seizure control. The presence of 
a type 2 dipole in this patient suggested that the medial temporal 
structures were not primarily involved. 

Discussion 

E l e c t r o e n c e p h a l o g r a p h i c a l  (EEG)  r e c o r d i n g  p l ays  

an  e s sen t i a l  ro le  in  the p re su rg i ca l  e v a l u a t i o n  for  

r e f rac to ry  epi lepsy.  In  ep i l epsy  surgery,  the r a t iona le  

of  r e m o v i n g  b r a in  t i ssue  is the r e s ec t i on  o f  the  "ep i -  

l e p t o g e n i c  z o n e "  (see ref. in:  [2]). Th i s  is the area  of  

b r a in  t i ssue  n e c e s s a r y  for  the  g e n e r a t i o n  o f  the hab i t -  

ual  se izures  and  o f  w h i c h  the  r e m o v a l  is n e c e s s a r y  to 

con t ro l  the  se izures .  U n f o r t u n a t e l y ,  the  c o n c e p t  o f  the 

e p i l e p t o g e n i c  zone  is a theore t i ca l  one ,  that  c a n n o t  be  

m e a s u r e d  direct ly .  H o w e v e r ,  d i f f e ren t  E E G  tech-  

n i q u e s  a l low direct  l oca l i s a t i on  of  the " i r r i t a t ive  

z o n e "  and  the " z o n e  of  ic ta l  onse t" .  Th i s  t e r m i n o l o g y ,  

respec t ive ly ,  refers  to the a rea  of  in te r ic ta l  sp ik ing  

and  the  area  of  ear ly  E E G  changes  at the b e g i n n i n g  of  

the c l in ica l  se izure  that  c an  be r eco rded  wi th  scalp  

and /o r  i n t r ac ran ia l  E E G  e lec t rodes  [2, 4]. 

In  the  p r e s e n t  s tudy,  we  d o c u m e n t e d  E E G  a b n o r -  

ma l i t i e s ,  m e a s u r e d  at the  scalp,  that  c o r r e s p o n d e d  to a 
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variable degree with the location of an intracranial 
structural lesion. In all but one patient, invasive EEG 
recordings from bilateral hippocampal depth elec- 
trodes +/- subdural electrodes confirmed that the 
structural lesion or its immediate vicinity were in fact 
epileptogenic. In addition, in 10 patients in whom the 
lesion could be completely resected, postsurgical sei- 
zure freedom further confirmed the epileptogenicity 
of the structural abnormality. 

Spatiotemporal multiple dipole modelling identi- 
fied two different types of interictal spikes. All 
patients with lesions confined to the medial temporal 
structures had a negative voltage field with a steep 
gradient over the inferior temporal area and a stable 
dipole that consisted of a radial and a tangential com- 
ponent and had a high degree of elevation relative to 
the axial plane. Both patients with lesions involving 
medial temporal structures and parts of the lateral 
temporal neocortex also had this type of dipole. This 
may look contradictory to the findings of Ebersole 
who would predict a different spike pattern in these 
patients [9]. This is not the case, since these 2 patients 
were demonstrated to have a clear-cut hippocampal 
seizure onset with invasive EEG recording. This con- 
firms the previous finding that medial temporal lobe 
foci are highly correlated with an oblique dipole that 
has a radial and a tangential component [9, 11]. Both 
patients with extratemporal (frontal) lesions had a 
voltage field pattern and dipole that corresponded to 
Ebersole's "type 2" spike. This type of interictal 
dipole had a predominant radial component and no or 
a minor tangential component. It was also less stable 
on spatiotemporal modelling which was reflected by a 
higher residual variance. We did not find dipoles of 
different types in a single patient. 

Although interictal dipole modelling has been 
shown to be a reliable technique for characterising 
interictal spikes, application of this same technique to 
ictal discharges appears to be even more significant. 
The hypothesis that we wanted to test was whether 
the calculated dipole could eventually represent the 
ictal onset zone. Showing that this hypothesis is true 
could have obvious neurosurgical implications. There 
are few reports in the literature of ictal dipole model- 
ling in epilepsy surgery candidates [8, 11]. We ana- 
lysed brief epochs of ictal scalp EEG discharges. All 
patients with medial temporal lobe disease and both 
patients with combined medial and lateral temporal 
lobe lesions presented with a combined ictal dipole, 
consisting of a radial and tangential component, in 
perfect agreement with their interictal findings. Two 
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patients with an extratemporal lesion did not show 
this type of ictal dipole, but rather a "type 2" configu- 
ration, similar to the interictal dipole. Unlike interic- 
tal spikes that were easily recognisable and could be 
averaged to improve S/N ratio, ictal data were much 
more difficult to manage. Narrow band filtering of 
raw ictal data was necessary in trying to establish the 
earliest rhythmical changes of the scalp EEG trace. 
S/N ratio of ictal data was less favourable because 
averaging could not be performed. We have been sur- 
prised by the high level of concordance between ictal 
and interictal dipole calculations and feel that this is a 
major tribute to the methodology that we used. 

In addition, we correlated elevation of the ictal 
dipole with localisation based on intracranial EEG 
findings in all our patients. Occipital-hippocampal 
depth electrodes and/or subdural electrodes conclu- 
sively identified the ictal onset zone in the anterior to 
midhippocampal structures. From the comparison of 
results of dipole modelling and intracranial EEG 
recording, the clinical implications of interictal and 
ictal dipole mapping seem obvious. In some epilepsy 
surgery candidates who have structural lesions, inva- 
sive recordings may be considered [4]. These are 
patients with structural abnormalities that are likely to 
be etiologically related to the seizures, but in whom 
discrepancies are found in the presurgical evaluation. 
Dipole mapping may provide an additional and reli- 
able means of measuring the underlying brain source. 
In patients with medial temporal lesions, the finding 
of a type 1 interictal and ictal dipole seems to be a 
reliable marker of an epileptogenic zone in the hippo- 
campus. Moreover, in patients with lesions extending 
to the lateral temporal neocortex, beyond the hippo- 
campal formation, the finding of a type 1 dipole ap- 
pears to be a reliable predictor for hippocampal sei- 
zure onset. 

Our findings were perhaps even more interesting in 
2 patients with extratemporal lesions, who consistent- 
ly showed a type 2 dipole. Why in one of these 
patients (patient 3) a parasellar seizure onset could 
not be demonstrated, despite the presence of several 
frontal intracerebral and subdural electrodes, remains 
unclear. Sampling error resulting in false negative 
findings has been well recognised in the literature and 
is a major concern whenever intracranial studies are 
planned in the frontal and parietal lobe [20]. Another 
patient with a frontal orbital lesion (patient 1), who 
was demonstrated to have early ictal changes in the 
hippocampus while the area around the lesion 
remained relatively silent, presented with a radial 
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dipole suggesting extratemporal spike origin. While 
the surgical approach was based on the finding of a 
hippocampal seizure onset, seizure cure was probably 
achieved because the entire lesion was removed. The 
rationale of performing a hippocampectomy along 
with a frontal lesionectomy in this patient could be 
questioned. In these previous two patients, dipole 
mapping suggested that the medial temporal struc- 
tures were not primarily involved. Dipole modelling 
of interictal and ictal epileptic discharges has impor- 
tant limitations [10, 11, 19]. The most important con- 
ceptional limitation is that dipole modelling is based 
on the assumption that a change in local activity in 
one or a few particular brain structures results in 
complex waveforms recorded at the scalp. This local 
activity or source is represented by a vector or dipole 
that can only be calculated by solving an inverse 
problem. However, the exact number of generators is 
not known and the number of terms in the equations 
remains an open question which leads to different 
possible solutions. As described in our methodology, 
the chosen solution is one that is anatomically and 
physiological as plausible as can be. Another limita- 
tion is that dipole modelling is based on a mathemati- 
cal analysis that uses a three-shell spherical head 
model that is far from being physiological. Because 
of the spherical model, localisation of dipoles is less 
accurate than orientation. Measurement of eccentrici- 
ty is least accurate. In its present form, dipole model- 
ling does not strictly localise but rather provides 
information about orientation of the dipole. However, 
in the temporal lobe, as we have shown, changes in 
orientation reflect changes in localisation; an oblique 
dipole suggesting basal medial seizure origin versus 
radial dipoles suggesting ictal onset in lateral neocor- 
tical area. It is dear  that dipole maps resulting from 
our current model should not be interpreted as surgi- 
cal planning drawings. The diagnostic relevance of 
source localisation, especially in extratemporal 
regions, would be greatly enhanced when the source 
can be related to the anatomical structures as accu- 
rately as possible. Further research should be aimed at 
the development of head models that are adapted to 
the individual patient. This can be done by transform- 
ing the MR images of the patient's head into the co- 
ordinate system of the EEG recording. Recent studies 
have shown the feasibility of accurate matching of 
dipole data with CT, MR, and SPECT images in indi- 
vidual patients [7, 14, 21]. From our present study 
two conclusions can be drawn: a) interictal spike volt- 
age topography and corresponding dipole mapping 

provide additional and reliable localising information 
that is relevant in surgical candidates with refractory 
CPS in whom non-invasive evaluation indicates a 
frontal-temporal seizure origin; b) ictal dipole map- 
ping is a promising technique that eventually may 
limit the number of patients in this population that 
need intracranial electrodes; c) whether ictal dipole 
modelling can be equally useful in other extratempo- 
ral epilepsies remains to be proven. 
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Comments 
This study compares the localizing value of invasive intracrani- 

al EEG monitoring with spatiotemporal dipole mapping of interic- 
tal and ictai epileptic discharges in 11 patients. 
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10 of the 11 patients became seizure-free. The main finding of 
this study is, that the authors describe a typical dipole pattern for 
medial temporal lobe epilepsy, in that each single patient with this 
lesion type showed a combined dipole consisting of a radial and 
tangential component with a high degree of elevation relative to the 
axial plane. There was also very good congruence between this 
type of dipole and localization based on intracranial EEG record- 
ings. Based on this finding in 9 patients the authors optimistically 
conclude that interictal dipole modelling may reduce the number of 
patients evaluated for pharmacoresistant epilepsy that would need 
intracranial invasive EEG recording. 

It seems very important to remind the neurosurgical reader who 
will not be familiar with the basic implications and weaknesses that 
can be misleading when working with dipole source modelling. 
The authors themselves have pointed out that the applied model 
bares some important conceptual limitations, namely the inappro- 
priate head model. The dipole technique does not localize the dipole 
vector, it only provides information about the orientation of the 
vector. This is a very important limitation that the reader should 
keep in mind. Dipole modelling therefore does not allow to exactly 
differentiate between medial temporal lobe epilepsy because the 
dipole will be placed or localized into the medial temporal lobe, but 
because the dipole vector shows a different orientation in space if it 
has been generated in the medial temporal lobe. The localizing val- 
ue is therefore an indirect one and based on the fact of the different 
orientation in space. Since these are only 11 cases, it is not totalty 
unthinkable that there might be cases of medial temporal lobe epi- 
lepsy associated with some lesion or cysts in which the orientation 
of the dipole vector could be different and therefore misleading. 
This is a careful study, and the clear differentiation of 2 types of 
dipoles could be a helpful finding if it will be confirmed in further 
studies with a larger number of patients. It is still a very long way 
of careful comparisons before dipole modelling can actually 
replace invasive recording. The head models and source models 
have as yet important conceptual limitations and despite the very 
nice work the authors performed for this study these limitations, for 
which the authors are not responsible, remain. 
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