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possible inducers of epileptic dis- @ilateral intrahippocampal depth
charges or clinically manifest sei- % ectrode after stimulation over his
zures was investigated in 21 pathétsteft temporal lobe. This patient, how-
with intractable epilepsy dun&nva—ever, also had frequent sponta-

sive presurgical monitoring. - neously occurring auras with focal

dural and/or intracerebr pth elecictal discharges originating from this

trodes had been impl in close hippocampus. Interictal discharges

proximity to the su ed epilepto- were not influenced significantly by
A. Schulze-Bonhage (K genic zone, and nticonvulsant single or repetitive magnetic stimuli.
Presurgical Epilepsy Monitoring Unit, medication hasl béen reduced. Focalln conclusion, from this study there
LBJr”é‘i’se;gggrO;E;ifgrgA: transcranial netic stimuli were is no evidence that single or serial
D-79106 Freiburg, Germany applied b agstim QuadroPulse focal transcranial magnetic stimuli
Tel.: +49-761-2705425, magnet'g\ imulator over the hand activate epileptogenic foci. At least
Fax: +49-761-2705003 are e motor cortex ipsilateral tcfour high-frequency repetitive stim-
K. Scheufler - J. Zentner t Ileptogenic focus at intensitiesuli of high intensity may thus be ap-
Department of Neurosurgery, 20% and 150% of motor thresh- plied with a low risk of seizure in-
University of Freiburg, \ d and additionally as close as pos-duction even in patients with low
gfggfggegrggﬁfgeg;many @) sible to the suspected epileptogenic seizure threshold.

’ Q zone at 40-100% of maximal stimu-
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. pedic and neurosurgical operations [38]. Single transcra-
Introduction nial magnetic stimuli during surgery are not sufficient for
eliciting suprathreshold motor responses because anes-
Transcranial magnetic stimulation has become an impthretic agents substantially suppress | waves induced by
tant tool in the electrophysiological investigation of déranscranial stimuli [20, 24, 33, 36, 38-41]. Therefore
scending motor pathways. The value of motor evoked pepetitive stimulation at high frequencies and intensities is
tentials (MEP) has been demonstrated in the clinical evased to obtain temporal summation of descending pyrami-
uation, for example, of demyelinating diseases, and ati tract volleys at spinat-motoneurons and to achieve
provides important information in various other neurologeliable MEP monitoring [18, 35]. Repetitive transcranial
ical disorders. Several uses require the application negnetic stimulation has also proved to be of use for
repetitive stimuli, such as MEP monitoring during orth@peech lateralization [16, 22, 26] and in treating major de-
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pressive episodes; in the latter, magnetic stimuli are ugetvo patients no underlying lesion could be identified by imaging

to replace electroconvulsive therapy and avoid the sidetéfh“iq‘;]ei (Qagn_etic resonarice imagfing and p°5itr°”'erg.i55|i°” to-
: : : ; : mography). As seizures had been refractory to any medical anti-
fects associated with seizure induction [8, 25]. convulsant treatment, patients underwent invasive presurgical

‘Whereas the safety of single electric and magnediguation with implanted subdural strip electrodes (), sub-
stimuli regarding possible damage to the stimulated tissiweal grids (n= 5), and/or intrahippocampal depth electrodes (n
has been well established [2, 3], a potential of transcrar%%)l-l ﬁ]C_COfdlng to ll)n\_/asll\ie rett?or?lngsaSelzuretprli?l_n V\i%s a"tf_JCOtr-

H : : H H ; H =} Ippocampal) In patents and neocortcal In patents.
magnetic stimuli to induce eplleptl_c Selz.ures he.ls be.e” ocortical epileptogenic zones were temporolateral 7), frontal
ported by several authors at least in patients with eplle[@@g 2), and occipital (= 1).

[6, 11, 14]. Investigations carried out on patients evaluatedFor presurgical video-EEG monitoring anticonvulsant medica-
for epilepsy surgery have not provided consistent findinign was reduced partialyn(= 17) or completely (= 3) to record
regarding the potential of magnetic stimuli to induce seizur%%?”ta”eous'y occurring seizures. In addition, in some patients acti-
21, 30, 34]. In recent years stimulators have been Cva_lon of the epileptigenic zone was induced by drugs [1, 13], and/or
[21, ’ : h Y g -~ . 99 intracranial electrostimulation using the implanted electrodes [4].
structed capable of discharging repetitively at short intef- Magnetic stimulation was performed using a Magstim
stimulus intervals. Especially stimulators producing repé&uadroPulse stimulator. This stimulator consists of four indepen-
itive stimuli at higher frequencies (as used for electrd& d'tfcapa?_'tat?rsfa”d two Chl"’“ger systems dth?tzp;‘)"'dehbitwee.” one
. . . . . . our stimull or a maximal magnetic tield O each at a mini-
timulation in func’_['onal maPp'”g of Cort'lcal areas) ha_ um interstimulus interval of 1 ms. Stimuli were applied via a
b?en reported to induce seizures even in _hea“h_y Sme@&T’e-of-B-shaped angulated or_ flat coil with outer diameters of 12 or
with a presumably normal threshold for seizure inducti@rem over the hand area of th&Tgtor cortex ipsilateral to the epilep-
[27]. This study examined whether repetitive stimulatigfgenic focus. Stimuli were ied singly, paired, and in series of

: : . four stimuli at interstimul ervals of 50, 20, 10, and 2 ms (cor-
with stimulus parameters as used for MEP momtorlrﬁ%ponding to frequensies Bf 20, 50, 100, and 500 Hz, respectively).

performed peri- and intraoperatively in cases of spinali, the first serie coil position was adjusted to obtain maxi-
surgery entails a major risk of inducing seizures. mal amplitudes %npound motor evoked potentials using sur-
This study was designed to assess the safety of sirig¢e electromy hic recordings from contralateral abductor

; ; ; ; in i llicis brevi d abductor digiti minimi muscles (using tendon-
to quadruple magnetic stimuli regarding changes in mtgglly arrar@éjnts of cup electrodes and conventional recording

ictal epileptiform discharges, induction of electroencephal@ nniquds™ilter settings were 30-10,000Hz). Motor thresholds
graphic (EEG) afterdischarges, ictal activity, and clinfor ey compound muscle action potentials by single stimuli
cally manifest epileptic seizures in epilepsy patients umerddgtermined for each muscle. Then stimuli of 120% and 150%
dergoing presurgical evaluation with implanted subdu 'tgh‘itr] moﬁorlér;:]esr‘o'd.welre t{:lpp:letd; in ?fet"‘r’] patients W'thd
: . motor threshold the maximal stimulator output had to be use
and/or intrahippocampal depth electrodes. In_thes'e\[ tead of 150% motor threshold.
tients the recording of seizures is necessary to idep{fy*than the second series stimuli were applied with the coil positioned
epileptogenic zone. The anticonvulsant medic S e&-close as possible to the epileptogenic focus (i.e., in most cases
duced during the monitoring period; this rs thever the temporal lobe). The exact relationship is unknown be-
threshold for activation and increases e%b ty of t,%een excitability of the epileptigenic focus and the motor cortex

. h regard to transcranial magnetic stimuli, and therefore stimu-
motor cortex compared to healthy subje + 19, 28, i, intensities were used independently of the motor threshold at
31, 32]. A lower threshold for inductio

pileptic activ40%, 60%, 80%, and 100% of maximal stimulator output. Several
ity may be assumed in these patie ], and — unlikep@tients, however, did not tolerate repetitive stimulation at 100%
most healthy individuals — seizur

n often be induc%iaﬁulator output as temporal or facial muscle contractions became
by other activation methods s hyperventilation [Zgi

inful at this intensity. The total number of stimulations after as-

- - Sessment of motor threshold was 54 per patient.

Intracranial electrodes as iseg for presurgical evaluationEEG and simultaneous video-image were recorded continu-
of epileptic patients are th st reliable means for evaluatsly during stimulation using implanted subdural and/or intrahip-
ing the effects of actiguo methods as they are pla@RRLTiel Resvors, U0 IPendne: Nele anRer B ot
,Close to.the area O_f 'F’W€ t S,elzure thre_ShOId and also d ff tion, ictal activity, and changes in the pattern of interictal dis-
ictal activity when it is restricted to regions not accessit¥farges compared to the period before stimulation and to other
by surface EEG recordings. These patients were thus aleoerding sessions of spontaneous activity. All patients gave their

sen for evaluation of the risk of repetitive transcranial ma%}msem to magnetic stimulation having been informed about the
oS

. - . . : P sible risk of seizure induction. They were asked to report any
netic stimulation to trigger focal epileptic discharges. abnormal sensations such as those typically experienced during

auras or complex partial seizures.

Approval of the local ethics committee was obtained for tran-
Patients and methods scranial magnetic stimulation during presurgical evaluation of epi-

lepsy patients.

We examined 21 patients with epilepsy of focal origin (8 men, 13
women; aged 18-62years, mean 35). Of these, 12 suffered from
simple partial seizures, 20 from complex partial seizures, andggsults
from secondarily generalized tonic-clonic seizures. As judged by
magnetic resonance imaging, the underlying lesions were hip- . . . .
pOC%mpw sclerosis and/ogr a%rophy:(,g)' hgm%rtomas = 3), Wo_ complex partial seizures or secondarily generalized
gliomas (n= 2), and in one patient each a cyst, cavernoma, ce$izures occurred within 1 h following stimulation. Only one
bral infarction, contusional lesion, and lesion due to prior bleedirgatient reported any subjective feeling other than the click
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noise of the coil and the muscle contractions evoked in fad@alr repetitive stimuli of 80% stimulator output at 50 Hz.

or temporal muscles. Stimulation was tolerated without aBfG recordings showed transition from rhythmic sharp

sequelae except in one patient, in whom stimulation-inducgeve activity to high-frequency low-amplitude discharges

contraction of the temporal muscle caused a tongue bite. restricted to the anterior four contacts of the left intrahip-
One patient with left hippocampal sclerosis reportedoacampal depth electrode; these discharges lasted for a

feeling of coldness and warmth as typically experiencpdriod of 22 s and were simultaneous with the subjec-

during epileptic auras after left temporal stimulation usiniyely reported aura (Fig. 1). In this patient, however, sim-

Fig. 1 aPositions of intrahip- Fig. 1a
pocampal depth electrodes with

ten contacts each.BEG

recordings from intrahippo-

campal depth electrodes. Four

transcranial magnetic stimuli

of 80% of maximal stimulator

output were applied at 50 Hz

via a plane figure-of-8-shaped

coil positioned over the left Fig. 1b
temporal lobe. Note the transi-
tion from rhythmic sharp
waves to ictal high frequency
low amplitude discharges 16 s
after the stimulus artifact ac-
companied by the subjective
experience of a typical aura
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ilar auras occurred also spontaneously several timemeanitoring in this patient showed her to have similar ictal
day; these auras were accompanied by the same ictal HE& discharges spontaneously several times a day, and
pattern in the left intrahippocampal depth electrode. @ttempts to reproduce the induction of ictal discharges by
confirm a causal relationship between stimulation aa@plying identical series of transcranial magnetic stimuli
aura induction, attempts to were made to reproduce thef@led. There is thus no convincing evidence that transcra-
duction of an aura; the aura and EEG changes could miat magnetic stimuli applied singly and in series of two
be reproduced by repeated stimulation with identical stiand four were causal in the induction of ictal EEG dis-
ulus parameters over the same site. charges in the patients investigated in this study.

In no case did EEG recordings show afterdischargesHufnagel and Elger [12] investigated the possibility of
following transcranial magnetic stimulation. Howevemducing epileptic activity of the presumed epileptic zone
stimulus artifacts after high-intensity repetitive stimulan patients undergoing presurgical evaluation by single or
tion may have obscured short-lasting afterdischarges les+ frequency £ 0.3 Hz) repetitive transcranial magnetic
pecially if restricted to electrodes close to the coil postimuli. Although 3 of 48 patients in their study developed
tion. simple or complex partial seizures during stimulation,

Ictal activity was not induced in any other than in thbey concluded that the low rate of seizure induction lim-
above patient. Interictal activity occurred in 18 of 21 pas the value of transcranial magnetic stimulation in
tients during the recording session before, during, and afesurgical assessment o he epileptogenic zone. Their
ter the application of magnetic stimuli. The frequency efudy used circular ¢ a less focal magnetic field
interictal spikes during and after stimulation did nathich may be more e@ous in synchronization of neu-
change significantly in any patient compared to prestinmonal act|V|ty than the I magnetic fields applied in this
lation time or recordings of spontaneous activity durirgjudy using flgu 8 shaped coils [7]. Focal hlgh -fre-
other sessions. Magnetic stimulation did not elicit the aguency repetiti tlmulatlon in the setting used in our
pearance of interictal discharges or change the patterstofly appears™ot to contribute to the localization of the
interictal discharges (e.g., from single spikes to bursts)epileptog zone value during presurgical evaluation.
any case, and there was no spread of interictal activity toThe tion arises whether the results obtained in this
recording positions not involved in the spontaneous gestud be extended to healthy subjects and patients
eration of epileptic discharges. Wg.é)seases other than epilepsy.

general, the clinical manifestation of epilepsy indi-
& es a lower threshold for the occurrence of epileptic
Discussion 6 seizures than in normal healthy subjects. Intracortical in-
E& hibition has been shown to be decreased in focal epilepsy

Safety aspects of transcranial magnetic stim¢jafton hared juvenile myoclonus epilepsy [5, 10], and the thresh-
become a major issue since cases have reportexddifior motor evoked potentials is lower in idiopathic gen-
which repetitive stimuli applied over the r cortex ireralized epilepsy [28]. The patients investigated in this se-
duced focal motor seizures with seco generalizatites had seizures resistant to all previous anticonvulsant
in healthy subjects [9, 27]. In epile tients, auras drehtment. Transcranial magnetic stimulation was carried out
complex partial seizures have be ported to occur dafter anticonculsive medication had been withdrawn com-
ing or after single transcranial etic stimuli or with reletely or reduced to a degree sufficient to record sponta-
peated low-frequency singl uli [13, 14]. Other ameously occurring seizures during the implantation period.
thors, however, have re repetitive transcranial mddpese patients can thus be presumed to have a low seizure
netic stimuli to be safe In patients with temporal lobieeshold at the time of stimulation. The fact that even un-
epilepsy [17]. Only surface EEG recordings have bedar these conditions no clinically manifest seizure oc-
used so far during repetitive transcranial magnetic stinmuxred after repetitive stimulation with up to four stimuli
lation to assess the induction of epileptic discharges. Bad at frequencies ranging from 20-500 Hz suggests that
tients with implanted subdural and/or intracerebral degtlgh-intensity single to quadruple magnetic stimuli can be
electrodes for evaluation of the epileptogenic zone offeapplied safely also in nonepileptic patients, healthy sub-
unique possibility of investigating the safety of repetitijects, and epileptic patients with effective anticonvulsant
transcranial magnetic stimuli regarding their potential riskedication. The focal ictal activity recorded during stim-
of inducing seizures or subclinical epileptic discharges.ulation in one of our patients cannot be causally attributed
In this study, focal ictal epileptic discharges occurrirtg the preceding magnetic stimuli. Thus this study found
in close temporal relation with the application of repetito evidence of an epileptogenic effect of single, double,
tive transcranial stimuli were recorded only in one out of quadruple focal high-intensity transcranial magnetic
21 patients. At the time of ictal discharges, the patient etimuli. This is in accordance with the findings of Jennum
perienced a typical aura. The localization of these epilepgical. [17], who failed to record interictal or ictal epileptic
discharges were identical to discharges recorded durdligcharges using scalp electrodes and did not induce
spontaneously occurring isolated auras. Continuous EEfleptic seizures using 30 Hz and 50 Hz stimulation of
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low intensity in patients with mesial temporal lobe epitsed for treatment of depression and for lateralization of
lepsy. Stimulation using the Quadropulse stimulator asgeech, may entail a higher risk for seizure induction, and
8-shaped coils is thus safe, for example, for perioperatfuether investigations are necessary to establish the safest
MEP monitoring. Longer trains of repetitive stimuli, aparameters in their use [8, 16, 27, 37].
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