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“the view that TMS specifically activates the epileptic foci.
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-pathologic damage to the ljfain df rats with TMS®?

Transcranial magnetic st"imulation in
patients with epilepsy

Anil Dhuna, MD; John Gates, MD; and Alvaro Pascual-Leone, MD, PhD

Article abstract—We studied the effects of transcranial magnetic stimulation (TMS) applied in trains of 8- to 25-Hz stimuli
on electroencephalographic epileptiform activity on eight patients being evaluated for epilepsy surgery. We performed the
stimulation with a round water-cooled stimulation coil held flat on the scalp and centered over different positions of the
International 10-20 System. We were unable to trigger seizures or induce epileptiform discharges arising from the epileptic focus

~ in any of the eight patients with any of the stimulation protocols. However, we induced a partial motor seizure from the

contralateral hemisphere to the exclusive temporal focus in the only patient stimulated with 100% irmal intensity. Precau-
tions have to be taken when applying rapid TMS to patients because of the risk of seizure inductio: ta do not support

OLOGY 1991;41:1067-10T1

TMS has been recently advocated as a noninvasive  usefulness of all rt&e methods is limited since the
means of determining the language-dominant hemi-  induced epil rm activity may arise from a site
sphere,! and the selective activation of epileptic foci2In  other than thejpatient’s characteristic ictal focus. Re-

order to use TMS for the former use, faster rates of  cently, el et al? found selective activation of the
stimulation (8 to 25 Hz) are required than those possi-  epileptd with TMS and suggested that TMS be
* e with commercially available stimulators (0.3 Hz). an additional tool in presurgical evaluation.
'se lower rates of stimulation with commercial stim- ir’study was performed on patients with implanted
ulators have been shown to be safe,34 even for patients ural electrode arrays (SEAs) over the presumed

with epilepsy.™ Kindling is a growing concern with() epileptic focus.
rapid TMS (rTMS). However, kindling has never
documented in the large number of patients who @ve safety of YTMS up to frequencies of 25 Hz in patients
undergone electrical cortical stimulation (E over - with epilepsy, and to investigate the possibility of using
the years, despite the use of stimulation ra to60 TMS to selectively activate the epileptic focus in pa-
for3to tients with epilepsy undergoing presurgical evaluation.
§ consecutive days.®!! No danger of g should ' : :
ist using rTMS at ies of Hzsi : :
emma wim “s&;f curre n: mte; c;js 0 apprzosnl.nmcea tt:;; Methods. The subjects for this study were volunteers among
four times smaller than with EGS) A single report of ¢ Patients hospitalized st MINCEP's long-term monitoring
unit at Abbott-Northwestern Hospital (ANH) between Jamtxl;
remains controversi ther investigators have ary and 19%0. We studied eight adult patients wi

. / medically intractable partial epilepsy being evaluated for sur-
failed to demonstrate logic changes despite apply- gical treatment. Six of them were included in an additional

ing TMS at frequencies up to 8 Hz.¥ study protocol aimed at determining hemispheric dominance
Topectomies or lobectomies as surgical treatment for  of speech and language with YTMS.! The table summarizes the
partial, medically intractable epilepsies are indicated  clinical characteristics of all the subjects. None had undergone
mainly for patients with a single epileptic focus, To  brainsurgeryorhad cochlear implants or cardiac pacemakers.
select suitable surgical candidates, long-term monitor-  Informed consent was obtained in all patients prior to enroll-
ing with video-EEG is required to record several charac- ~ ent into the study, which had been approved by the Human
teristic ictal events. Desplte tapering of the anti- nEg:. Committee at ANH and at the University of Min-
epileptic drugs (AEDs) to increase the seizute fre- -Rate
quency, the prospective surgical candidates are gener- *TMS was performed with 2 Cadwell Rapid- Mag-

tic Stimulator specially designed to deliver stimuli at &
ally subjected to several weeks of hospitalization. There Ef,qf,,nc, of uprm 25 HJ Th,,“,‘; a netoofcharge stimulator

are several proposed methods to activate epileptic foci  with a maximal output to the patient of appmnmately 0.2mJ
and shorten the required monitoring time, but the  perpulse. The power of the discharges can be regulated in 20%
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Table. Summary of the clinical histories, rTMS stimulation frequencies and intensities, and the EEG and MR]
results of the eight patients studied with rTMS -

EEG

Intansities Approximate

) Pt AgefSex Seizure AEDs Ictal focus  Interictal sctivity Frequencies (% mexr.  no. stimaly/
' no. (yma) types (g/ml) (electrode)  (electrode) MRI (Hz) catput) _.position
1 /M PS,PC PHT (3.4) Rt temporal Nooe Rt. anterior 8,16,25 60 570
PS2° GTC (Sp2) temporal ] %
' PC-2' GTC vasculer
malformation
2 F PC PHT (9.0) Lttemporal Occasiooal spikes Normal 816 Q0 800
PC-2° GTC (F1.73,Sp1)  (F7, Sp1) 3,16 &
16 )
‘ 16 100°
3 3BF PC CBZ(69) Litemporal Bitemporal independent Normal 8,16,25 0 980
PC-2* GTC F1.T3.T5)  spikes ' 0.1,03,1 ol
. 8,16, 25 )
4 M PC CBZ(10.4) Rt temporal R mesio-teraporal Normal 8,186,125 « 730 .
PC-2*° GTC (Sp2, F8) sharp waves (Sp2) 8,16 0
§ uF PC VPA(123) Lttemporal Lbtemporalslowing  Normal 816,25 *) &20
(Spl, FO) (max. st Spl) 8, 16, 60 \ :
o 8 O w
6 MM PC PHT(11) Rttemporal Bitemporal independent Normal 816,25 o 1,060
PC2°CTC VPA(100} (Sp2.F8)  sharp waves and 1@ )
spikes % 0
7 @M PC . VPA(80.5) Ltandrre Sharp-end-slowwaves Lt temporal Q 16, 25 60 450
’ Co Rt temporal  (Spl, T3, rarely Sp2) arachnoi
s MuF PC PHT (82) Lt temporal Bitemporal independent Nm;{o 816,25 ) 130
PC-2°GTC ; (Spl, F7,T3)  sharp waves ’ (b 8,16 20
7 Patients 1-6 had beea inchided in another study. %, '
: AEDs Antiepileptic drogs. CBZ
. MRI Cranial magnetic resonance imaging. VPA VYdp
PS Partial simple seizures, Rt t
PC Partial complex seirures. Lt
2° GTC  Secondarily generalized tanic-cloaic seirures. ° only over P4, ‘
PHT Phesytoin @ stimuli with each frequency over esch electrode position.
Electrodes refer to the dectrode positions sccording to the Inl nal 10-20 System.
: (9N
\ "4 .
increments for an output of 0 to 100% mavigialbutput inten-  Results. No differences were found when comparing

sity. Each stimulus produced by this deﬁh’ similar to that
by the Cadwell commercial stimulato a pulse width of

the baseline with the poststimulation EEG, except in
patient 2. Analysis of the 10-second epochs after each

, 50 ytsec, pesk voltage gradient of tely6 V/em,anda  YTMS train did not demonstrate any changes in back-
: - calculated charge density/phage 1% 2 pC/em?. A water-  ground activity or frequency of epileptiform discharges.
. cooled, round stimulation ¢oi 5-cm innerand 11-cm outer - However, this analysis was limited by up to 2 to 3

diameter was employed.

TMS was performed by investigators blinded to the lo-
calization of the patient's.epileptic focus. At stimulation, the
coil was held flat on the scalp (tangential coil orientation) with
the outer edge centered successively over F7(8), F3(4), T3(4),
C3(4), and T5(6) according to the International 10-20 System.
In the six patients included in the speech lataralization study,'
TMS was performed over additional scalp areas. In four
randomly selected patients (patients 1, 3, 4, and 8) stimulation
was begun over the right hemisphere, and over the left in the
other four. The rTMS stimulation frequencies and intensities

“for each patient are- summarized in the table. During the

stimulation the patients were continuously monitored with
video-surface EEG and ECG. The baseline EEG (5 minutes
before rTMS was begun) was compared with the poststimula-
tion EEG (5 minutes immediately after completion of the
entire rTMS protocol) to establish the effle¥s of the stimula-
tion on the epileptiform and background activities. In addi-
tion, 10-second EEG epochs recorded before and after each
rTMS train were compared.

1088 NEUROLOGY 41 July 1991

seconds of poststimulus artifact.

Patient 2, who had a well-documented left mesial
temporal epileptic focus, was the only subject to receive
TMS at 100% maximal output intensity. Applying
rTMS at this intensity and 16-Hz frequency with the
coil centered over P4 induced afterdischarges phase-
reversing at P4 (figure 1). Following a second train of
stimulation over the same site, she experienced a clini-
cal right simple motor seizure with jacksonian march,
which secondarily generalized on EEG. After the con-
vulsion, no further rTMS was performed on this pa-
tient. :

The seizure frequency was recorded in all patients for
10 days prior to, and in most patients after, rTMS.by
continuous video-EEG monitoring. The interpretation
and significance of these results are limited, since most
of the subjects were undergoing changes in their Am)s
during the hospitalization. Despite this medication
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& Figure 2. Bar histogram of

p number of seizures per day
based on video-EEG
recordings from 10 days
prior to rTMS until the
10th day after. The

" numbers on top of the bars
represent the number of
patients from whom video-
EEG data were available.

clusively from the left temporal lobe. Sh
patient who received rTMS at 100%
intensity. A first 10-second rT'M
intensity resulted in an afterdi
developed during a second trai
over the same area. A simi

with ECS, which induc

roblem is encountered
in up to 10% of pe-

tients when applied tagifes distant from the patient’s

epileptic focus.? :
YTMS has the tial of eventually being a means
of noninvasiv ping speech-related cortical areas,
k)&:jcaﬂy replacing the intracarotid so-
dium and ital test! We recommend that rTMS
testing be done on days when the subject has been
relatively seizure-free, that there be continuous on-line
EEG monitoring, and that stimulation be discontinued
immediately following the appearance of after-
discharges. Despite this, induction of seizures is possi-
ble and has to be anticipated. Therefore, rTMS studies
should be conducted in a hospita] setting and by in-
vestigators familiar with the diagnosis and treatment of
seizures. Although we did not find any significant com-
plications of *rTMS, further work aimed at addressing
safety issues is needed. :
The second aim of our study was to evaluate the
possibility of selective activation of the epileptic focus
with TMS. Hufnagel et al,? using ‘with the com-

mercially available Magstim 200-Novametrix stim-
ulator, were able to activate the epileptic focus in 12 of
13 patients with medically intractable epilepsy. At the
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the same intensity -

time of TMS, the AEDs had been reduced in their
patients for the purpose of ictal event recording. In all
their patients, TMS was applied with SEAs implanted
over the suspected epileptic focus. They documented by
electrocorticography facilitation of epileptiform after-
discharges with sequential stimulation, but were unable
to elicit epileptiform potentials outside the epileptic
foci. In one of their patients, they induced a complex
partial seizure identical to the patient’s habitual sei-
Our patient population is similar to that studied by
Hufnagel et al? with the sole exception that none of our
patients had undergone a craniotomy or had sphenoidal
or subdural electrodes in place. In contrast to that

. study,? we were unable to document selective activation

of the seizure focus in any of our patients. Furthermore,
we induced a partial simple motor seizure from the
hemisphere contralateral to the single epileptic focus in
one patient. These conflicting results could be related to
a number of methodologic aspects. First, the TMS stim-
ulators and stimulation coils employed were different,
which would result in different magnetic fields and in-
duced current in the tissue. Particularly important may
be that Hufnagel et al? used a stimulator with a “critical
damped” current output; the possibility therefore exists
of polarization of the tissue with repeated stimula.tnon.
Second, Hufnagel et al? used stimulation frequencies of
0.1 to 0.3 Hz, whereas we stimulated our patients at 8,
16, or 25 Hz. The activation of the epileptic focus could
conceivably occur preferentially at low stimulation fre-
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'0-second rTMS train at 100% maximal output intensity over the right hem:

- (Right) Following a second rTMS train

. Figure 1. Surface-recorded EEG on patient 2 during rTMS session. (Left) W& phase-reversing at P4 after first

- stimulation at 100% intensity over the same location, the patient had 6

electroencephalographic generalization.

change, the overall trend showed no evidence of seizure
frequency exacerbation following rTMS (figure 2). Pa-
tient 5 represents an exception; around the time
?TMS her valproic acid was being tapered. Follo
this reduction, she had a dramatic increase in
frequency (no seizures on day —4 to 11 sei
+7). The seizures were controlled with a

load and the addition of felbamate. The seizures
recorded prior to the rTMS stimulatj | were
“not altered following stimulation. traeeven for
patient 2 who was recorded for 25 after the atypical

rTMS-induced seizure. No increase in seizure fre-
quency or further right-hemispheric seizures were doc-
umented. Subsequently, this patient underwent a left
temporal lobectomy, and histopathologic analysis of
the resected anterior temporal lobe and hippocampus
was normal.

In patient 3, additional stimulations were performed
atlow frequencies. Fifty stimuli were given with the coil
centered over T3 and T4 at 0.1, 0.3, and 1 Hz. No EEG
changes were demonstrated following these stimula-
tions.

All the subjects tolerated the procedure very well,
although when the stimulating coil was placed anterior

the ear on the scalp, the subjects experienced a pain-

4 ipsilateral facial contraction. Similarly, stimulation
of the occiput produced neck muscle contraction. Pa-
tient 1 developed, during YTMS, a skin irritation under
an EEG scalp-recording electrode. The lesion was
round and limited to the area within the electrode cup.
Allowmg sufficient time for gel coohng between stim-

ol ,,'."’ —A,ﬂ%"afa'w e ete i TR E SR B e

mispheric simple motor seizure with

u@bn periods precluded 'xecun-ence Also, several of
\he subjects complained of a mild transient headache
following the stimulation protocol.

Discussion. Several studies have reported on the lack
of epileptogenicity of TMS at frequencies up to 0.3 Hz.
Claus® reported that in over 2,000 TMS examinations
at the National Hospital for Nervous Diseases, London,
no seizures occurred. Michelucci et al® failed to show
changes in seizure frequency or induction of seizures in
epileptic patients. Only three seizures have been re-
ported to be poasibly related to TMS. Homberg et al®
reported on a patient with a 6-month-old stroke who
developed a first tonic-clonic seizure during TMS. Sub-
sequently, he had further spontaneous seizures; TMS
may have only precipitated the manifestation of postin-
farction epilepsy. Hufnagel et al? comment on the in-
duction of a partial complex seizure identical to the
patient's habitual spontaneous seizures while stimulat- -
ing at low frequencies (up to 0.1 Hz) over the patient’s
epileptic focus. Tassinari et al® stimulated 58 epileptic
patients; only one had a seizure, which occurred 20
seconds after TMS and was not different from the
patient’s characteristic convulsions. In all these cases it
remains uncertain whether the seizures were induced by
TMS or coincidental with it.

Among our exght pahents one had a seizure during
rTMS. This case is unique, since the seizure during
rTMS arose from the right hemisphere, which was
being dJ:ectly stimulated at the time, whereas her spon-

t&neous 881201‘88 were p&rtlal COmpleI anslng ex-
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juencies, since they may not interfere with the develop-
ment of epileptiform afterdischarges.? However we
failed to show activation of epileptiform di

patient 3 who was stimulated at 0.1, 0.3, and 1 HZ.
Third, the protocol used by Hufnagel et al2 involved
stimulation over craniotomy sites, which may channel
current flow and create a more focal stimulation with
higher charge density.”” Finally, Hufnagel et al? applied
TMS over SEAs, which may have induced much higher
charge densities under the subdural electrodes than is
otherwise obtainable with TMS. One of our patients
developed a round skin irritation with TMS under an
EEG scalp-recording electrode. This raises concerns
about the safety of TMS over SEAs, with the risk of

~similar complications at SEA-brain interface. Studies

are required to document the induced charge densities
and possible pathologic changes in the brain after TMS
over SEAs.

In summary, we believe that 'TMS is a useful tech-
nique for cortical functional mapping, although we do
not consider it useful for delineating the epileptic focus
or for selective activation.
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