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Summary: In epileptic seizures, there is an enhanced prob-
ability of neuronal networks to fire synchronously at high
frequency, initiated by a paroxysmal depolarisation shift.
Reducing neuronal excitability is a common target of anti-
epileptic therapies. Beyond or in addition to pharmacologi-
cal interventions, excitability-reducing brain stimulation is
pursued as an alternative therapeutic approach. Hereby, non-
invasive brain stimulation tools, such as transcranial mag-
netic stimulation (TMS) and transcranial direct current stim-

ulation (tDCS), have gained increased interest as efficient
tools to modulate cortical excitability and activity. In animal
models, stimulation-induced cortical excitability diminution
has been shown to be suited to reduce seizures. Clinical
studies conducted to date, however, have shown mixed re-
sults. Reasons for this, as well as possible optimization
strategies that might lead to more efficient future stimulation
protocols, will be discussed. Key Words: Epilepsy, brain
stimulation, TMS, tDCS, humans.

INTRODUCTION

The pathophysiological substrate of epilepsies and the
proneness to develop seizures is an enhanced cortical
excitability, leading to paroxysmal depolarisation shifts,
an enhanced probability of high-frequent and hypersyn-
chronous activity of small neuronal networks, and an
abnormal spreading of this pathological activity along
cortico-cortical and cortico-subcortical neuronal connec-
tions.'~® The common feature of antiepileptic therapies is
thus the reduction of any pathological hyperactivity by
either enhancing neuronal inhibition or reducing excita-
tion. Drugs that block voltage-dependent ion-channels,
excitatory N-methyl-D-aspartate (NMDA)-receptors, or
enhance gamma-aminobutyric acid (GABA)ergic activ-
ity have been shown to have a profound ability to sup-
press the development of seizures.* Alternatively, epi-
lepsy surgery aims to remove the epileptogenic regions
and thus prevent the development of epileptic activity by
destroying the pathological network components.” Al-
though effective, these currently available therapeutic
approaches have some drawbacks: treatment with anti-
epileptic drugs does not simply diminish pathological
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excitability of the epileptogenic region but affects the
whole brain, which might compromise normal function-
ing and result in cognitive impairment, a common side
effect of pharmacological treatment of epilepsy. Epilepsy
surgery is—although currently a routine procedure for
patients with pharmacoresistant focal epilepsy—not
without risk: it might not be able to, in each case, remove
the epileptogenic region selectively without affecting
normal functioning brain areas and thus also impair cog-
nitive and behavioral functioning. Moreover, about 30%
of patients continue to have seizures when taking anti-
epileptic medications.® Epilepsy surgery cannot be per-
formed in all cases for these patients, and even for those
in whom surgery is possible, after surgery, 30% to 50%
of patients are not free of seizures.” Thus, there is a
definite need for adjunctive therapeutic approaches,
which ideally should have a focal effect and be nonin-
vasive.

This review is dedicated to noninvasive brain stimu-
lation procedures, namely repetitive transcranial mag-
netic stimulation (fTMS) and transcranial direct current
stimulation (tDCS), which at least theoretically fulfil
some requirements needed for such a therapeutic tool.
Whereas the effect of rTMS on epilepsy has been studied
now for about 10 years, tDCS has relatively recently
started to come into awareness as a possible agent for
treating epilepsy.
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rTMS FOR THE TREATMENT OF EPILEPSY

Technical aspects and pathophysiology

Transcranial magnetic stimulation (TMS) was first de-
scribed in 1985 as an effective noninvasive and painless
method for stimulation of the human brain.® A short-
lasting, strong magnetic stimulus delivered from a coil
induces an electric current flow in the brain strong
enough to elicit action potentials in cortical neurons. The
magnetic field is simply used to pass the high-intensity
pulses without pain induction through the skull. This
cortical excitation results in action potentials, the effect
of which can be monitored indirectly by the resulting
muscle evoked potentials (MEPs), if applied over the
primary motor cortex.

In animal experiments, repetitive activation of neurons
by electrical stimulation induces long-lasting cortical ex-
citability alterations. Depending on the frequency of
stimulation, cortical excitability diminutions or enhance-
ments, named long-term depression (LTD) or long-term
potentiation (LTP), are induced, which remain stable for
hours or days after the end of stimulation.”™"' Low-
frequency stimulation results in LTD, whereas high-
frequency stimulation induces LTP. Similar effects are
induced in the human cerebral cortex by low- and high-
frequency rTMS. Here, stimulation frequencies at or be-
low 1 Hz induce inhibition, whereas higher frequencies
induce facilitation—the latter, however, are shorter than
the inhibitory effects.'*'*> New protocols, whose thera-
peutic potentials to date have not been explored, induce
longer lasting after effects. Excitability changes are
achieved by a qualitatively different stimulation proto-
col, namely continuous or intermittent theta burst stim-
ulation (TBS)."*

It was demonstrated in hippocampal and neocortical
rat slices that low-frequency (1 Hz) electrical stimulation
is indeed able to prevent interictal epileptic discharges
and epilepsy-like events in an intensity-, frequency-, and
distance-dependent manner.'>'® Moreover, these effects
remain after the end of stimulation and are NMDA re-
ceptor—dependent, thus indicating that LTD-inducing
protocols might have antiepileptic properties. Thus, the
application of low-frequency rTMS for treating epilepsy
in humans seems promising.

Clinical trials

Open-label studies and case reports. In the first
open-label study, Tergau et al'” explored the impact of
low-frequency rTMS, applied for 5 consecutive days
with a frequency of 0.3 Hz, on seizure frequency in nine
patients with focal, pharmacoresistant epilepsy. Stimula-
tion was performed with a nonfocal round magnetic coil
over the vertex irrespective of localization of the epilep-
togenic zone. rTMS resulted in a clear reduction of the
number of epileptic seizures per week, which was still

prominent four weeks after intervention. Succeeding
studies delivered mixed results.

In some case reports, a reduction of seizure frequency
and epileptogenic discharges by rTMS was demon-
strated. In three patients with epilepsia partialis continua
and one other patient with focal epilepsy, low-frequency
rTMS with a focal coil positioned over the presumed
epileptogenic zone with relatively low intensity'®~*' (Ta-
ble 1) reduced seizure frequency and epileptic dis-
charges. However, in two other patients with epilepsia
partialis continua, low-frequency rTMS of similar inten-
sity and duration over the epileptogenic zone was with-
out effect.”? In two patients with focal and primary gen-
eralized epilepsy, rTMS was performed over the vertex;
here, rTMS induced a reduction of interepileptic dis-
charges.?**** Seizure frequency could not be determined
for the patient with focal epilepsy because he was al-
ready seizure free before intervention. Seizure frequency
was not reduced in the patient with primary generalized
epilepsy; however, this patient received time-locked 5
Hz rTMS at the beginning of spike wave discharges, so
this stimulation protocol, which only reduced discharge
duration, is not easy to compare with the others.

Interestingly, in two patients with epilepsia partialis
continua, high-frequency rTMS was applied over the
epileptogenic zone and improved seizure frequency in
one of these patients.”

Taken together, the results of the case reports suggest
the efficacy of rTMS to reduce epileptic discharges and
improve clinical state in some but not all patients. The
treatment protocols differ in terms of focality of stimu-
lation, application of rTMS over the epileptogenic zone
or the vertex, stimulation intensity, repetition rate and
frequency, as well as etiology of epilepsy and antiepi-
leptic medication. No clear picture emerges in terms of
which stimulation protocol might be optimal and which
patients benefit most from stimulation. It should be
stressed, however, that not only low-frequency rTMS but
also high-frequency stimulation might have a beneficial
effect on seizure frequency, as shown by the case reports
of Graff-Guerrero et al.'® Of course, the case reports
were not sham-controlled; thus, it is difficult to evaluate
the contribution of a placebo effect to the results.

Overall, the available open-label studies show a re-
duction of seizure frequency and epileptic discharges, if
recorded, by rTMS with stimulation frequencies of 1 Hz
or lower.?° ! In all of these studies, patients with focal
epilepsy were treated (Table 1). In one study performed
in patients with epilepsia partialis continua, low-fre-
quency rTMS was primed with high-frequency rTMS to
improve the efficacy of low-frequency rTMS to suppress
cortical excitability,** but this specific protocol was not
clearly superior to low-frequency stimulation only. In the
only study exploring the effect of a higher rTMS fre-
quency (5 Hz) on seizure frequency, the seizure-reducing
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effect was relatively short lasting.®® Low-frequency
r'TMS was performed between 0.3 and 0.9 Hz, but the
specific frequency had no impact on the efficacy of stim-
ulation when comparing the different studies. The focal-
ity of stimulation is determined by the position of the coil
relative to the epileptogenic region and the focality of the
stimulation coil. In one study, rTMS of the epileptogenic
zone was compared with vertex stimulation®*; only stim-
ulation of the epileptogenic zone was effective, favoring
a focused stimulation in focal epilepsy. Focality of the
coil was not compared within a single study. Because
two of the open-label studies using focal figure-of-eight
coils resulted in relatively moderate effects as compared
to other studies in which the round nonfocal coil was
used, the latter might be more effective. However, since
the respective studies also differed with regard to other
stimulation parameters and patient characteristics, this
statement should be taken with caution. The intensity of
stimulation was between 90% and 120% of motor thresh-
old, and the number of stimuli applied was between 100
and 1000. Comparison of the efficacy of stimulation to
reduce seizures is slightly in favor of stronger and longer
stimulation. However, since other parameters were not
identical among the various studies (with the exception
of one study, in which different numbers of stimuli were
compared directly’'), this statement is also somewhat
preliminary.

Controlled clinical studies. For the three random-
ized, double-blinded and sham-controlled studies, only
one resulted in a significant reduction of seizure fre-
quency and interictal discharges,® whereas in another
study a trend for a reduction of epileptic seizures was
found,*® and in a third study only significantly reduced
epileptiform discharges were documented.>’ Definitive
reasons for these heterogeneous results are difficult to
state because the studies differ in more than one aspect
(Table 1). In the studies conducted by Fregni et al.> and
Theodore et al.,>® rTMS intensity was stronger than in
the study conducted by Cantello et al.,>” and more stim-
uli were applied. Moreover, in the former studies, the
epileptogenic zone was stimulated, whereas in the latter
study, stimulation over the vertex was performed. Thus it
could be argued that more intense rTMS and rTMS over
the epileptogenic zone might be preferable. However,
Fregni et al.*> and Theodore et al.*° included only pa-
tients with focal epilepsy, whereas patients with primar-
ily generalized epilepsies also participated in the study
conducted by Cantello et al.’” Thus, it cannot be ex-
cluded that the type of epilepsy has an impact on the
proneness to profit from rTMS. From a pathophysiolog-
ical perspective, it would make sense that focal epilep-
sies with a cortical origin, which will be more easily
influenced by rTMS, might profit more from rTMS than
primary generalized epilepsies with a subcortical origin
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much more distant to the electrical current flow induced
by TMS.

Determinants of clinical efficacy of rTMS

Taken together, therapeutic rTMS studies in epilepsy
show some efficacy to improve clinical symptoms, but in
most studies the effects are rather weak. Thus, optimiz-
ing strategies are needed. With regard to optimum suited
protocols, it seems that stronger, longer rTMS and rTMS
over the epileptogenic focus and not at some distant area
might be superior. Even less is known about the impact
of the focality of the coil, current flow direction, and
optimal suited frequency of stimulation. It might be that
high-frequency stimulation has a disruptive effect on
epileptic seizures, while low-frequency rTMS prevents
seizure induction. However, this assumption is more de-
rived from presumed mechanisms than supported by
controlled studies. Finally, it is not known whether op-
timum stimulation parameters differ between focal and
primary generalized epilepsies or whether the specific
antiepileptic medication has an effect on the efficacy of
rTMS. Indeed, antiepileptic medication might matter: it
has been shown that antiepileptic drugs affect the impact
of 'TMS on cortical excitability.*®** Moreover, val-
proate medication may reverse the effects of 1 Hz rTMS
from inhibition into facilitation in patients with juvenile
myoclonic epilepsy.*’

Studies addressing these unsolved problems are urgently
needed, and future therapeutic studies should be planned in
a way that enables optimization of rTMS protocols.

tDCS FOR THE TREATMENT OF EPILEPSY

Technical aspects and pathophysiology

Compared to rTMS, tDCS is a relatively old technique.
In the 1960s it was demonstrated in animal experiments
that a tonic cortical direct current (DC) stimulation can
diminish or enhance cortical excitability and activity,
dependent on current flow direction.*' Subsequently, the
technique was adapted for noninvasive stimulation in hu-
mans, but at that time its effects were mainly tested
clinically, and not directly electrophysiologically. An an-
tidepressive effect of DC stimulation was suggested, but
this was not substantiated in all studies.**>*? Recently,
tDCS protocols were developed for noninvasive stimu-
lation in humans, which induce polarity-dependent cor-
tical excitability shifts stable for up to an hour after
stimulation***>; these after effects of tDCS can be rele-
vantly prolonged (for hours) by pharmacological
agents.**~*® Thus, reducing cortical excitability via
tDCS offers a promising approach to diminish epileptic
activity and seizure frequency.

The efficacy of DC stimulation to suppress epilepti-
form activity and epileptic seizures was demonstrated in
animal experiments. In rat brain hippocampal slice ex-
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Table 1. Impact of rTMS on Epileptic Seizures and Interical Discharges
Frequency
Article Type of Study Epilepsy Coil Form (Hz) Intensity
Cantello et al., Randomized, double-blinded,  Focal, primary Round 0.3 100% MT
2007%7 sham-controlled generalized
Fregni et al., Randomized, double-blinded,  Focal Figure-of-eight 1 70% Max.
2006 sham-controlled stimulator
output
Theodore et al., Randomized, double-blinded,  Focal Figure-of-eight 1 120% tMT
2002°° sham-controlled
Joo et al., 2007 Randomized Focal Round or 0.5 100% r™MT
figure-of-eight
Brasil-Neto et al., Open label Focal Round 0.3 95% tMT
2004°°
Brighina et al., Open label Focal Figure-of-eight 5 90% t™MT
200672
Daniele et al., Open label Focal Figure-of-eight 0.5 90% MT
2003*
Fregni et al., Open label Focal Figure-of-eight 0.5 65% Max.
2005%7 stimulator
output
Kinoshita et al., Open label Focal Round 0.9 90% r™MT
2005°*
Rotenberg et al., Open label Epilepsia partialis ~ Figure-of-eight 1,20-100  100% MT
2008b> continua
Santiago-Rodriguez ~ Open label Focal neocortical Figure-of-eight 0.5 120% MT
et al., 2008
Tergau et al., Open label Focal Round 0.3 100% MT
1999'7
Cantello, 20022* Case report Primary 5 120% rMT
generalized
Graff-Guerrero et Case report Epilepsia partialis ~ Figure-of-eight 20 50% MO,
al., 2004%° continua 128% MT
Mecare}%i et al., Case report, sham controlled Focal Round 0.33 100% rtMT
2006
Menkes and Case report Focal Round 0.5 95% t™MT
Gruenthal,
2000'®
Misawa et al., Case report Epilepsia partialis ~ Figure-of-eight 0.5 90% t™MT
2005" continua
Rossi et al., 2004*°  Case report Epilepsia partialis ~ Figure-of-eight 1 90% tMT
continua
Rotenberg et al., Case report Epilepsia partialis ~ Figure-of-eight 1 100% MT

2008a>

continua

Depicted are the case reports, open-label studies, and sham-controlled studies exploring the efficacy of rTMS as an anticonvulsive agent.
Studies are shown in alphabetical order with details of the epilepsy syndrome, specific protocol applied, and effects on seizure and interictal
discharges. MT = motor threshold; FCz = frontocentral electrode according to the 10 20 system; MO = max. stimulator output; N.A. =
not available; rMT = resting motor threshold; PCz = parietocentral electrode according to the 10 20 system.

periments, weak DC stimulation abolishes epileptiform
activity in the low Ca+ model dependent on stimulation
polarity during DC stimulation.* In vivo rat experiments
resulted in similar effects: cathodal tDCS over the sen-
sorimotor cortex of behaving rats increased the seizure
threshold in the ramp model of epileptic seizures,’® while
anodal excitability-enhancing tDCS was without effect.
These seizure threshold enhancements depended on cur-
rent strength and were significant for up to 90 minutes

after tDCS. Their magnitude was in the range of that
provided by antiepileptic medication.

Clinical trials

In the first pilot study, the efficacy of tDCS to reduce
epileptoform activity and seizure frequency in humans
was explored in pharmaco-resistant patients with focal
epilepsy due to malformations of cortical development.
In this double-blinded, sham-controlled, randomized
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Table 1. Continued
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AND PAULUS

Number of Repetition
Stimuli (Days) Coil Localisation Seizures Epileptiform Discharges
1000 5 Vertex No reduction Reduction
1200 5 Epileptogenic focus Reduction for 2 months Reduction
or Cz
900 Twice 7 Epileptic focus Trend for reduction Not recorded
daily
1500/3000 5 Epileptogenic focus Trend for reduction, stronger with Reduction
or non-focal more stimuli, independent from
coil localisation
100 Ca. 45 over Vertex Reduction Not recorded
3 months
100 20 Near inion Reduction only during protocol Not recorded
800 Biweekly for Epileptogenic focus Reduction only by stimulation Not recorded
4 weeks or Cz over the epileptogenic region
600 None Epileptogenic focus Reduction for 1 month Reduction for 1 month
or Cz
1000 Twice 5 FCz, PCz Reduction Not recorded
daily
diverse Different Epileptogenic focus Reduction, in most cases short- N.A.
lasting
900 14 Epileptic focus Reduction No reduction
1000 5 Vertex Reduction Not recorded
Unknown Beginning of No reduction Reduction of duarion of
spike wave spike wave discharge
discharge
40 15 Epileptogenic focus Reduction in one of two patients Reduction
500 Twice 5 Vertex No reduction (but seizure-free Reduction
daily before)
100 Twice a Epileptogenic focus Reduction Reduction
week for
four weeks
100 none Epileptogenic focus Reduction for 2 months Not recorded
900 None Epileptogenic Reduction Reduction
Focus
1800 9 Epileptogenic focus Reduction duration of seizures Reduction

only during stimulation

study, cathodal excitability-reducing tDCS was applied
once for 20 minutes with a current strength of 1 mA over
the presumed epileptogenic focus. After real tDCS, the
frequency of epileptiform discharges was significantly
reduced. Moreover, in the month after real tDCS, the
number of epileptic seizures decreased trend-wise while
it was stable in the group treated with sham tDCS.>!

Parameters determining clinical efficacy of tDCS
From these results, it can be concluded that tDCS might
be a promising noninvasive stimulation paradigm to reduce
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seizures in patients with focal epilepsy, especially since the
applied current density was relatively weak and adminis-
tered only once, which is less than the protocols performed
in most rTMS studies. However, some questions to be
solved remain: optimal stimulation duration, repetition rate,
and stimulation strength and position of the reference elec-
trode (which is important because the efficacy of tDCS
depends on current flow direction) have not been clarified to
date. Moreover, whether extended stimulation protocols
will have a significant impact on seizure frequency has not
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been explored. Thus, as compared with rTMS, tDCS is
currently much more in its infancy.

CONCLUSION

Since a significant number of epilepsy patients still can-
not be sufficiently treated with pharmacological therapy or
epilepsy surgery, there is a need for adjunctive therapies.
For this purpose, rTMS and tDCS might evolve as prom-
ising tools. The principle mechanism of action of both tools
might be an induction of LTD-like effects— diminishing
cortical excitability and thus reducing the probability of
paroxysmal activity in epileptogenic cortical regions. This
mechanism, i.e., a reduction of cortical excitability, shares
some similarities with the pharmacological treatment of
epilepsies, but might differ qualitatively from invasive brain
stimulation protocols like deep brain stimulation, which are
thought to induce depolarization blocks. This difference
with regard to invasive brain stimulation protocols might
also account for the different effects after termination of
stimulation, i.e. outlasting effects of rTMS versus rapid
abolition of the effects after termination of brain stimulation
with invasive protocols. The lasting after-effects of rTMS
might enable this tool to become practicable as an adjunc-
tive therapy for epilepsy in future. The presumed focality of
the effects of rTMS and tDCS might be an advantage in
focal epilepsy but limit its efficacy in primary generalized
epilepsy.

However, the treatment studies performed with rTMS
and tDCS to date show mixed results. This might be due
to the suboptimal or simply underpowered protocols con-
ducted so far. Moreover, in most of the studies, pharma-
coresistant patients were treated, which might have re-
sulted in an underestimation of the efficacy of the
techniques to treat depression. To evaluate the full po-
tential of these tools to treat epilepsies, studies are
needed that are suited to generate information about op-
timized stimulation protocols: these should systemati-
cally evaluate the impact of coil/electrode position, fo-
cality of stimulation, stimulation strength/frequency,
number of stimuli, repetition rate of stimulation proto-
cols, as well as epilepsy syndrome and pharmacological
treatment on the efficacy of stimulation. The respective
studies should preferably be conducted in a sham-con-
trolled, randomized, and double-blinded manner to iden-
tify placebo effects, which might be relevant, especially
given the relatively poor correlation between seizure fre-
quency reported by the patients and real seizure fre-
quency. Only these studies will allow for the determina-
tion of the real potential of noninvasive brain stimulation
tools to treat epilepsy. For tDCS, a double-blinded,
sham-controlled, crossover, multicenter study has re-
cently benn started in order to evaluate the potential of
daily repeated tDCS for reducing seizure frequency in
patients with focal epilepsy.

Apart from minor side effects, such as headache and
tiredness, which were reported after both rTMS and
tDCS,>>>3 both stimulation tools result in relatively low
rates of side effects. With regard to the risk of seizure
induction, for rTMS this factor seems to be primarily
important as concerns high frequency excitability-en-
hancing rTMS protocols. Most of the rTMS protocols
performed for the treatment of epilspsy are, however,
using low-stimulation frequencies. For these protocols,
seizures elicited by rTMS have not been described. Al-
though improbable, a risk for seizure induction by low-
frequency stimulation protocols cannot be ruled out com-
pletely, since the direction of excitability modulation
induced seems to depend on basal cortical activity, and
thus, in some subjects, even slow rTMS might enhance
excitability.>* Similarly, no seizure induction has been re-
ported to date for tDCS in humans or animal seizure mod-
els.’*>% However, because excitability-reducing cathodal
tDCS includes anodal excitability-enhancing tDCS of
another cortical area in the standard stimulation protocols,
such a risk cannot be ruled out completely, but might be
circumvented by the use of either large, ineffective refer-
ence electrodes™ or an extracephalic reference.

Because rTMS and tDCS have relatively low rates of
side effects, may have some advantages over pharmaco-
logical treatment, evoke focal and not global reductions
of cortical excitability, are nondestructive (as compared
to surgical procedures), and have resulted in promising
outcomes in some pilot studies, it should be worth the
effort to explore the therapeutic potential of these non-
invasive brain stimulation tools to a larger extent.
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