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Summary
Stimulation techniques have been extensively explored as new treatments
for epilepsy, and their efficacy is still being investigated, albeit several
approaches appear to be very promising. Vagal nerve stimulation (VNS) has
been a well established palliative therapy for almost 20 years, however,
complete seizure control is rarely obtained. Its favourable effect on mood has
been noted in several studies, and VNS was FDA-approved for the treatment
of major depression in 2005. Intracerebral electrical stimulation is currently
being evaluated as a potential treatment for patients with drug-resistant focal
epilepsy in whom surgery cannot be offered. We summarise the results of
various studies applying deep brain stimulation (DBS) to different brain structures, particularly to the mesial temporal lobe. From these studies, it appears
that the efficiency of DBS to reduce epileptic seizures is demonstrated in a
sufficiently large patient population but the exact determinants (physical
parameters, syndromes) of its success (or its absence) remain unknown.
Repetitive Transcranial Magnetic Stimulation (rTMS) has been investigated as an
antiepileptic treatment in patients with focal seizure onset by several groups,
however, the clinical success is variable and in most studies rather low.
Keywords: epilepsy; deep brain stimulation; vagus nerve stimulation; transcranial
magnetic stimulation; pharmacoresistance

Introduction
A total of 20–30% of all patients with epilepsy become drugresistant, which means that the seizures cannot be controlled by medication. In some of these patients, surgical
treatment is an important therapeutic option. However, in
approximately 30% of all pharmaco-resistant patients, the
resection of the epileptogenic zone is not feasible a) because
a dominant epileptogenic zone cannot be unequivocally
identified and/or b) due to a major risk of postoperative
neurological or cognitive impairment.
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For patients with drug-resistant epilepsy in whom
surgical therapy has been excluded, alternative therapies
are critically needed. If a prevalence of epilepsy of 0.7%
is assumed, the lack of efficient drug and surgical therapy
affects 4000–5000 patients in Switzerland. In order to
fill the treatment gap, stimulation techniques have been
developed and/or adapted from strategies applied in other
neurological diseases. Alternative therapies based on intracranial electrical or transcranial magnetic stimulation have
been developed mainly in the last 5–10 years, complementing vagal nerve stimulation (VNS). VNS has the longest
history as an epilepsy treatment since its introduction onto
the market in the 1990s, and is currently also approved
in some countries for antidepressant therapy. Deep brain
stimulation (DBS) is a well established treatment for patients
with Parkinson’s disease (or other movement disorders) or
for pharmaco-resistant pain. The first reports on repetitive
transcranial magnetic stimulation (rTMS) as an antiepileptic stimulation method were published in the late 1990s
as well. Common to all three techniques is that 1) they are
minimally (DBS, VNS) or noninvasive (rTMS), 2) they are
reversible treatments, 3) there is still ongoing research
concerning the optimal stimulation parameters (frequency,
pulse width, amplitude etc.) and 4) they can be adapted
individually to each patient and the stimulation parameters
can be altered during treatment.
In the following brief review, we will discuss the following stimulation devices:
– Vagal Nerve Stimulation (VNS)
– Intracranial or Deep Brain Stimulation (DBS)
– Repetitive Transcranial Magnetic Stimulation (rTMS)

Vagal nerve stimulation
Vagal nerve stimulation is the most widely used stimulation tool in the field of epilepsy (approximately 40 000
cases implanted so far). An electrode is wrapped around
a branch of the vagus nerve during a brief surgical intervention and connected to a control box, which is then
implanted underneath the collarbone. The most commonly-used protocol consists of intermittent stimulation
(30 sec. ON, 5 min. OFF), but other cycles have been
successfully used as well. In patients who do not re-
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spond to the initially recommended cycle, faster cycles
have been evaluated and were well tolerated (e.g. 30 sec.
ON, <1 min. OFF). Acute adjustment of the VNS is possible. By means of an external magnet held over the pacemaker, the stimulation can be changed to continuous mode;
stimulation which is particularly interesting when the
patient feels an aura and is still able to abort the seizure
by this manipulation. VNS is approved by the Food and
Drug Administration (FDA) in the U.S. (patients over 12
years and with partial epilepsy syndromes) and received
the European CE mark (with no age restrictions and all
epilepsy syndromes).
The first double-blind, multicenter studies have shown
that stimulation of the vagus nerve can produce a significant reduction in seizure frequency [1, 2]. In the long term,
40–50% of patients using this system observed a reduction
of at least 50% in seizure frequency [3, 4]. Interestingly, a
lack of response during the first 3 months is not necessarily related to absence of response during later stimulation
periods. Even up to 12 months after the onset of VNS, there
are still responders.
Despite the large number of patients stimulated with
VNS so far, no particular profile of the “perfect” VNS-candidate has emerged. Moreover, no particular antiepileptic drug
pairs optimally with VNS, leading to enhanced synergistic efficiency than either VNS or the drug alone [4]. Among
patients who appear to benefit most from VNS are patients
with Lennox-Gastaut syndrome (LGS). Tonic seizures were
reduced by 88% and atypical absences by 81% in a study
of 46 LGS-patients [5]. In addition, VNS was correlated to
improved behaviour. Patients with frequent ictal falls who
are candidates for corpus callosotomy (CC) benefitted from
VNS as much as from CC, with lower complication rates for
VNS [6]. Thus, it is now recommended to firstly try VNS, and
reserve CC for the more refractory cases.
Adverse events are mainly seen as hoarseness and
coughing caused by stimulation of the recurrent laryngeal
nerve, a branch of the vagus nerve, and tend to disappear
in the first two years after implantation of the VNS. Overall, adverse events occur at an acceptable rate and can
be grouped into stimulation-related (coughing, dyspnea,
hoarseness etc.) or surgery-related side effects (haematoma,
lead breakage, device migration etc.). The mechanisms of
action of VNS have been recently reviewed, but still remain
unclear [7]. Autopsies of patients with VNS did not reveal
any histopathological changes at the vagus nerve itself or in
the brainstem [8]. While only a minority of patients become
seizure-free (<10%), it is a safe procedure providing seizure
reduction in many patients as well as positive behavioural
changes. This might be due to its antidepressant effect, and
it is of note that VNS received the FDA approval for treatment-resistant major depression in July 2005.

Deep brain stimulation
The first human brain electrical stimulation was performed
in a patient with epilepsy by Krause in 1912 [9]. A review of
previous experiments in electrical stimulation of the mesial
temporal lobe (amygdala and hippocampus), which began

in 1941, can be found in the review by Bancaud and his
colleagues published in 1966 [10].
The rapid increase in the number of publications on
DBS since the 1970s is evidence for the resurging interest in
DBS. The most frequent stimulated sites are the subthalamic
nucleus (STN) [11], the cerebellum [12–17] and various sites
in the basal ganglia or thalamus.
One of the first stimulation sites investigated for the
treatment of epilepsy was the thalamus. Stimulation of
the anterior nucleus of the thalamus has so far been tested
in about 31 patients worldwide with multifocal epilepsy
and symptomatic generalised seizures or partial complex
[18–23]. These studies report that stimulation at a frequency
between 90 and 200 Hz, produces a significant reduction of
the seizure frequency (≥60%) in 16/31 of the patients. There
is currently an ongoing multicenter study in the US, called
the SANTE trial (Medtronic, Minneapolis, MN, USA; Clinicaltrials.gov NCT00101933). The stimulation of the centromedian nucleus of the thalamus, at a stimulation frequency
ranging from 4 to 185 Hz, has been tested in 78 patients
so far [20, 24–26, 32] where it leads to a significant reduction in seizure frequency of generalised tonic-clonic seizures
and of absences, but not of partial complex seizures [23].
Other studies have indicated no reduction in seizure frequency [20, 32]. Stimulation of the centromedian nucleus
of the thalamus has also been investigated as a treatment
of Lennox-Gastaut syndrome [27]. Overall, a seizure reduction of about 80% was achieved and 2 out of 13 patients
became seizure-free. This is a promising result in this difficult-to-treat patient group, but needs to be verified in
further studies.
Similar to DBS in Parkinson’s Disease, the subthalamic
nucleus (STN) has been also explored as a target region
for epilepsy patients, but so far with less success than the
studies of thalamic DBS. Two research groups have studied
STN-DBS in a total of 14 patients with frontal or temporal lobe epilepsy with a stimulation frequency between
100 and 130 Hz [28–32]. A total of 9 patients showed no or
only a slight (≤50%) decrease in their seizure frequency.
In 5 patients, a more significant reduction in seizure frequency (≥50%) was obtained. DBS of the caudate nucleus
was investigated by the group of Chkhenkeli [33]. At
low stimulation frequencies (i.e. 4 to 8 Hz), a decrease
of interictal epileptic activity was found in 41 out of 57 patients with temporal lobe epilepsy, leading to the implantation of a permanent pacemaker in 38 patients. The authors
reported good efficacy regarding generalised tonic-clonic,
complex partial and tonic seizures with reduction frequencies ranging from 70 to 90%, however, this study has not
yet been replicated.
Regarding the stimulation of the cerebellum, the encouraging results that have been reported in animals and uncontrolled studies [34] could not be confirmed by controlled
clinical studies [35, 36]. Only 2 patients out of 17 benefited
from this procedure [37]. However, a recent study reported
that stimulation of the superior-mesial cerebellar cortex in
5 patients with generalised tonicoclonic seizures (4 patients
also with tonic seizures), led to a reduction but not complete suppression of tonicoclonic or clonic seizures after
24 months [38].
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Figure 1

Amygdalo-hippocampal DBS: 3D electrode reconstruction after
coregistration of the CT with the 3D preoperative MRI, in one
seizure free patient.

Amygdalo-hippocampal stimulation (fig. 1) has so far
been applied in 22 patients with temporal lobe epilepsy
[39–41], with overall positive clinical results. Out of these
22 patients, 5 became seizure-free, 10 patients showed a
reduction of seizure frequency of at least 50%, 6 patients
had a reduction of less than 50% and one patient experienced an increase of seizure frequency. In this group, high
frequency stimulations of 130 or 190 Hz, with a pulse width
of 90 or 450 ms, were applied continuously or in intermittent
cycles [39].
With regard to the epilepsy surgery program of
Geneva-Vaud, 8 patients suffering from temporal lobe
epilepsy were subject to DBS and had a follow-up of >1 year
[42]. All patients were initially subject to an extensive
examination to test whether they could be surgical candidates. In all patients, surgery could not be recommended,
due to a high risk of postoperative memory function
impairment (evaluated by neuropsychological testing and
Table 1

Wada tests), and unilateral, continuous DBS of amygdalohippocampal complex was initiated. The optimal electrical
stimulation parameters appear to be different for lesional
and nonlesional mesial temporal lobe epilepsy. A total of
2 patients became seizure-free, one patient before the
stimulation was switched on (fig. 1), suggesting a microlesional effect, and 4 had a >60% seizure reduction; a result
which is in line with the current literature. AH-DBS appears
to be an interesting alternative for temporal lobe epilepsy
patients in whom surgery is not an option. The microlesional
effects should be systematically evaluated by including
periods with stimulation OFF in the appropriate protocols.
Other sites of stimulation have been evaluated in very
small cohorts of patients. Elisevich et al. [43] obtained a
decrease of seizure frequency of 90% in one patient with
postencephalitic epilepsy by the stimulation of the primary
motor cortex. More recently, Franzini et al. [44] obtained
significant reduction in seizure frequency with the stimulation of the posterior hypothalamus in two patients with
multifocal epilepsy (reductions of 75 and 85%), and with
stimulation of the caudal zona incerta in the subthalamus
in another two patients with focal sensorimotor epilepsy
(reduction of 80% in one patient, the other patient became
seizure-free).
Histopathological analyses of the brain tissue of DBS
patients did not reveal any parenchymal alterations due to
the electrical stimulation [45, 46]. While in some cases of
AH-DBS, impairments of memory have been reported [47],
we observed transient impairments of memory functions
only when stimulating large zones or with high intensity.
When stimulation parameters were readjusted, the patients
regained their habitual memory performance. Up to now,
no psychiatric side effects have been reported.
Optimisation of DBS parameters
The previously mentioned studies demonstrate the capacity
of DBS to reduce the frequency of epileptic seizures in
a sufficiently large patient population. Still, the exact

Summary of reported effects on seizure frequencies. VNS: vagal nerve stimulation, DBS: deep brain stimulation, rTMS: repetitive transcranial magnetic stimulation. GTCS: generalized tonic-clonic seizures, TLE: temporal lobe epilepsy. LGS: Lennox-Gastaut Syndrome.
Stimulation device

Site

Effect

Remarks

VNS

Vagal nerve

LGS: Seizure reduction of tonic seizures or other
seizures with falls (80%), atypical absences (90%
in 50% of patients)

Alternative to corpus callosotomy

All other types of epilepsy: in 40–50%, decrease
of >50%, very rarely complete seizure control
DBS

rTMS

Amygdala-hippocampus

Reduction (>50%) or absence of seizure in 70%
of all patients

Works better in nonlesional TLE

Centromedian nucleus
of the thalamus

Major reduction (>87%) or absence of seizure

GTCS, atypical absences in LGS

Anterior nucleus of the
thalamus

Major reduction (mean 60% in most recent studies) Under investigation in a multicenter
study in the US

Subthalamic nucleus

Very variable results, none seizure-free

In patients with epilepsy with focal
seizure onset

Caudate nucleus

Reduction of 70–90%

Examined mainly for TLE

Cerebellum (vermis)

No effect or decrease

Probably works best for GTCS

Applied over vertex
or epileptic onset zones

Very variable results

Only one study with good effects on
cortical dysplasia
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determinants of the therapeutic success (or its absence)
remain unknown. The physical parameters of the applied
stimuli vary considerably between studies and/or are not
controlled. Moreover, the high variability regarding the
individual epilepsy syndrome/epileptogenic site of the
included patients imposes an additional difficulty for the
delineation of optimal stimulation parameters. Preliminary
results in amygdalo-hippocampal DBS suggest that stimulation of epileptogenic zones at a frequency of 130 Hz is able to
reduce or limit the interictal epileptogenic activity, whereas
stimulation at low frequencies (5 Hz) seems to increase the
epileptic activity. Although the relationship between interictal activity and the frequency of seizures is controversial,
a positive correlation seems to be present at least in mesial
temporal lobe epilepsy [48–51].
Patients with focal seizure onset seem to be the best
candidates for stimulation. The potential beneficial effect of
electrical stimulation in various encephalopathies with refractory seizures (e.g. Lennox-Gastaut, Dravet, progressive
myoclonic epilepsy) is not yet known, despite encouraging
results [26, 52, 53].
DBS closed-loop systems
A study is currently underway in the United States to assess
the effectiveness of an intracranial “pacemaker” which
triggers electrical stimulation in response to the detection of
an ongoing seizure through intracerebral electrodes [54, 55].
This system, the NeuroPace RNS system (Mountain View,
CA, USA), is being evaluated for medically refractory partial-onset epilepsy (Clinicaltrials.gov NCT00264810) [56].
Mechanisms of DBS
Different hypotheses have been considered to explain the
observed effects [57]: 1) depolarisation blockade [58] which
is an alteration in the activation of voltage-gated currents
that block neural output near the electrode; 2) synaptic
inhibition [59] which is an indirect inhibition of neuronal
output by means of activation of axon terminals that make
synaptic connections with neurons near the electrode; and
3) synaptic depression [60] which is a synaptic transmission failure of the efferent output of stimulated neurons as
a result of transmitter depletion. Another hypothesis would
be that DBS force the neuronal activity to be synchronised
to a high frequency (i.e. 130 Hz) [61], preventing any other
rate of synchronisation.

itself [65]. Inhibition of epileptic activity with rTMS is based
on the notion that rTMS can achieve a reorganisation of
the cortical circuitry in humans leading to potentially therapeutic effects [66]. The inhibitory effects of low frequency
rTMS have been attributed to the transsynaptic activation
of GABAergic inhibitory interneurons to the recurrent inhibition of the targeted cortical neurons through axonal
collaterals [67]. As a lack of GABAergic surround inhibition
is assumed to be involved in the spreading of local epileptic activity, the concept of inhibitory rTMS in epilepsy with
focal seizure onset is convincing. In epilepsy, rTMS has been
applied either in single sessions to study acute effects on the
number of epileptic discharges, or multiple sessions applied
on five to ten consecutive days. Using this method of application, an antiepileptic effect is thought to accumulate over
days and therefore a decrease of seizure frequency is more
likely to be obtained.
First studies using low frequency rTMS in epilepsy
patients reported promising results with beneficial effects
on seizure frequency and/or number of epileptic spikes after
stimulation [68, 69]. Several case reports and open-label
studies have reported beneficial, some even long-lasting,
reductions of seizures and/or epileptic seizures [70–72] or
complete arrest of seizure signs in a patient with epilepsia
partialis continua [73]. Other studies failed to demonstrate
significant effects on seizure frequencies [74].
A total of 4 placebo-controlled human studies have been
published so far. Fregni et al. [75] found a significant reduction of epileptic spikes and long-lasting (>2 months) significant seizure reduction after five days of 1Hz rTMS in the real
rTMS group only. Theodore et al. [57] used 1Hz rTMS and
found a nonsignificant reduction of seizures after real stimulation. Tergau et al. [76] did not find significant differences
after 1Hz stimulation. Using 0.3 Hz stimulation, they found
a significant decrease of seizure frequencies during the
stimulation period only, and when compared to baseline
but not to placebo. Cantello et al. used 0.3 Hz stimulation on
five consecutive days showing a nonsignificant reduction of
seizures and epileptic spikes in the active stimulation
group [77]. Despite promising results regarding seizure
reduction at least in some studies, rTMS as a therapeutic
option has not yet become a routine application. The rather
mild and variable success rate together with the relatively
time consuming application on several consecutive days
has prevented its clinical utilisation until now [78, 79]. A
relatively new stimulation protocol is theta burst stimulation with which longer-lasting excitability changes can be
obtained even after few seconds of stimulation [80].

Transcranial Magnetic Stimulation
Conclusion
Repetitive Transcranial Magnetic Stimulation (rTMS) is
a noninvasive method for cortical stimulation, based on
principles of electromagnetic induction. Small intracranial electrical currents are generated by a strong fluctuating
extracranial magnetic field [62–64]. rTMS has been applied
with therapeutic attempts in several pathologies such as
depression, pain, tinnitus and stroke, and also in epilepsy
patients. Low frequency (<1 Hz) rTMS decreases the cortical excitability, outlasting the duration of the stimulation

VNS is an established palliative epilepsy treatment, leading
to significant seizure reduction in approximately half of all
implanted patients. Its good effect on mood and behaviour
has now been described in several studies, leading to its FDA
approval also for major depression. In some patients with
drug-resistant epilepsy, intracerebral electrical stimulation is
gaining importance as an alternative treatment option. The
majority of patients treated with DBS showed a decrease in
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seizure frequency, and in rare cases, even complete seizure
control. Larger clinical studies are necessary to determine
the role of DBS, and are currently underway for the thalamic
and neocortical DBS. Repetitive TMS, on the other hand,
still has a controversial effect and has not gained clinical
acceptance so far.
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