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ABSTRACT
Purpose of Review: The purpose of this review is to provide an evidence-based
update on the neurostimulation options available for patients with drug-resistant
epilepsy in the United States and in European countries.
Recent Findings: The field of neurostimulation for epilepsy has grown dramatically
since 1997, when vagus nerve stimulation became the first device to be approved for
epilepsy by the US Food and Drug Administration (FDA). New data from recently
completed randomized controlled trials are available for deep brain stimulation of the
anterior thalamus, responsive neurostimulation, and trigeminal nerve stimulation.
Although vagus nerve stimulation is the only device currently approved in the United
States, deep brain stimulation and responsive neurostimulation devices are awaiting
FDA approval. Deep brain stimulation, trigeminal nerve stimulation, and transcutane-
ous vagus nerve stimulation are now approved for epilepsy in the European Union. In
this article, the mechanisms of action, safety, and efficacy of new neurostimulation
devices are reviewed, and the key advantages and disadvantages of each are discussed.
Summary: The exponential growth of the field of neuromodulation for epilepsy is an
exciting development; these new devices provide physicians with new options for
patients with drug-resistant epilepsy.
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INTRODUCTION
The Drug-Resistant Patient
Drug-resistant epilepsy is a serious
medical condition characterized by
uncontrolled seizures after exposure
to two or more appropriate antiepilep-
tic drugs (AEDs) at therapeutic
doses.1,2 Although 47% of patients
become seizure free after exposure to
the first AED, only 10% become seizure
free after exposure to subsequent
AEDs.1 There is a sizable body of evi-
dence that resective epilepsy surgery
for suitable candidates is the most
effective therapy for drug-resistant
epiplepsy.1,3 Level I evidence indicates
that for patients who are candidates
for temporal lobectomy, epilepsy sur-
gery is superior to medical therapy.1,3

In a landmark study, 80 subjects with
temporal lobe epilepsy were random-

ized to surgery or medical therapy for
1 year.3 At 1 year, 58% of surgically
treated patients were seizure free versus
only 8% in the medically treated group
(P=.001).3 Despite evidence and
growing consensus, epilepsy surgery
is underutilized.1,4 To increase physi-
cian awareness of this curative therapy,
a new online tool has been developed
to assist the physician in decision
making; this helpful tool can be found
at www.epilepsycases.com.5

While epilepsy surgery is the most
effective therapy for properly selected
patients with drug-resistant epilepsy,
especially temporal lobe epilepsy, many
patients are not surgical candidates.
Twenty percent to 40% of drug-resistant
patients may not have temporal lobe
epilepsy. In patients with frontal, parie-
tal, or occipital onset seizures, surgical
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outcomes are generally inferior to tem-
poral lobe epilepsy. In addition, many
patients with drug-resistant epilepsy
have bitemporal, bilateral, or poorly
localized epilepsy, or epilepsy arising
from critical or eloquent cortex; in
these patients, a neurostimulation de-
vice approved by the US Food and Drug
Administration (FDA)Vcurrently,
vagus nerve stimulation (VNS)Vmay
be considered.

NEUROSTIMULATION FOREPILEPSY
Neurostimulation has emerged as a
potential alternative to failed anti-
epileptic drug therapy for patients with
drug-resistant epilepsy. Since VNS be-
came the first device approved by the
FDA for epilepsy, several new therapies
have been developed. These include
deep brain stimulation of the anterior
nucleus of the thalamus (DBS), respon-
sive neurostimulation (RNS), trigeminal
nerve stimulation (TNS), and transcuta-
neous vagus nerve stimulation (t-VNS).6Y12

At this writing, only VNS is FDA-
approved for use in the United States,
although applications for approval of
DBS and RNS devices are pending be-
fore the FDA. In the European Union,
DBS, external TNS (eTNS), and t-VNS
(in addition to VNS) each received
European Conformity (or CE, for
Conformité Européenne) marking,
meaning that these therapies are or
will be available for the estimated 4
million people with epilepsy through-
out the European Union. Thus, neu-
rologists in Europe will soon have
access to four devices for the patient
with drug-resistant epilepsy. A ran-
domized trial of t-VNS is in progress
for which results are not yet available.

Vagus Nerve Stimulation
The vagus nerve is one of the largest
cranial nerves, with both afferent (80%
to 90%) and efferent fibers (10% to
20%).12,13 Afferent fibers project from

gastric and pulmonary structures and
project to the nucleus solitarius in the
medulla.12,13 Efferent fibers project
primarily from two subnuclei: (1) the
dorsal motor nucleus of the vagus nerve,
which projects to the pharynx, larynx,
and gastrointestinal tract, and (2) the
nucleus ambiguous, which modifies
heart rate and heart-rate variability,
providing parasympathetic control of
the heart.12,13 Cardiac branches of the
left vagus nerve innervate the atrioven-
tricular (AV) node, and cardiac branches
from the right vagus nerve innervate
the sinoatrial (SA) node. It has been
assumed that right VNS or bilateral VNS
may cause bradycardia because of the
direct innervation of the SA node.
However, although bradycardia could
occur rarely with left VNS, the settings
approved by the FDA have been
designed into the programming soft-
ware to minimize or eliminate any
clinically significant adverse effects on
the heart. In fact, VNS has had an ex-
cellent track record of safety, with very
rare cardiac side effects.6Y8 The vagus
nerve is accessed by the surgeon in the
midcervical portion of the neck where
branching is minimal and the nerve lies
beneath and between the carotid artery
and the jugular vein. Implantation of
the distal portion of the lead electrode
requires incision of the fascia of the
carotid sheath and reflection of the
jugular vein laterally and carotid ar-
tery medially. The vagus nerve is best
mobilized by placing the electrode
under the vagus nerve trunk, then
attaching the electrode contacts care-
fully to avoid excessive manipulation of
the nerve. The nerve has a rich but
delicate network of small vessels sur-
rounding the epineuria; damage from
excessive manipulation or traction
could cause local ischemia to the nerve
and lead to vocal cord paralysis, which
may result in swallowing dysfunction
or hoarseness.7,8

KEY POINTS

h Failure of the first or
second antiepileptic
drug in a patient
is a predictor of
drug-resistant epilepsy.

h Physicians can go to
www.epilepsycases.com
to help them determine
whether the patient is a
candidate for epilepsy
surgery.

h Deep brain stimulation
of the anterior thalamus
is approved in the
European Union for
epilepsy. It is not yet
approved in the
United States.

h Deep brain stimulation
of the anterior thalamus
and responsive
neurostimulation are
awaiting approval by
the US Food and Drug
Administration.

h Vagus nerve stimulation
is the first device for
epilepsy approved by
the US Food and Drug
Administration; it is also
approved by the
European Union.
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Since its approval in the United
States in 1997, and in Europe and
Canada in 2001, over 100,000 patients
have been implanted through Decem-
ber 2012 with a VNS device.14 The
overwhelming majority of those pa-
tients have drug-resistant epilepsy; a
small number had treatment-resistant
depression. The evidence for efficacy
was demonstrated by two random-
ized, double-blind, active-controlled
trials.6,7 The VNS pivotal study ran-
domized 196 subjects to treatment
with VNS at 30 seconds on, 5 minutes
off at a stimulus frequency of 30 Hz.
Active-control settings were 30 sec-
onds on, 180 minutes off, at 1 Hz.7

Subjects with drug-resistant epilepsy
with six or more seizures per month
entered a 3-month baseline and were
then implanted and followed for 3
months of double-blind treatment.7

VNS was well tolerated, with voice al-
teration or hoarseness (66%) and ex-
cessive cough (45%) being the most
common adverse side effects.7 Vocal
cord paralysis occurred in two patients
(1%), and device infection occurred
in three patients (1.5%).7 The results
demonstrated that VNS was superior
to active control, with a median re-
duction of seizure frequency of 28%
in the treatment group compared with
15% in the active-control group (P=.04).7

The 50% responder rate, defined as the
percentage of patients with a 50% or
greater reduction in seizures, was 23%
for the treatment group versus 15.7% for
the active control group.7 At 1 year, the
50% responder rate improved to 35%,
and the median reduction in seizures
increased from 28% to 45%.8

Starting a patient on VNS therapy
involves the programming of several
parameters, including current, pulse
duration, frequency, on and off time,
and magnet current. The clinician may
be tempted to adjust these settings too
high at first in an attempt to improve

response, or to use high currents or
on/off cycles to improve efficacy rap-
idly. A measured approach based on
years of experience and published data
is shown in Table 10-1,15 which pro-
vides a suggested protocol for the
initiation and titration of VNS. There
is little evidence that the use of very
high currents or duty cycles early in
therapy improves response. It may
take several weeks or a few months
for a patient to respond to a change in
device settings (Case 10-1). Avoid using
excessive currents or pulse width that
may cause discomfort, severe throat
tightness, or shortness of breath. Always
aim to use settings that promote patient
comfort and safety. For physician infor-
mation and a full discussion of safety
and adjustment of parameters, go to
us.cyberonics.com/en/vns-therapy-for-
epilepsy/healthcare-professionals. Note
that VNS may be MRI compatible under
special circumstances that require
strict adherence to specific protocols.
These protocols can be found at the
above website. Per the manufacturer,
transmit and receive radio frequency
(RF) head coils may be used under
specific conditions, but an MRI should
be performed only after careful review
and preparation in consideration of
these guidelines.

Recently, a noninvasive form of VNS
called t-VNS received approval in the
European Union. T-VNS involves unilat-
eral external transcutaneous stimulation
of the auricular branch of the vagus
nerve using an external pulse generator
and external lead placed in the pinna.16

A pilot feasibility trial of 10 subjects was
recently published, using low-frequency
stimulation at 10 Hz for 1 hour 3 times
daily for 9 months.16 Three patients
exited the study because of adverse ef-
fects: hoarseness, headache, and
obstipation (constipation) were the
principal side effects reported.16 Al-
though no patients experienced a 50%

KEY POINTS

h Vagus nerve stimulation
is generally well
tolerated. Serious side
effects (eg, vocal
cord paralysis, device
infection) occur in 1%
to 1.5% of patients.

h Vagus nerve stimulation
is associated with a
long-term responder rate
of approximately 35%.
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reduction in seizures, one subject ex-
perienced a 45% reduction in seizures,
and another subject reported a 48%
reduction.16 A European multicenter
study of t-VNS is in process to better
define the safety and efficacy of t-VNS
for drug-resistant epilepsy.

Deep Brain Stimulation of the
AnteriorNucleusof the Thalamus
The anterior nucleus of the thalamus is
a core component of the Papez circuit,
the network formed by the amygdala,

hippocampus, fornix, mammillary body,
anterior nucleus of the thalamus, and
the cingulate gyrus.17 Electrical outflow
from the amygdala and hippocampus
projects through this circuit, including
the anterior thalamus. The anterior thal-
amus is thought to serve as a relay sta-
tion, which can amplify and synchronize
seizure discharges from the hippocam-
pus and the central and posterior thala-
mus.17 Since the anterior thalamus may
serve to enhance seizure activity in
this circuit, inhibition of the anterior

TABLE 10-1 Possible Vagus Nerve Stimulation Parameters and Initial Programming Settings
for Vagus Nerve Stimulationa,b

Parameters Typical Starting Settings Range Comments

Output current Start at 0.25 mA 0.25Y3.50 mA Watch for hoarseness and cough
as current is increased.

Increase gradually up
to 0.5Y1.0 mA at first
programming visit as tolerated
without excessive hoarseness

Excessive hoarseness or throat
tightness should be avoided; use
current that is well tolerated.

Increasing long-term efficacy may be
partly related to increased output
current over first year.8

High currents may drain battery life.
Frequency 30 Hz 15Y30 Hz

On time 30 s 7Y60 s

Off time 5 min 7 s to 180 min Start with off times of 5 minutes.

Shorter off times or higher ratios of
off times to on times (also known as
higher duty cycles) may improve
outcome in nonresponders (eg,
increasing on/off time from 30 seconds
on and 5 minutes off to 30 seconds
on and 1.1 minute off).

Reducing off time from every
5 minutes to every 1.1 minute
or less will reduce battery life.

Pulse duration 250 2s 130Y1000 2s Consider using pulse duration of
250 2s to reduce cough and
hoarseness.

Pulse durations less than 250 2s
(ie, 130 2s) may reduce efficacy.

a Adapted with permission from Heck C, et al, Neurology.15 B 2002, American Academy of Neurology. www.neurology.org/content/59/
6_suppl_4/S31.short?sid=51675fb3-2184-4bbc-bcae-6ce599581c8c.

b See Heck C, et al, Neurology15 for a full discussion of vagus nerve stimulation parameters.
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thalamus by electrical stimulation can
prevent and abort seizures.9,17Y22 In a
seminal study published in 1972, it was
noted that lesions of the ventral ante-
rior thalamus significantly reduced the
frequency and duration of electro-
graphic seizures induced by local injec-
tion of tungstic acid gel.18 Similarly,
lesions of the anterior thalamus in-
hibited clinical seizures induced by
the alumina cream model in primates.
The evidence supports a key regula-
tory role of the anterior nucleus in
the propagation and regulation of sei-
zures.17,19 In addition to lesions, bilat-
eral high-frequency stimulation in
animal models inhibits seizures, likely
through inhibition of the thalamus.20

Recent evidence indicates that low-
frequency stimulation, when bilat-
eral, can also reduce seizures in an
amygdala-kindling model, with theoret-
ically lower risk of worsening seizures.17

Stimulation of the anterior nucleus
in humans involves the surgical im-
plantation of multicontact depth elec-

trode leads bilaterally into the anterior
nucleus using a stereotactic approach.
Axial and coronal T1-weighted three-
dimensional magnetic resonance im-
ages are used for targeting. The anterior
nucleus is easily visualized in coronal
or sagittal sections as a protrusion on
the floor of the lateral ventricles. The
target for the lead tips is generally 5 to
6 mm lateral to the midline, 3 mm
posterior to the midcommissural plane,
and 12 mm superior to the inter-
commissural line. These coordinates
correspond to the posterior and inferi-
or portion of the anterior nucleus,
allowing at least two contacts to be
located within the boundaries of the
anterior nucleus (Figure 10-1). In con-
trast to DBS surgeries for movement
disorders, anterior nucleus implanta-
tions can be performed under general
anesthesia because intraoperative stim-
ulation of the anterior nucleus and
surrounding regions is imperceptible
by most patients. After the target has
been defined, the guide cannula for

Case 10-1
A 32-year-old woman with Lennox-Gastaut syndrome and psychosis had
severe drop attacks, which were poorly controlled despite treatment with
multiple antiepileptic drugs. The patient became nearly seizure free
when exposed to oxcarbazepine; however, she experienced severe
worsening of her psychosis, possibly due to induction via the cytochrome
P450 enzyme system. When oxcarbazepine was discontinued, her behavior
improved, but both generalized tonic-clonic and drop attacks worsened.
A vagus nerve stimulation (VNS) system was implanted. Postoperatively,
the patient reported severe hoarseness and difficulty swallowing. Evaluation
of her vocal cords demonstrated complete paralysis of the left vocal cord,
and a swallowing study confirmed aspiration with thin fluids. A dysphagia
diet and swallow therapy was initiated. Over the next year, the swallowing
dysfunction improved, but vocal cord paresis continued; however, over that
same year, the frequency of drop and generalized tonic-clonic seizures
gradually improved, total seizure frequency decreased over 50%, and drop
attack frequency was reduced over 75%.

Comment. The efficacy of VNS may improve over the first year of
therapy. Vocal cord paralysis and swallowing dysfunction are important
complications of VNS for which the physician should be vigilant.
Fortunately, hoarseness and swallowing dysfunction secondary to vocal
cord paralysis may improve over time.
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the lead is lowered into place. Because
the anterior nucleus lies just beneath
the floor of the lateral ventricle, it is
important to advance the cannula all
the way to the target. Leads that are
advanced to the target from cannula
tips located within the lateral ventricle
are prone to misplacement because of
a tendency for the flexible lead to be
diverted off-course by the ventricle’s
relatively dense ependymal surface.
This ependymal surface can often be
felt when the cannula is lowered by
hand. The cannula can be withdrawn
once the lead has been lowered into
place. Intraoperative fluoroscopy is
useful in confirming that the lead has
penetrated the ventricle and is appro-
priately placed in the anterior nucleus.
In the pivotal DBS study, four-contact
leads were used because of the rela-
tively large size of the anterior nu-
cleus.9 Both right and left leads were
tunneled subcutaneously and connected
to a dual-channel pulse generator lo-

cated in a subcutaneous pocket formed
in the right subclavicular region of the
chest. Since DBS produces little to no
observable effects on patients when
initial programming is performed, se-
lection of proper contacts relies heavily
on postoperative imaging. Because the
average height of the human anterior
nucleus is 6 mm, one or two contacts
will typically be located entirely within
the anterior nucleus of the thalamus
bilaterally, right and left.

DBS: Multicenter randomized
controlled trial. The pivotal DBS trial
was designed to provide randomized
controlled evidence of the safety and
efficacy of DBS for epilepsy.9 One
hundred nine subjects aged 18 to 65
with six or more simple, complex, or
generalized tonic-clonic seizures were
included for study.9 The subjects were
highly refractory, averaged 19 sei-
zures per month, and had an average
duration of epilepsy of 22 years. Prior
treatment with VNS had failed in 45%

FIGURE 10-1 Deep brain stimulation: anterior nucleus
of the thalamus. Sample T2-weighted MRI
of deep brain stimulation leads placed

bilaterally into the anterior nucleus of the thalamus.
Contact 6 is located on the electrode placed in the right
anterior thalamic nucleus, and contact 2 is located on the
electrode placed in the left anterior thalamic nucleus.
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of the subjects.9 Subjects who met in-
clusion and exclusion criteria entered
a 3-month baseline period, after which
they underwent implantation, were ran-
domized to receive active treatment or
no stimulation (placebo), and then en-
tered a 3-month double-blind treatment
period. During the double-blind treat-
ment period, active-treatment patients
received the following stimulation set-
tings (output is set in voltage, not cur-
rent): output = 5 V, pulse-width = 90 2s,
stimulation frequency = 145 Hz, on
time = 1 minute, off time = 5 minutes.
At the end of the double-blind period, all
subjects were treated at these settings
for at least 3 months, and then parame-
ters could be titrated upward to either
185 Hz or 7.5 V. An intermittent on/off
cycle was utilized to preserve battery life
(similar to the VNS study), with stimula-
tion at 1 minute on and 5 minutes off.9

DBS was well tolerated.9 Depres-
sion (14.8% in the treatment group
versus 1.8% in the control group) and
memory impairment (13% in the active-
treatment group versus 1.8% in con-
trols) were the most common adverse
events and occurred significantly more
often in the treatment group compared
with controls.9 Asymptomatic hemor-
rhage occurred in 4.5% of subjects
overall, but no disability or death was
attributed to the hemorrhages.9 Device
infection occurred in 12.7% (n = 14) of
all subjects, leading to hardware re-
moval in nine subjects but reimplan-
tation in three.9 Death occurred in 4.5%
of subjects with a mean follow-up of 3
years (n = 5), primarily due to sudden
unexpected death in epilepsy (n = 3),
one before implantation; drowning
(n = 1); and suicide (n = 1).9 No pa-
tient died directly because of the de-
vice, and none died during the acute
treatment period.9

During the DBS pivotal trial, efficacy
tended to increase from 1 month to
3months for the active-treatment group.

The median percent reduction in sei-
zures improved from 22% postopera-
tively to 33.9% at 1 month, 42.1% at 2
months, and 40.4% at the end of the
double-blind period. For the entire
acute study period, the median reduc-
tion in seizures was 38.8% for the
treatment group versus 22.8% for the
sham control group.9 In the last month
of the blinded phase, a median seizure
reduction of 40% was achieved for the
treatment group, compared to 14% for
the control group. Interestingly, efficacy
depended largely on the region of
seizure origin. Temporal lobe seizures
responded best to DBS.9 Subjects with
temporal lobe epilepsy experienced a
44% reduction in seizures in the active
treatment group versus 22% in con-
trols, while there was no significant dif-
ference between the two groups in the
frequency of seizures originating in the
frontal, parietal, or occipital regions.9

The authors speculate that DBS may
have a greater effect on seizures of
temporal origin because of the role of
the anterior nucleus role in modulating
outflow from the amygdala and hippo-
campus via the Papez circuit.9

Responsive Neurostimulation
Penfield first demonstrated that stimu-
lation of electrodes placed over the
cerebral cortex during electrocorticog-
raphy could abort electrical seizure
activity. Since then, it has become
widely reported in both animals and
humans that electrical stimulation can
abort electrical and clinical seizures.
The NeuroPace Responsive Neuro-
stimulation System consists of a pulse
generator, seizure detection software,
and recording and stimulating intracra-
nial electrodes.11,23,24 The depth or
subdural electrodes are placed in close
proximity to the seizure focus, which
must be clearly defined before implanta-
tion by surface or depth electrode video-
EEG evaluation. Unlike other systems,

KEY POINTS

h Side effects of deep
brain stimulation of
the anterior thalamus
include depression
(14.8%), memory
problems (13%),
hemorrhage (4.5%),
and infection (12.7%).

h No deaths due to
hemorrhage or infection
occurred in the pivotal
trial of deep brain
stimulation of the
anterior thalamus.

h In a phase III
randomized controlled
trial of deep brain
stimulation of the
anterior thalamus, the
active-treatment group
experienced a 38.8%
reduction in seizures
versus 22.8% in the
control group.
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which regularly deliver preprogrammed
stimulation designed primarily to pre-
vent seizures, the NeuroPace RNS sys-
tem works by detecting a seizure and
then delivering a stimulus designed to
disrupt and terminate the electrical
component of the seizure at its point
of origin (Figure 10-2).11,23,24

The RNS system is currently an
investigational device (approval pend-
ing before FDA). The device is
implanted by an experienced team,
which determines that the epileptic
focus is either bilateral or cannot be
safely resected surgically (eg, eloquent
cortex or motor cortex). Key to suc-
cessful implantation is identification of
one or two seizure foci on surface or
intracranial video-EEG monitoring. In
the pivotal trial of RNS, 59% of sub-
jects underwent prior intracranial
video-EEG monitoring, and 41%
underwent surface EEG monitoring
exclusively, indicating that many can-

didates can be identified using surface
video-EEG telemetry.11

In 2011, the results of the random-
ized double-blind controlled clinical
trial of RNS were reported.11 The 240
subjects enrolled were aged 18 to 70
with three or more disabling partial
seizures per month (ie, simple partial,
complex partial, or secondarily gener-
alized seizures).11 Of these, 191 sub-
jects were implanted with an RNS
device. Of all subjects, 50% had tem-
poral lobe epilepsy, 55% had two
discrete electrical foci, and 34% had
undergone prior VNS; 97 subjects
were randomized and implanted with
active RNS treatment, and 94 subjects
were randomized to sham RNS.11

Sham subjects were all implanted with
an RNS device, but the device was
not activated. Subjects first entered a
3-month pretreatment baseline and
were subsequently implanted with the
RNS device. After a 4-week perioperative

FIGURE 10-2 Stimulation with responsive neurostimulation showing rapid termination of a
seizure with an electrical pulse.

Reprinted with permission from Martha Morrell, MD, FAAN, NeuroPace, Inc.
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period, subjects underwent a 4-week
titration of stimulation and stimulus
optimization, followed by a 12-week
double-blind treatment period. The re-
sults are summarized in Figure 10-3.11

For the sham group, the initial per-
cent reduction in seizure frequency
was 25% at month 1. This reduction
was transient, however, and the per-
cent reduction progressively deterio-
rated to 17% at month 2 and 9% at
month 3.11 In contrast, the active-
treatment group demonstrated a steady
and significant improvement in sei-
zures, from a reduction of 34% at
month 1, to 39% at month 2, and to
41.5% at month 3.11 The between-
group improvements for active versus
sham were significant at month 2 and
month 3. The total seizure reduction
for the entire treatment period was
37.9% for the active-treatment group
versus 17.3% for the sham group.11

Overall, the between-group changes in
seizure frequency met the pre hoc
primary outcome measure for change
in seizures in the 3-month double-blind
treatment period and were significant at
the 0.01 level (see Figure 10-3).11 The
results from this trial are currently being
evaluated by the FDA as part of the
application for approval of theNeuroPace
RNS system for use in patients with
epilepsy in the United States.

Trigeminal Nerve Stimulation
TNS is the newest neuromodulation
device for epilepsy. ETNS received a
CE mark in September 2012 and is
approved for adults and children aged
9 and older as adjunctive therapy for
either epilepsy or depression in the
European Union. In the United States,
phase I and phase II clinical trials have
been completed, and themanufacturer
is in the process of submitting an

KEY POINTS

h In the phase III
randomized controlled
trial of responsive
neurostimulation, the
treatment group had a
37.9% reduction in
seizures versus 17.3%
seizure reduction in
controls.

h External trigeminal
nerve stimulation is
approved in the
European Union for
adults and children
aged 9 and older with
epilepsy and depression.

FIGURE 10-3 Responsive NeuroStimulation. Active versus sham stimulation during the pivotal
randomized controlled trial.

RNS = responsive neurostimulation.

Data from Morrell MJ, Neurology.11 www.neurology.org/content/77/13/1295.short?sid=
56ee15ee-e3c1-457f-9776-95b26cd33fe8.
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investigational device exemption to
the FDA for a pivotal trial.10,253

Basic science and mechanism of
action. The trigeminal nerve is the
largest cranial nerve, which projects to
key brainstem structures associated
with inhibition of seizures (ie, nucleus
tractus solitarius, vagus nerve nuclei),
and the thalamus and cerebral cortex,
both involved with the regulation and
genesis of seizures.10,16,26Y29 The tri-
geminal nerve also projects to impor-
tant structures related to mood and
attention, specifically the medial fron-
tal cortex and cingulate gyrus.27 Ani-
mal data indicate that stimulation of
the trigeminal nerve and its related
structures inhibit seizures.30 In a se-
ries of studies, a rat pentylenetetrazole
seizure model was used to demon-
strate that infraorbital TNS results
in reductions in seizure activity.30,31

These studies concluded that the mag-
nitude of the seizure-reduction effect
increases as the amplitude and fre-
quency of stimulation increase, and
that bilateral stimulation is more effec-
tive than unilateral stimulation.30,31

More recently, Fanselow and colleagues
measured cortical local field potentials
with unilateral stimulation of the trigem-
inal nerve in a rat model and confirmed
that TNS results in direct inhibition of
pyramidal cortical neurons contralateral
to the side of stimulation.31 This pro-
vides further support for the antiepilep-
tic effect of TNS and may explain why
bilateral stimulation is more effective
than unilateral stimulation.30,31

In a pilot feasibility trial, 14 subjects
with severe epilepsy were enrolled in
an open-label feasibility study of
eTNS.10 Subjects entered a 1-month
pretreatment baseline and were there-
after treated with eTNS for a minimum
of 12 hours daily; they were allowed to
control the amplitude of current de-
livered and were instructed to use the
maximum comfortable level. ETNS

was well tolerated during the initial 3-
month treatment period.10 Side ef-
fects were generally mild and included
skin irritation, tingling, forehead pres-
sure, and headache. At 3 months, the
mean seizure frequency was reduced
by 66% (P=.05), and in long-term
follow-up, five subjects experienced
greater than 50% reduction at 6 and
12 months (responder rate of 42%,
based on intent-to-treat analysis.10

Based on these positive results, a
double-blind, randomized controlled
trial of eTNS in 50 subjects with
drug-resistant epilepsy was initiated.25

ETNS was well tolerated, and adverse
events were generally mild. Headache
(4%), anxiety (4%), and skin irritation
(14%) were the most common side
effects. Results of the responder analy-
sis are shown in Figure 10-4. The
responder rate, defined as the per-
centage of individual subjects who had
a 50% or greater reduction in seizure
frequency, increased significantly for
the active-treatment group to 40.5% at
18 weeks. For the entire 18-week treat-
ment period, the responder rate for
the entire study was 30.2% for the
treatment group versus 21.1% for
the control group.25 Mood (as measured
by the BeckDepression Inventory) dem-
onstrated significant improvements
within and between groups, with greater
than 50% improvements in mood
scores for the active treatment group.

Summary
As a group, these neurostimulation de-
vices offer the neurologist an ever-
evolving armamentarium to address
the problem of drug-resistant epilepsy.
Results from the key randomized clini-
cal trials published to date for DBS,
eTNS, RNS, and VNS show that the
responder rate for each of these devices
ranges from 23% to 30% for the acute
double-blind trial period, and 35% to
43% at 1 year.32 These long-term

KEY POINTS

h External trigeminal
nerve stimulation is
not approved and is
investigational in the
United States.

h Side effects of external
trigeminal nerve
stimulation include skin
irritation, headache,
and anxiety.

h In a phase II randomized
controlled trial of
external trigeminal
nerve stimulation, the
responder rate was
30.2% overall.
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responder rates reveal that the efficacy
of neurostimulation generally tends to
increase over time, which may be a
function of long-term inhibition or po-
tentiation of the key neural networks
involved.

As new neurostimulation therapies
come online in the European Union
and the United States, it may be helpful
to consider the relative advantages and
disadvantages of each device. The role
of these devices will evolve as physi-
cians and epilepsy centers develop
more experience. Noninvasive devices
are currently approved for use only in
the European Union but offer the
advantage of low cost, safety, and the
ability to assess efficacy without a sur-
gical procedure. Implantable systems
(ie, VNS, DBS, RNS) offer the advantage
of 24-hour stimulation without the

need for application of an external
electrode or daily adjustment of an ex-
ternal pulse generator. VNS may be a
good option in patients who are not
good resection surgery candidates
(poorly localized epilepsy). VNS can be
implanted in an outpatient procedure
without the risk of intracranial hemor-
rhage or infection. DBS (currently ap-
proved in the European Union only) is
useful when the seizure focus is bilat-
eral or poorly defined, but it carries the
risk of intracranial hemorrhage and
infection. RNS has similar risks to DBS
but offers significant flexibility and the
ability to stimulate bilaterally or over
eloquent or motor cortex.

The online tool at www.epilepsycases.
com can help the practicing physician
determine whether the patient is a
resective surgery candidate.

FIGURE 10-4 Trigeminal nerve stimulation: active treatment versus control. Randomized
controlled trial in 50 subjects with drug-resistant epilepsy. Responder analysis
after 18 weeks: 40.5% of patients in the treatment group were responders

versus 15.6% in the active control (P=.078, general estimating equation [GEE]). The increase in
responders within the treatment group from week 6 to week18 (the end of the trial) was highly
significant (P=.01, GEE).

eTNS = external trigeminal nerve stimulation.

Data from DeGiorgio CM, et al, Neurology.25 www.neurology.org/content/80/9/786.short?sid=f1f4e081-f993-
45ff-9c24-b7a28d4590f1.
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CONCLUSION
New devices for drug-resistant epi-
lepsy are rapidly evolving and offer
physicians and patients new options.
Both noninvasive and invasive devices
are now available in the European
Union. While VNS is the only device
currently approved in the United States,
applications for approval of DBS and
RNS are pending before the FDA.
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