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Summary: Epilepsy is a common chronic neurological disor-
der affecting �1–2% of the population. Despite the available
treatment options (pharmacotherapy, surgery, and vagus nerve
stimulation), a large percentage of patients continue to have
seizures. With the success of deep brain stimulation for treat-
ment of movement disorders, brain stimulation has received
renewed attention as a potential treatment option for epilepsy.
Responsive stimulation aims to suppress epileptiform activity
by delivering stimulation directly in response to electrographic
activity. Animal and human data support the concept that re-
sponsive stimulation can abort epileptiform activity, and this
modality may be a safe and effective treatment option for
epilepsy. Responsive stimulation has the advantage of speci-
ficity. In contrast to the typically systemic administration of

pharmacotherapy, with the concomitant possibility of side ef-
fects, electrical stimulation can be targeted to the specific brain
regions involved in the seizure. In addition, responsive stimu-
lation provides temporal specificity. Treatment is provided as
needed, potentially reducing the likelihood of functional dis-
ruption or habituation due to continuous treatment. Here we
review current animal and human research in responsive brain
stimulation for epilepsy and then discuss the NeuroPace RNS
System, an investigational implantable responsive neurostimu-
lator system that is being evaluated in a multicenter, random-
ized, double-blinded trial to assess the safety and efficacy of
responsive stimulation for the treatment of medically refractory
epilepsy. Key Words: Epilepsy, responsive stimulation, neuro-
stimulation, device, closed-loop.

INTRODUCTION

Epilepsy is a common chronic neurological disorder
affecting �1–2% of the population in the United States.1

Despite the available treatment options (pharmacother-
apy, surgery, and vagus nerve stimulation), a large per-
centage of patients continue to have seizures. Pharmaco-
therapy is the standard of care for epilepsy patients.
Nevertheless, �30% of patients continue to have sei-
zures or experience medication-related side effects such
as nausea, dizziness, drowsiness, and weight gain.2,3

Surgery is an option for some patients. Although an-
terior temporal lobectomy in persons with mesial tem-
poral sclerosis can achieve a 1- to 2-year remission in
�85% of cases,4 resection of a well-defined neocortical
lesion achieves 1-year seizure remission in only 56%. In
addition to the typical risks associated with a craniotomy
and general anesthesia, complications of surgery may
include memory, language, visual, sensory, or motor def-
icits.4 Moreover, many persons are not candidates for
surgery because the epileptogenic region involves func-

tional cortex and the risks of postoperative neurological
deficits are too high.
Vagus nerve stimulation (VNS) is another option for

patients with medically refractory epilepsy. In the con-
trolled trials leading to market approval, adults with par-
tial onset seizures treated with optimal VNS stimulation
parameters had a median seizure reduction of 25–30%,
and �2% experienced seizure freedom at 1 year.5 Given
the limitations of currently available therapy options,
new approaches for treating epilepsy are necessary.
Recently, with the success of deep brain stimulation

(DBS) for treatment of movement disorders, brain stim-
ulation has received renewed attention as a potential
treatment option for epilepsy. Ultimately, electrical stim-
ulation may be more tolerable than conventional therapy
options such as pharmacotherapy and surgery because
stimulation parameters can be adjusted for each individ-
ual patient and stimulation can be turned off if adverse
events occur. The earliest report of applying electrical
stimulation to the brain to treat seizures in humans is by
Penfield and Jasper in 1954.6 In their acute experiments,
they observed that in some cases focal electrical stimu-
lation of the exposed cortex resulted in a flattening of the
local electrocorticography (both normal rhythms and
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spontaneous epileptiform discharges). Building on these
initial experiments, numerous studies have been pub-
lished over the last three decades that examine the safety
and efficacy of open-loop and closed-loop, focal and
non-focal electrical stimulation for the treatment of epi-
lepsy.7–9

In the first chronic brain stimulation trials for epilepsy,
electrical stimulation was delivered in an open-loop
manner; that is, therapy was delivered according to a
predefined schedule, independent of physiological activ-
ity. These studies targeted deep brain structures remote
to the epileptic focus, such as the cerebellum, thalamus,
and basal ganglia.10–12 More recent open-loop stimula-
tion paradigms have also included stimulation into the
epileptogenic region, such as the mesial temporal struc-
tures and primary motor cortex.13–15 A review of open-
loop DBS for epilepsy is provided in this issue by Halp-
ern et al.16

In contrast to open-loop stimulation, closed-loop or
responsive stimulation aims to suppress epileptiform ac-
tivity by delivering stimulation directly in response to the
electrographic activity. Due to the technical complexity
of developing an integrated system that provides real-
time electrographic analysis and automatic delivery of
responsive stimulation, few centers have specifically
tested the efficacy of responsive stimulation. Here we
review current animal and human research in responsive
brain stimulation for epilepsy, and then discuss the RNS
system by NeuroPace (Mountain View, CA), an implant-
able responsive neurostimulator system that is currently
being evaluated in a multicenter, randomized, double-
blinded trial to assess the safety and efficacy of respon-
sive stimulation for the treatment of medically refractory
epilepsy.

RESPONSIVE STIMULATION THERAPY FOR
EPILEPSY

Experiments in animal models and in vitro neurophys-
iology suggest that modulating the specific timing of
stimulation might be more efficacious than continuous,
scheduled, or random stimulation. In the 1980s, Psatta17

delivered low-frequency (5 hz) stimulation to the caudate
nucleus in response to spontaneous spikes, which were
detected at the chronic epileptogenic focus (induced by
application of cobalt on the exposed neocortex). He re-
ported that spike depression occurred immediately after
the onset of stimulation, and that responsive stimulation
was more effective than random stimulation to the cau-
date nucleus. In the 1990s, Durand and colleagues18–20

demonstrated success in suppressing spontaneous inter-
ictal bursts in vitro by providing responsive stimulation
directly in the epileptogenic region. Their result sug-
gested that the mechanism for suppression is an inhibi-
tory polarization caused by the transmembrane currents

generated by the applied pulse. These trials in animals
laid the groundwork for responsive stimulation therapy
for epilepsy.
Early experiments to demonstrate the efficacy of re-

sponsive stimulation in humans were acute trials of stim-
ulation performed on patients already undergoing intra-
cranial mapping to localize seizure onsets prior to
epilepsy surgery. During these procedures, electrical
stimulations are applied to the cortex to identify func-
tional and epileptogenic regions; the stimulus intensity is
progressively increased until there is a clinical alteration
or until an after-discharge is produced. Although after-
discharges are not the same as spontaneous epileptiform
activity, they are similar in morphology to spontaneous
discharges and can evolve into clinical seizures.
Lesser et al.21 demonstrated that brief cortical stimu-

lation was effective in terminating after-discharges in an
acute setting. Stimulation amplitude, frequency, and
pulse-width parameters were identical to the mapping
stimulation used to initiate the after-discharge. The ter-
minating stimulus was of a short duration (0.3–2 s),
however, whereas the mapping stimulation was typically
4–5 s in duration. Notably, they determined that longer
burst durations were less likely to stop after-discharges
than shorter durations; for a 1-s increase in stimulation
duration, there was a decreased efficacy of 40%. In a
subsequent experiment, Motamedi et al.22 identified that
stimulation was most effective in terminating after-dis-
charges if they were applied early and at the primary
electrodes (where the mapping stimulus was delivered).
To provide stimulation in response to spontaneous

epileptiform activity, an integrated system that performs
real-time electrographic analyses, and automatically de-
livers stimulation in response to detected events is re-
quired. In the first trials of responsive stimulation of
spontaneous epileptiform activity, large nonimplantable
bedside prototype systems were developed.23,24

Peters et al.23 described one such system to deliver
closed-loop stimulation in response to seizure detection.
The system includes a Neoped 4000 EEG collection
system (Nicolet BMSI, Madison, WI), two personal
computers, custom software for electroencephalography
(EEG) analysis using Visual C		 (Version 6.0; Mi-
crosoft, Seattle, WA) and MATLAB (Version 5.0; Math-
works, Natick, MA), two Grass S12 stimulators (Grass-
Telefactor, West Warwick, RI), and other custom-built
units to interface the components. A specific detection
algorithm for this system using a wavelet transform and
median filter was developed to detect events early and in
real time.25 This algorithm results in earlier detection and
shorter detection latencies compared to commercially
available detection algorithms, which at the time were
designed to detect the body of an event, and not the onset
of an event.26 The median detection latency was 3.6 s for
the generic algorithm. By adapting the filter to the indi-
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vidual subject’s seizures, the detection latency was fur-
ther reduced. In the five subjects with the greatest median
detection delay, the adaptive approach reduced the me-
dian delay from 12.3 to 4.8 s. In almost all cases in which
the electrographic onset preceded the clinical onset, the
detection occurred several tens of seconds before the
clinical onset.27,28

The system was evaluated in a trial of eight patients
undergoing intracranial monitoring.28 In four patients,
responsive stimulation was delivered directly into the
epileptogenic zone; in the other four patients, responsive
stimulation was delivered into the anterior thalamic nu-
cleus. With this study, the investigators demonstrated
that automated responsive delivery of stimulation in
close temporal proximity to the seizure onset was prac-
ticable. The study also provided preliminary evidence
that high-frequency responsive stimulation could be ef-
ficacious, with three of four responders (�50% seizure
reduction) in patients who received stimulation to the
epileptogenic zone and two of four responders in patients
who received stimulation to the anterior thalamus.
Kossoff et al.24 also reported on experience using an

external responsive neurostimulator. This open trial as-
sessed clinical and electrographic effects of cortical stim-
ulation applied to persons hospitalized and implanted
with intracranial electrodes for purposes of localization.
Stimulation was provided by an external device that de-
tected electrographic seizures and applied prepro-
grammed stimulation. The detection tools (described in
greater detail in the next section) were designed to re-
quire low computational power, so that they could be
implemented in an implantable device. The detection
tools are also highly configurable, to provide early and
specific detections individualized for each patient.
The Kossoff et al.24 study reported on four patients

who were treated with responsive stimulation for up to
68 h (range, 6–68 h) of responsive stimulation. In all
patients, responsive stimulation appeared to be safe and
well tolerated. Two patients reported brief transient side
effects, such as sensations in the tongue, facial tingling,
and visual flashes; however, the sensations stopped after
stimulation parameters were changed. Although the
study was not designed to assess efficacy, stimulation
appeared to reduce the number of clinical seizures in
both temporal and extratemporal locations, and electro-
graphic seizures were altered and suppressed during the
period when the patients received responsive stimulation.
In one patient, stimulation also appeared to improve the
baseline electrocorticography.
Evidence from these preliminary studies suggests that

important parameters for responsive stimulation are tem-
poral and spatial specificity. Early detection and accurate
lead placement may thus be key to the success of respon-
sive stimulation.
Whether chronic brain stimulation can exacerbate or

initiate seizures in humans with epilepsy is not com-
pletely known. However, experience with DBS for Par-
kinson’s disease and essential tremor and experience
with vagus nerve stimulation for epilepsy have not raised
clinical concern that these therapies kindle new seizure
foci. Stimulation parameters for creating kindled seizures
differ from the high-frequency, short-duration stimula-
tion delivered to humans with movement disorders or
epilepsy. In fact, this type of stimulation may provide
what is called kindling antagonism, whereby stimulation
in one area can inhibit the development of fully kindled
seizures from another site.29

THE NEUROPACE RNS SYSTEM

Experience with the external responsive neurostimu-
lator24 LED to the development of the first implantable
responsive neurostimulator for epilepsy, the RNS system
by neuropace. This system is capable of performing real-
time seizure detection and delivering responsive electri-
cal stimulation. At this time, the system is being evalu-
ated in clinical trials to assess the safety and efficacy of
responsive neurostimulation for the treatment of medi-
cally intractable partial-onset epilepsy.
The implantable components of the system include a

cranially implanted neurostimulator, and intracranial
depth and strip leads (FIG. 1). The neurostimulator is a
battery-powered, microprocessor-controlled device that
continuously monitors electrographic activity from the
leads and delivers programmable electrical stimulation in
response to detected events. Up to two leads, each con-
taining four electrodes can be connected to the neuro-
stimulator; the system can monitor and deliver respon-
sive stimulation to two distinct epileptogenic zones
independently.
The external components of the system include a physi-

cian programmer, a patient data transmitter, and a telemetry
wand. The programmer is used by the physician to program
detection and stimulation settings and retrieve stored infor-
mation (e.g., electrographic activity) from the neurostimu-
lator. The data transmitter is provided to the patient to allow
uploading and remote monitoring of the device between
clinic visits. The telemetry wand allows wireless commu-
nication between the neurostimulator and the programmer
(or data transmitter). The device data and electrographic
data are uploaded via the Internet to a central patient data
management system and may be reviewed by physicians
using a secure Web browser.

Electrographic sensing and storage
The neurostimulator continuously senses and monitors

electrographic activity through the cortical depth and
strip leads. Due to the constraints of an implanted sys-
tem, the sensed electrographic data are not continuously
recorded; however, the neurostimulator can store seg-
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ments of the electrographic data for review by the phy-
sician. Electrographic data storage can be triggered by
detection, responsive stimulation, scheduled time of day,
magnet (used by the patient to indicate a clinical event),
or other events as programmed by the physician. These
data allow physicians to assess detection sensitivity and
effects of stimulation.

Detection
The detection algorithms implemented in the RNS

Neurostimulator system are designed to be computationally
efficient and are highly optimized to perform real-time sei-
zure detection within the constraints of currently available
implantable technology, such as limited power and process-
ing capabilities. Three detection tools are provided: area,
line-length, and half-wave. The detection tools are highly
configurable and can be adjusted by the physician to opti-
mize the sensitivity and specificity trade-off for each indi-
vidual patient. Up to two independent detectors can be
programmed for any two sensing channels.
The half-wave tool, similar to that described by Got-

man,30 is used to detect spikes and rhythmic activity
occurring in specific frequency ranges. The half-wave
tool segments the electrographic signal at local minima
and maxima, resulting in half-waves, the amplitude and

duration of which are representative of the amplitude and
frequency components of the EEG. Half-waves that ex-
ceed a physician-programmed amplitude and duration
are counted; the number of these half-waves occurring
within a given window length must exceed a certain
threshold for detection to occur. Detection parameters
may be selected to adjust the sensitivity, specificity, and
latency of the detection. For example, a detector may be
configured for early detection (within a fraction of a
second) with as few as two qualified half-waves, whereas
a more specific detector may require several qualified
half-waves that occur over a few seconds.
The line-length algorithm, described by Esteller et

al.,31,32 is used to identify changes in both amplitude and
frequency. The line length is defined as the average of
absolute sample-to-sample differences within a window.
A short-term sliding window average (128 ms to 4 s) is
compared to a long-term sliding window average (4 s to
16 min). A detection occurs when the short-term mea-
surement exceeds an absolute or relative threshold, com-
pared with the long-term measurement. A negative
threshold can also be used to detect decreases in line
length, which may represent a period of electrodecre-
ment or decreased frequency.

FIG. 1. Schematic illustration of the implanted RNS neurostimulator, depth lead, and cortical strip lead (NeuroPace, Mountain View,
CA). The RNS neurostimulator (inset) is designed to match typical skull thickness and curvature, and is intended for implant in a ferrule,
or socket, placed in a craniectomy. Up to two leads may be used with the system; each may be a depth lead or cortical (subdural) strip
lead, and each has four electrode contacts, which are used for sensing and providing stimulation. To provide early seizure detection and
delivery of focal electrical stimulation, leads are positioned using standard neurosurgical techniques as close as possible to the seizure
focus or foci.
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The area feature,33 similar to an energy or power mea-
surement,34,35 is used to identify changes in overall sig-
nal energy without regard for frequency. Area is defined
as the average absolute area-under-the-curve within a
window. As with line length, a short-term window aver-
age is compared to a long-term background window
average, and detection occurs when a positive or nega-
tive threshold is exceeded. The area and line-length de-
tection algorithms are efficient (requiring low computa-
tional power) and can be configured to detect events
within a fraction of a second or to detect more subtle
changes in amplitude, frequency, or power that occur
over several seconds.

Stimulation
The neurostimulator delivers current-controlled,

charge-balanced biphasic pulses; it can be programmed
by the physician to deliver stimulation frequencies rang-
ing from 1 to 333 Hz, current amplitudes from 1 to 12
mA, and pulse-widths from 40 to 1000 �s. The stimu-
lation montage can be configured to deliver current be-
tween any combination of electrodes and the neurostimu-
lator case.
Up to five individually configured sequential therapies

of electrical stimulation may be programmed, where
each therapy is composed of two independently configu-
rable bursts (FIG. 2). The RNS will attempt to redetect
the epileptiform activity after each therapy is delivered.
If the epileptiform activity is still detected, the next (se-
quential) therapy will be delivered. If the epileptiform
activity is no longer detected, the remaining therapies
will not be delivered and the episode ends. The therapy
sequence will refresh with the detection of each new
episode.
Stimulation parameters are determined empirically,

while respecting safety limits for charge density. Accord-
ing to studies of acute36,37 and chronic stimulation,38–41

the risks to the brain of electrical stimulation appear to be
few so long as current densities are low enough to avoid
tissue damage. The RNS system has controls in place at
the programmer and neurostimulator so that current den-
sities remain below a conservative limit of 25 �C/cm2

per phase. In addition, there is evidence that intermittent
(more acute-like) stimulation poses fewer risks to neural
tissue than does continuous stimulation.42–45

The stimulation configuration is also determined em-
pirically. Options include providing bipolar stimulation
across electrode pairs or stimulating across all eight elec-
trodes to the case of the neurostimulator. Whether stim-
ulation is delivered to a few or many electrodes depends
to some extent on the area of onset.

EXPERIENCE WITH THE RNS SYSTEM

In a feasibility study of 65 patients, the NeuroPace
RNS system demonstrated excellent safety and tolerabil-
ity, as well as preliminary evidence of efficacy. Based on
an interim analysis of 39 subjects, there were no serious
device-related unanticipated adverse events. Stimulation-
related symptoms in several subjects were addressed by
adjusting the stimulation settings. No subjects experi-
enced sustained seizure types of greater severity or con-
vulsive status epilepticus. There was preliminary evi-
dence for efficacy in the initial 24 subjects with complete
data. The responder rate (�50% reduction in seizures)
was 43% for complex partial seizures and 35% for total
disabling seizures (simple partial motor seizures, com-
plex partial seizures, and secondarily generalized tonic–
clonic seizures).

FIG. 2. Example of a possible seizure termination by responsive stimulation. The upper panel shows the fast Fourier transform
spectrogram and time series for a single cortical electroencephalography channel. The lower panel shows a close-up of the time series
around the time of termination. In the time series plots, detection is indicated by the vertical blue line and the ‘B’ label, and responsive
stimulation is indicated by the vertical red lines and the ‘Tr’ labels (the first is partly obscured by the ‘B’ label).
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A randomized, double-blinded, multicenter, sham-
controlled clinical trial is currently underway to establish
whether the RNS System is safe and effective as an
adjunctive therapy for medically refractory partial-onset
epilepsy (Clinicaltrials.gov NCT00264810). The investi-
gation will enroll 240 adult subjects (18–70 years of age)
with medically refractory partial epilepsy who have an
average of three or more disabling simple partial motor
seizures, complex partial seizures, or secondarily gener-
alized seizures per 28 days.

CONCLUSIONS

There is growing evidence that responsive neuro-
stimulation may be a safe and effective treatment option
for epilepsy as animal and human data support the con-
cept that responsive stimulation can abort epileptiform
activity. Moreover, responsive stimulation may offer ad-
vantages to current therapy options due to the specificity
of the therapy. In contrast to pharmacotherapy, which
may cause concomitant side effects due to the effect on
the system, electrical stimulation may be targeted to the
specific brain regions involved in the seizure. In addition,
responsive stimulation provides specificity in terms of
time. Treatment is provided as needed, potentially reduc-
ing the likelihood of functional disruption or habituation
due to continuous treatment. The RNS system offers the
first opportunity to directly assess the efficacy of chronic
responsive stimulation in a controlled trial. Trials thus far
have demonstrated the safety of the technique, but com-
pletion of well-designed clinical trials currently in
progress is necessary to assess efficacy.
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