Medical Devices: Evidence and Research downloaded from https://www.dovepress.com/

For personal use only.

Medical Devices: Evidence and Research Dove

3

REVIEW

Critical review of the responsive neurostimulator
system for epilepsy

George P Thomas
Barbara C Jobst
Dartmouth-Hitchcock Medical Center,

Geisel School of Medicine, Dartmouth
College, Lebanon, NH, USA

Correspondence: Barbara C Jobst
Dartmouth-Hitchcock Medical Center,
Geisel School of Medicine, Dartmouth
College, One Medical Center Drive,
Lebanon, NH 03756, USA

This article was published in the following Dove Press journal:
Medical Devices: Evidence and Research

| October 2015

Number of times this article has been viewed

Abstract: Patients with medically refractory epilepsy have historically had few effective treat-
ment options. Electrical brain stimulation for seizures has been studied for decades and ongoing
technological refinements have made possible the development of an implantable electrical
brain stimulator. The NeuroPace responsive neurostimulator was recently approved by the FDA
for clinical use and the initial reports are encouraging. This device continually monitors brain
activity and delivers an electric stimulus when abnormal activity is detected. Early reports of
efficacy suggest that the device is well tolerated and offers a reduction in seizure frequency by
approximately half at 2 years.

Keywords: medically refractory epilepsy, seizures, brain surgery, brain stimulation,

neurostimulation

Introduction

Epilepsy affects approximately 1% of the population, with between 30% and 40% of
these patients suffering from drug-resistant disease. Epilepsy surgery historically has
been one of the options for such refractory disease and on average results in 62% of all
patients becoming seizure-free.! However, epilepsy surgery is not without inherent risks
and sometimes is not possible due to a resulting neurologic deficit. Therefore, there has
been a long-standing need for other treatment options for drug-resistant epilepsy.

Penfield and Jasper were the first to report the effects of electrical stimulation on
electrocorticogram (ECoG) activity.? Over the following decades, numerous descrip-
tions of electrical brain stimulation for seizures were reported, targeting different ana-
tomic regions and using various modes of scheduled stimulation. Early studies focused
on stimulation of regions with widespread inhibitory output such as the cerebellum,**
but the effects of stimulation of other regions including the hippocampus,”® anterior
thalamic nucleus,’ and cortex'®!! have been reported.

Most of these studies included only small cohorts without control groups. To date,
there has been only one large randomized controlled study of scheduled deep brain
stimulation performed in the US.!? Patients with focal epilepsy received high-frequency
stimulation of the bilateral anterior nucleus of the thalamus (1 minute on, 5 minutes
off) with a device also used for stimulation of the subthalamic nucleus in Parkinson’s
disease (Model 7428 Kinetra Neurostimulator; Medtronic, Inc., Minneapolis, MN,
USA). In the study period, patients had a 40.5% reduction in seizure frequency com-
pared with a 14.5% reduction in the control group. This device is not approved in the
US for epilepsy but is available in Europe.
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Vagus nerve stimulation (VNS) as a means of indirect
brain stimulation has been used for seizure control,’*"> and
a recent Cochran Review summarizes that VNS is effective
and well tolerated.'® VNS has also been used for the treat-
ment of chronic depression'” and a recent report describes
percutaneous VNS for weight loss.!® This modality therefore
appears to hold promise for a variety of conditions, and new
less invasive variations might offer increased accessibility to
a wider spectrum of patients.

Currently, in the US, the only approved device for direct
electrical brain stimulation for epilepsy is the responsive
neurostimulator system (RNS, NeuroPace, Inc., Mountain-
view, CA, USA). This device is approved for partial-onset,
medically refractory epilepsy. In contrast to scheduled or
continuous stimulation, the RNS delivers electrical stimu-
lation in response to real-time ECoG activity. The aim of
this paper is to serve as an introduction to the principles of
responsive brain stimulation and describe the indications,
basis, safety, and efficacy of the currently available respon-
sive neurostimulator (RNS).

The case for responsive electrical

brain stimulation for epilepsy

Electrical brain stimulation has been found to be an important
adjunctive treatment in advanced Parkinson’s disease.!’ In
this setting, stimulation is delivered on a scheduled basis,
without modulation based on the electrical activity of the
target tissue. This “open-loop” mode of stimulation, which
is effective in movement disorders, has been employed
for epilepsy in the anterior thalamic nucleus for seizures
of focal onset. The anterior thalamic nucleus is an integral
part of the limbic circuit and is therefore thought to influ-
ence seizure threshold. This mode of stimulation reduces
seizure frequency with the stimulator on as compared with

Figure | Components and programming of the NeuroPace RNS.

off."? There have been some concerns about the development
of depression with this mode of stimulation;* however,
long-term follow up has not supported this.?! An alterna-
tive approach is the delivery of intermittent stimulation in
response to epileptiform activity with the aim of preventing
or limiting abnormal electrical activity from propagating
into a clinical seizure.

The RNS system

The RNS system is currently approved in the USA as an adjunc-
tive therapy for medically resistant partial-onset seizures. The
RNS system consists of a stimulator, implanted leads, and a
wireless programming wand with associated computer hard-
ware and software. The stimulator containing the batteries,
circuitry, and radio for interrogation and programming is
implanted in a burr hole in the patient’s skull. The stimulator
is connected via thin flexible wires to electrodes that may be
either implanted in deep structures such as the hippocampus
or placed on the surface of the brain (Figure 1). The target for
stimulation is typically the seizure onset zone(s). The stimula-
tion electrodes can be placed in alternate hemispheres as with
bitemporal epilepsy or epilepsy with two seizure onset zones.
Each electrode has four contacts that can be programmed as
either anode or cathode; alternatively, the stimulator case can
be programmed to serve as the cathode. (Figure 2).

Seizure detection

The neurostimulator continuously monitors ECoG activ-
ity and uses several methods, or tools, to detect abnormal
electrical activity. The area tool measures changes in overall
EEG signal intensity, the line length tool monitors dynamic
changes in electrical activity and frequency, and the half-
wave tool is designed to detect spike discharged and activity
within specific frequency bands. The parameters of these
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(D) ECoG and time-frequency analysis from the device with detection of an epileptic seizure and stimulation delivered (vertical lines).
Abbreviations: ECoG, electrocorticogram; FFT, fast Fourier transform; RNS, responsive neurostimulator.
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Figure 2 RNS stimulator with depth and surface electrodes.

t

Notes: Example of a patient with both neocortical surface electrodes and hippocampal depth electrodes.

Abbreviation: RNS, responsive neurostimulator.

tools can be modified by the clinician to improve sensitivity
and specificity of detection of abnormal ECoG activity in
individual patients.

When any of the detection tools sense abnormal activ-
ity, a current-controlled, charge balanced biphasic electrical
stimulation is delivered to the brain. The frequency of stimu-
lation can be adjusted from 1 Hz up to 333 Hz, and currents
ranging from 1 mA to 12 mA are available. The pulse width
of stimulation can be adjusted between 40 s and 1,000 ps.
Stimulation can be delivered between any two of the electrodes,
or between any electrode and the neurostimulator case. Current
densities are maintained <25 uC/cm? and usually are much
lower than these safe limits.” Typical stimulation parameters
applied in clinical practice are a current of 1.5-3 mA, pulse
width of 160 ps, pulse duration of 100-200 ms, and frequency
of 100-200 Hz. While detections and stimulations are frequent
throughout the day, the total current density delivered remains
low compared with deep brain stimulation.

Initial studies of safety and efficacy

The initial report describing the safety and efficacy of the
NeuroPace device in 191 subjects was published in 2011.
Patients with medically refractory partial-onset epilepsy were

randomized to the stimulation or control group 2 months
after implantation.” Initially, all patients had a reduction in
seizure frequency right after implantation (an effect noted
after implantation of any device and now termed the “implan-
tation effect”'>?%), Those in the treatment arm (n=97) showed
a 37.9% decrease in self-reported seizures over 12 weeks,
while those in the nontreatment arm (n=94) showed a 17.3%
decrease over the same time period (generalized estimation
equation analysis, P<<0.01). During a subsequent open-label
period where all subjects received responsive stimulation, the
improvement in the treatment group continued, and the sham
group exhibited a decrease in seizure frequency similar to
that seen in the treatment group.

Long-term, noncontrolled studies found that self-reported
seizures were reduced by 44% at 1 year and 53% at 2 years
after implantation.* Further seizure reduction ranging
between 48% and 66% was observed over years 3 through 6.
Adverse events during the 1st year included implant site pain
(15.7%), headache (10.5%), and dysesthesias (6.3%) and
were considered comparable with those seen with similar
procedures.”® The most common long-term complications
reported with the NeuroPace device were implant site infec-
tion (9.0%) and stimulator explanation (4.7%).%
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Figure 3 RNS ECoG recorded during stimulation.

Notes: Stimulation is triggered by epileptiform activity in recorded channels (A). The recording is turned off during stimulus. The average spectrogram (B) shows strongly

reduced spectral power after stimulation.

Abbreviations: AU, arbitrary units; ECoG, electrocorticogram; RNS, responsive neurostimulator.

Effects of the RNS on depression,
cognition, and quality of life

Over a follow-up period of up to 7 years, closed-loop stimu-
lation with the RNS does not appear to have a detrimental
effect on mood.* Quality of life is another important metric
used to characterize the effects of epilepsy treatment. Using
the QOLIE-89 assessment,?® participants showed an increase
in scores at 5 years.”

Mortality
The RNS Study Group reported a total of eleven deaths in
their cohort over 7 years of observation. Seven of these were
attributed to SUDEP (possible, probably, or definite), two
participants with a history of depression died by committing
suicide, one participant with subtherapeutic antiepileptic
drug levels died of status epilepticus, and one subject died
from lymphoma.* Although the incidence of SUDEP varies
by age and sex, published estimates indicate an incidence
of 1.21 deaths/1,000 patients/year.”’” Based on the initial
sample size over the course of 7 years, the expected number
of deaths attributed to SUDEP in the RNS Study Group is
approximately 0.9 and consistent with what is expected in
this very refractory epilepsy population.

One of the earliest criticisms of the RNS studies was the
reliance on self-reporting of seizures particularly given that

the device is capable of recording eletrocorticography that
could allow precise assessment of the number and nature
of electrical abnormalities.?® The RNS system in its current
form, however, does not allow for extended recordings
and only allows for limited sampling for select ECoGs.
A complete record of this data over an extended duration
is therefore not feasible, and self-reporting of seizures was
the only viable method to track efficacy. It was also noted
that despite the potential for bias and error, self-reporting of
seizure frequency is a commonly used method of data col-
lection in epilepsy studies.” The limitations of the general
estimating equation method used in the statistical analysis
in accounting for variation in seizure pattern have also been
criticized.?® While this statistical method might not be able to
capture changes in seizure patterns, patients do report fewer
seizures with responsive neurostimulation and the device
appears to be well tolerated.

Mechanisms of action

The mechanism mediating the effects of electrical brain stim-
ulation on seizures is not clear, but there are probably multiple
short and long-term effects. For comparison, four distinct
effects on neural activity have been postulated to account
for the effects of DBS on Parkinsonism: depolarization
blockade refers to changes brought about at voltage-gated ion
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channels leading to local inhibition of excitability, synaptic
inhibition refers to the effects of depolarization of the distal
axon directly by electrical stimulation, synaptic depression
occurs when the electrical stimulation leads to depletion of
neurotransmitter at the axon terminal,*® and lastly, electrical
stimulation might through any of the prior means modulate
the activity of pathologic networks.?!

Acute effects of electrical

brain stimulation

Some of'the acute changes seen with electrical brain stimulation
of epileptogenic regions appear to include disruption of syn-
chronous activity and evolution into generalized seizures.****
Electrical stimulation also appears to influence short-term
activity distant to the site of stimulation, modulating function
at the network level.***¢ There is some evidence that these
acute effects of cortical stimulation might be related to changes
in GABA-mediated hyperpolarization. High-frequency
stimulation >100 Hz appears to up-regulate glutamic acid
decarboxylase while down-regulating calmodulin-dependent
protein kinase II and thereby lead to local inhibition.?’
Repetitive electrical stimulation of CA3 mossy fibers leads
to increased intracellular chloride,***° also consistent with a
GABA-mediated mechanism. Thus, it appears that electrical
stimulation has an acute, local inhibitory effect (Figure 3).

Long-term effects of electrical

brain stimulation

The progressive reduction in seizure frequency over time?
suggests that electrical stimulation might have effects beyond
those on ion channels. Again drawing from the field of
deep brain stimulation for movement disorders, Wistar rats
undergoing 2 hours of high-frequency deep brain stimulation
directed at the globus pallidus interna exhibited a threefold
increase in glial cell-line-derived (GDNF) alpha-1-a mRNA
expression, without altering the expression of GDNF-alpha-
1-b mRNA. GDNF is known to be neuroprotective to dop-
aminergic neurons, and these results suggest that part of the
beneficial effects of deep brain stimulation for Parkinsonism
might be related to modulation of neurotrophic factors at
the site of stimulation.*' Furthermore, such modulation of
gene expression might not be spatially limited to the area of
stimulation. Hooded Lister rats undergoing 3 hours of high-
frequency (130 Hz) stimulation of the mediodorsal thalamic
nucleus exhibited increased expression of zif-268 but not
c-fos in prelimbic, orbitofrontal, and premotor cortex regions
known to receive input from the mediodorsal thalamus.* It
therefore appears that some of the long-term effects of brain

stimulation on movement disorders might be related to modu-
lation of genetic expression both locally and in regions receiv-
ing projections from the area undergoing stimulation. Based
on these observations and reports of continual improvement
in seizure frequency over months of stimulation, it seems that
modulation of gene expression might underlie some to the
effects of brain stimulation for epilepsy.

Other effects of long-term

brain implantation
Again drawing from experience with deep brain stimulation
for movement disorders, there appears to be a low rate of
acute complications that include mechanical failure (3.1%),
hemorrhage or infarction (1.2%), and infection (0.4%).
Similar rates and types of complications have been reported
with electrodes placed for brain stimulation in epilepsy.?**
Implantation of stimulation electrodes is known to pro-
duce both acute and chronic immunologic reactions that
might affect performance over time. An astrocytic reaction
is seen immediately after implantation, followed by the
formation of gliosis surrounding the electrodes.** The size
and shape of the electrode, as well as any movement after
implantation, appear to influence the development of this glial
scar. This gliosis can alter electrical impedances and there-
fore degrade the effectiveness of stimulation over time.*¢
Changes in impedance over time have been examined as it
appears that there are variations over several weeks postim-
plantation particularly with subdural electrodes.* Electrical
impedance appears to stabilize after 1 year, however, and the
constant current design of the RNS compensates for changes
in impedance and maintaining performance over time.*

Conclusion

The NeuroPace RNS reflects the culmination of several
decades of research in electrical stimulation for seizures
and offers an alternative to traditional epilepsy surgery for
patients with drug-resistant partial-onset seizures. Initial
reports describe substantial reductions in seizure frequency,
with improvements in measures of quality of life, as well as
no negative effects on mood or depression.

There likely are multiple mechanisms mediating the
effects of electrical brain stimulation on seizures. In the
short term, influences on GABA-mediated hyperpolariza-
tion might account for the effects of stimulation on seizure
generation and propagation. The observation that seizure
frequency continues to decrease over time suggests that
electrical stimulation might alter gene expression or perhaps
brain network architecture and connectivity.
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Although initial reports of efficacy are promising, the
RNS device might not be as effective in seizure reduction
as epilepsy surgery. Further improvements in detection and
stimulation paradigms are under investigation. The rates
of the most frequently encountered risks of infection and
explantation appear to be similar to the rates to comparable
procedures.

The RNS represents a milestone in the treatment of medi-
cally resistant epilepsy, providing an alternative to surgery
that is both adjustable and reversible. As currently used, the
RNS appears to be effective and well tolerated and has the
capability to treat epilepsy syndromes that had no further
treatment options such as bitemporal epilepsy or epilepsy
with onset in the eloquent areas of the brain. Further research
and clinical experience with this new treatment will provide
amore clear understanding of the mechanisms underlying its
effect on seizures, as well as further refinement of indications
and applications.
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