
 

 

Neurostimulation for drug-resistant epilepsy 

 
April 2021 
 

          www.neuromodulation.com 

 
 

  

Epilepsy is characterized by recurrent seizures and is the third 
most common neurological disorder in the world, with 0.5 - 1% of 
the population suffering from the disease. (1) In 20 - 40% of these 
patients, medications alone are unable to adequately control 
seizures and are therefore diagnosed with drug-resistant 
epilepsy, referred to as medically refractory. (1) For 60% of 
patients with drug-resistant epilepsy, surgery can significantly 
reduce or eliminate seizures. (2, 3) Despite such treatments, 15 - 
40% of all patients with epilepsy unfortunately continue to have 
seizures that impair their daily living. (4) In an effort to improve 
the quality of life for these remaining patients, both 
epileptologists and neurosurgeons have been turning to the use 
of neuromodulation – the therapeutic application of electric 
currents to the nervous system. 
 
Development of Brain Stimulation for Neurological Disorders 
In the 1940s, the observation that damage to the basal ganglia 
structures in the brain could lead to improvement in Parkinson 
disease’s symptoms lead to the use of surgical lesioning for the 
treatment of the disease. (5) Over time, a reversable form of this 
therapy through electrical stimulation was developed as an 
alternative to permanent lesioning. (6) By 1996, the FDA 
approved deep brain stimulation (DBS) for treatment of motor 
symptoms in appropriate patients with movement disorder. This 
application was later expanded to include other conditions, such 
as dystonia in 2002. 
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Types of Neuromodulation Used for Medication-Resistant 
Epilepsy 
 
The idea of neurostimulation for medication-resistant epilepsy 
also started to take root near the time that neuromodulation 
was being developed for movement disorder. In the decades 
since, the therapy has grown dramatically. Neuromodulation 
for epilepsy began with the concept of vagus nerve stimulation 
(VNS), which received FDA approval for epilepsy in 1997 for 
adults and adolescents with partial onset seizures; the approval 
was extended to children as young as 4 years of age in 2017. (7, 
20) Meanwhile, the responsive neurostimulation system (RNS) 
received FDA approval in 2014. In 2018, the FDA approved 
epilepsy with DBS that targets a brain structure called the 
anterior nucleus of the thalamus. 
 
These neuromodulation approaches for epilepsy, VNS, RNS, 
and DBS, will be described below, beginning with the first 
neuromodulation treatment for epilepsy, vagus nerve 
stimulation. 
 
Vagus Nerve Stimulation (VNS) 
 
A VNS neuromodulation device delivers neurostimulation 
pulses through a thin, flexible electrical lead that is attached to 
an implantable pulse generator. The clinician programs the 
stimulation to be delivered, and the patient is sent home with 
a small hand-held controller that operates within those 
parameters. During implantation, a flexible electrical lead is 
tunneled under the skin of the neck. The end of the lead is 
tipped by electrical contacts, which encircle the vagus nerve 
that runs along the side of the neck. To power the system, the 
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lead is attached to a pulse generator that is implanted under 
the skin in the upper chest wall. 
 
Selection of Epilepsy Patients for Vagus Nerve Stimulation 
(VNS) 
 
Any refractory epilepsy patient may be considered a 
candidate for VNS. While there are beneficial results for 
some patients, this option does not quite approach the 
efficacy of deep brain stimulation. However, VNS does 
present an opportunity to treat refractory seizures without 
the need for an intracranial procedure. 
 
In the largest cohort study of 195 patients with refractory 
epilepsy, 35% of patients reported 50% reduction of 
symptoms at 12 months. (7) Furthermore, 20% experienced 
a 75% reduction in seizures. Interestingly, VNS has also been 
shown to improve mood. In a randomized control study, 
patients who received high-amplitude stimulation had 
statistically improved depression and anxiety measures at 3 
and 6 months. (17)  
 
Responsive Neurostimulation (RNS) for Medication-
Resistant Epilepsy 
 
A closed-loop RNS system only delivers stimulation when it 
detects the beginnings of seizure activity. In that way, it 
functions much like a pacemaker does to stop abnormal 
heart rhythms. Such stimulation works to either reduce the 
risk of having a seizure altogether or stops seizures from 
spreading to other parts of the brain.  
 
Patients who are evaluated for traditional epilepsy surgery 
often need to undergo an initial surgical procedure to 
determine exactly where the seizures start. To do this, 
patients are monitored for seizures during a hospital stay. 
Brainwaves are monitored using an electroencephalogram 
(EEG), which involves placing electrodes on the brain 
surface, with wires exiting out through the skull and scalp. 
Once a seizure occurs, doctors can use the EEG to pinpoint 
the area of the brain that is causing seizures and define the 
target for surgery.  
 
After promising results were observed in animal testing, 
closed-loop stimulation was studied in patient volunteers 
who were undergoing this type of invasive monitoring. (23) 
At first, a doctor who saw the beginnings of seizure activity 
on the EEG would initiate a pulse of stimulations. It was seen 
that in response to that method, abnormal EEG activity 
could be effectively stopped. (41-62) In order for a device to 
function independently, however, reliable seizure detection 
methods had to be created. In closed-loop stimulation, the 

first half of the loop is seizure detection, and the second half 
of the loop is the resulting stimulation. Over the past few 
decades, seizure detection has matured significantly. 
Scientists and engineers have developed sophisticated signal 
processing to more reliably detect the onset of seizures. (27-
36)  
 
Studies in the early 2000s showed that closed-loop 
stimulation provided patients therapeutic benefit with no 
major side effects. Direct stimulation of the region of the 
brain suspected to start the seizures (the seizure onset zone) 
was found to be at least as effective in stopping seizures as 
indirect stimulation with DBS. (37) Patients not only had 
fewer seizures, but their remaining seizures were also less 
severe. (1, 37, 38) 
 
Since a closed-loop system provides stimulation only when 
triggered by early seizure activity, the brain receives less 
stimulation than it would with earlier types of 
neuromodulation, which deliver constant stimulation. This 
reduction in stimulation dose not only helps the battery last 
longer, but also decreases the potential risk of side effects 
from long-term continuous stimulation. (41-43) In fact, it has 
been shown that twice as much stimulation can be safely 
given with intermittent systems when compared to constant 
stimulation systems. (42) 
 
Another benefit of closed-loop systems is that stimulation is 
targeted only at the seizure focus. In all other forms of 
neuromodulation (VNS, TNS, and DBS), stimulation is applied 
to seizure-generating circuitry and affects many parts of the 
brain as well. By isolating the seizure focus, normal parts of 
the brain are left alone and the chance of side effects is 
further reduced. (58)  
 
Expected Outcomes with Closed-Loop Stimulation 
 
These early studies laid the foundation for a large clinical 
trial carried out between 2005 - 2007 across multiple 
hospitals in the United States. The RNS System Pivotal 
Clinical Investigation included 191 adult patients with 
medically refractory epilepsy who were implanted with a 
closed-loop system at 31 institutions. (39, 41) Patients in the 
study group had their system turned on for the first 12 
weeks, while those in the sham group, to which the study 
subjects were compared, received no stimulation. During 
this initial 12-week period, it was noted that patients with an 
active system averaged 41.5% fewer seizures. At the same 
time, the sham group only had a 9.4% reduction in the 
frequency of their seizures. (40) All patients had their system 
turned on after the initial 12 weeks to see the long-term 
effects of closed-loop stimulation. After two years, almost 

 
https://www.neuromodulation.com/for-patients 
Copyright 2021        2      T-CL 4.21 
 
 



  

Neurostimulation for drug-resistant epilepsy  

 
  

half of the participants had at least a 50% reduction in 
seizure frequency. (39, 41) 
 
Longer-term follow-up shows an increase in the percentage 
of patients responding to RNS stimulation over time. (39) A 
2011 update on these 191 implanted patients gave strong 
evidence that closed-loop stimulation significantly reduced 
the frequency of disabling seizures in patients who had 
previously tried not only anti-seizure medications, but also 
VNS or traditional epilepsy surgery. (40) With long-term 
follow-up of an average of six years, patients benefited from 
approximately a 70% decrease in their seizures. 
Furthermore, 29% benefited from a seizure-free period of at 
least six months; with this extending to at least one year in 
15% of patients. (60) More important than reductions in 
seizure frequencies are the significant improvements in 
quality of life reported by these patients. (40, 45) Long-term 
follow-up has also shown that there are no negative effects 
of chronic stimulation on mood or cognition. (47, 48)  
 
The RNS Device 
 
The first closed-loop stimulation system to be implanted is 
the responsive neurostimulator system (RNS) by NeuroPace, 
Inc. (Mountain View, CA). (48) It consists of a main 
component, about the size of a pocket watch (measuring 4 x 
6 x 0.7cm) connected to two electrodes. (38) The main 
component contains a battery and a computer that can 
analyze EEG readings and administer stimulation once it 
detects a seizure onset. This device can also store small 
snippets of EEG data, which can be downloaded to a 
NeuroPace computer, which in turn, can transfer the data 
securely to a central server where the patient’s neurologist 
can see the data. 
 
Two types of electrodes can be used in any combination 
with this system. One type (a subdural electrode) consists of 
a strip of four disc-shaped contacts that is placed on the 
surface of the brain. The other type (a depth electrode) is 
made up of a strip of cylindrical contacts that is placed into 
the brain tissue itself. Both types of electrodes are made of a 
combination of platinum and iridium, which is able to safely 
administer therapeutic stimulation without generating a 
harmful reaction from the surrounding tissue. (38, 54) 
 
Components of the system that are not implanted include a 
physician programmer, a patient data transmitter used for 
storing EEG data, and a telemetry wand for wireless 
transmission of data. (42) These tools allow doctors to 
transfer the recorded information to a computer for detailed 
analysis. By doing this, the clinician can see how the device is 

working, and fine-tune the stimulation programs if 
necessary. (45) 
 
Being Evaluated for a Closed-Loop Stimulation System 
 
Closed-loop stimulation may be offered to patients 18 years 
or older who have medically refractory epilepsy and are not 
candidates for traditional surgery. (40) It also may be offered 
to patients who have previously undergone traditional 
epilepsy surgery and continue to suffer from intractable 
epilepsy. (38, 36) Similarly, patients who had a VNS 
implanted may also be offered this treatment. (38, 47) For 
patients to be eligible, the exact location of their particular 
seizure focus must be known in order to direct stimulation 
there. (40) A closed-loop system is generally not 
recommended for epilepsy patients who have more than 
two distinct seizure foci. While a maximum of four 
electrodes can be implanted, only two can be connected to 
the device. (3) 
 
Implantation of a Closed-Loop Stimulation System 
 
Electrodes are only placed in brain areas shown to generate 
seizures, with the exact placement tailored to each patient. 
The main component, containing the battery and computer, 
is designed to be implanted within the skull itself. There are 
lower rates of infection and hardware failure from this 
placement compared to traditional systems (like VNS and 
DBS), in which the battery is implanted under the skin, but 
over the ribs in the chest. (49) 
 
Implantation of the RNS® closed-loop system involves 
shaving the hair off one side of the head prior to making a 
fairly large incision in the scalp. Once the skull is exposed, 
two small holes (about 14mm in diameter) are made for the 
two electrodes. After the electrodes are in the proper 
position, covers are placed over the holes to help hold the 
electrodes in place. The location for implantation of the 
main component is then determined based on these two 
holes. A cavity for the main component is drilled out so that 
the device sits flush with the surface of the skull. The 
electrodes are connected to the main component and the 
incision is closed. (3) 
 
Risks Involved  
 
During the RNS® System Pivotal Clinical Investigation, the 
rate of serious complications within the first month of 
implantation was reported to be 12%, which is comparable 
to the 15% risk of similar events in patients undergoing 
invasive monitoring with intracranial electrodes. (40) 
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Common side effects include implant site pain and 
headache. Less commonly, patients will experience 
infection, bleeding, or death. (40) Although the complication 
rate increases to 18.3% over the course of the first 3 months 
after implantation, this complication rate is favorable in 
comparison to the overall rate of 36% associated with DBS 
for Parkinson’s disease or essential tremor. (50-54)  
 
At this time, long-term experience beyond five years is 
currently very limited and the side effects of intermittent, 
long-term (also termed “chronic”) stimulation remain 
unclear.   
 
Expected Outcomes of Epilepsy Treatment with Deep 
Brain Stimulation (DBS) 
 
There are currently three targets for DBS in epilepsy. These 
include the anterior thalamus (ANT), centromedian 
thalamus (CMT), and hippocampus (HIP). The ANT area has 
been the most widely studied and has been approved as a 
therapeutic target by the FDA. The CMT location, 
meanwhile, has promising data for severe generalized 
epilepsy. Finally, HIP is a target only suitable for patients 
with presumed onset from one or both mesial temporal 
areas of the brain. While this last approach is similar to RNS, 
the stimulation paradigm is different and their relative 
efficacy has not been directly compared.  
 
For the ANT nucleus, there is Level 1 evidence from a two-
year, randomized controlled trial, SANTE, which showed 54% 
of patients had at least 50% reduction in seizures, and 17% 
were seizure free at six months. (9) In a long-term follow up 
of five years, the SANTE study reported a 69% reduction in 
seizure frequency and 34% reduction in drug adverse events. 
(10) There was a 68% response (50% seizure reduction) at 
five years, versus 43% at one year. Also, by five years, 16% of 
the patients were seizure free for at least six months.  
 
The CMT area has been investigated in the setting of Lennox 
Gastaut syndrome with severe generalized epilepsy, in 
which 13 patients were implanted with CMT DBS. (11) The 
study reported an 80% seizure reduction overall, with 10 of 
13 patients having a 70% or more reduction at 18 months. 
This appears to be a good treatment modality in this group 
and seems to prevent drop attacks which often lead to injury 
if untreated. 
 
Similar to RNS, DBS of the hippocampus has been shown to 
be efficacious for epilepsy. In a study population of nine 
temporal lobe epilepsy patients, seven had improved seizure 
frequency with high frequency stimulation after a mean 

follow up of 30.1 months, with a reduction of 66-97%. (12) 
Furthermore, all patients with mesial temporal sclerosis 
responded to hippocampal DBS. Future studies are needed to 
compare the efficacy to RNS and delineate which patients are 
more appropriate for respective treatments. 
 
The DBS Device 
 
The DBS device approved for ANT epilepsy applications is 
manufactured by Medtronic (67). The device includes a 
combination of two leads (one for each side, targeting the 
right and left nuclei), a pulse generator that produces the 
current to stimulate the area, and a connector that connects 
these leads from the head to the neck. There are a variety of 
leads and pulse generators available, including the Percept 
device (68), which is able to both stimulate and record signals 
adjacent to the stimulation area. While this is not a true 
closed-loop device like RNS, signal recordings allow for the 
possibility to adjust stimulation parameters based on 
analytics from recordings.  
 
Other DBS systems used for DBS in Parkinson’s disease by 
2021 included the Abbott and Boston Scientific systems (69). 
While those systems were not explicitly FDA-approved for an 
epilepsy application, they offer other technological features 
such as directional leads and remote programing that may 
lead to improved outcomes in select scenarios.  
 
Being Evaluated for a DBS System 
 
Epilepsy patients should undergo evaluation with a qualified 
neurologist including documentation of seizure type, 
frequency, and symptoms prior to starting medications. 
Patients who have epilepsy that is not responsive to 
medications are suitable candidates for consideration of 
surgical intervention. Studies have shown that failure of two 
antiepileptic drugs makes a trial of further pharmacologic 
therapy unlikely to succeed. (13) The process of evaluation 
for DBS, like any surgical procedure for epilepsy, begins with 
investigation of the root cause of symptoms. Fundamentally 
this involves imaging, neuropsychiatric evaluation, 
noninvasive monitoring, and in some cases invasive 
monitoring.  
 
Imaging is one of the necessary first steps in evaluating the 
pathology driving seizures. Structural changes in the brain 
may be detected by MRI. These include mesial temporal 
sclerosis, low grade tumors, dysplasia, heterotopia, and 
cavernous malformations to name a few. It is important to 
determine if these are present, as they may suggest other 
treatment approaches more specific than DBS. In general, 
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resection or ablation of a visible pathology that 
correlates with seizures leads to better outcomes than 
neurostimulation. To aid detection of seizure foci, 
PET/SPECT scans may help localize and lateralize seizures 
based on brain metabolism between or during seizure 
states respectively. Similarly, functional MRI (fMRI) may 
also help determine location of language function as well 
as help localize presumed epileptic regions based on 
changes in location of normal brain activity. 
 
Similar to fMRI, neuropsychiatric evaluation can help 
determine memory, verbal, and special abilities that are 
affected by seizures. The dysfunctional area will often 
show deficit on neuropsychological testing.  
 
Finally, EEG is vital to understanding seizure onset and 
spread. As a first step, patients should be evaluated in a 
long-term noninvasive EEG setting. This allows 
neurologist to review changes in bran rhythms before, 
during and after seizures, and relate these findings to 
videos of seizure symptoms. Often, between the 
imaging, clinical manifestation of the seizure, 
neuropsychological correlates and noninvasive 
recordings it is possible to reliably determine the 
location of seizure onset. However, sometimes further 
EEG recordings are necessary. This involves surgical 
implantation of subdural grids or stereotactic EEG leads 
(sEEG). Today, sEEG is favored due to similar results and 
a favorable complication profile. (14, 15) 
If a seizure focus is found, it is preferable to remove the 
offending area through open surgery or ablation. In 
cases where resection is not possible, or there is no 
target for specific surgical evaluation, neurostimulation 
becomes the primary option for treatment. For patients 
with known onset areas, such as in the bilateral temporal 
lobes, RNS is a good option since detection and 
stimulation from these regions is feasible. Hippocampal 
DBS can also be used as an alternative in such scenarios 
when RNS is not available. When no target is known, DBS 
provides an excellent option to interrupt large networks 
of seizure spread. 
 
Future Directions 
 
A great deal of research remains to be done in closed-
loop stimulation for the treatment of epilepsy. Both 
parts of the closed-loop – seizure detection and 
stimulation for halting seizures – must not only be 
individually optimized, but also work in unison with each 
other. 

Seizure Detection versus Seizure Prediction 
The earlier stimulation is applied, the more effective it is 
at stopping abnormal EEG activity. (55) Therefore, both 
scientists and engineers are working to improve seizure 
detection, and possibly even predict them. The 
International Workshop On Seizure Prediction has been 
held since 2002 to gather and develop new methods. 
(11, 56) 
 
Current algorithms analyze the EEG signal itself to 
detect changes that may represent seizure activity. 
While these systems are very sensitive to abnormalities 
in the EEG, they will often flag events that are not truly 
seizures. Therefore, extensive research is being done on 
signal processing that will help detect reliable changes in 
EEG signals that may not be otherwise be visible to the 
naked eye. 
 
The promise of predicting seizures has been supported 
evidence of changes in EEG activity that occur 7-10 
seconds before clinical symptoms. (11) Some 
researchers have even reported noticing changes in 
neuronal activity as early as 7 hours prior to the seizure 
itself. (15)  
 
Optimization of Stimulation Parameters 
Stimulation parameters to halt seizure activity must also 
be improved. Currently, these parameters are based 
mainly on experience with DBS and with stimulation 
performed as part of an evaluation for surgical removal 
of a seizure focus. 
 
Use as a Long-Term Monitoring Device 
As long as the patient continues to download data from 
the device onto the provided computer, the NeuroPace 
system has the ability to store EEG data over months 
and years. This type of long-term monitoring has already 
proven to be invaluable in our understanding of 
epilepsy. One study showed that on average it could 
take over a month before the complete spectrum of a 
patient’s seizure activity was seen. (61) Another 
demonstrated differences in the time of day that 
seizures from different parts of the brain occur. (64) A 
third study has also highlighted the negative effects of 
caffeine intake on EEG activity. (65) Overall, chronic 
monitoring with this device provides data in a 
naturalistic setting, which may be used to help epilepsy 
treatment teams with treatment decisions.  
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