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Summary

Neuromodulation is a key therapeutic tool for clinicians managing patients with drug-resistant 

epilepsy. Multiple devices are available with long-term follow-up and real-world experience. The 

aim of this review is to give a practical summary of available neuromodulation techniques to 

guide selection of modalities, focusing on patient selection for devices, common approaches and 

techniques for initiation of programming, and outpatient management issues.

Vagus nerve stimulation (VNS), deep brain stimulation of the anterior nucleus of the thalamus 

(DBS-ANT), and responsive neurostimulation (RNS) are all supported by randomized controlled 

trials that show safety and a significant impact on seizure reduction, as well as a suggestion of 

reduction in the risk of sudden unexplained death from epilepsy (SUDEP). Significant seizure 

reductions are observed after 3 months for DBS, RNS, and VNS in randomized controlled trials, 

and efficacy appears to improve with time out to 7-10 years of follow-up for all modalities, albeit 

in uncontrolled follow-up or retrospective studies. A significant number of patients experience 

seizure-free intervals of 6 months or more with all three modalities. Number and location 

of epileptogenic foci are important factors affecting efficacy, and together with co-morbidities 

such as severe mood or sleep disorders, may influence choice of modality. Programming has 

evolved – DBS is typically initiated at lower current/voltage than used in the pivotal trial while 

charge density is lower with RNS, but generalizable optimal parameters are yet to be defined. 

Non-invasive brain stimulation is an emerging stimulation modality, although currently not widely 

used.
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Clinical practice has evolved from those established in pivotal trials. Guidance is available for 

clinicians wishing to expand their approach, and choice of neuromodulation technique may 

be tailored to individual patients based on their epilepsy characteristics, risk tolerance, and 

preferences.
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1. Introduction

Epilepsy that is refractory to anti-seizure medications remains a significant worldwide health 

burden.1 Resective or ablative surgery provides the greatest chance for seizure freedom, 

however many patients with epilepsy do not have a single, identifiable seizure focus that 

is suitable for a resective or ablative procedure.2 Neuromodulation (which we will use 

synonymously with “neurostimulation”) offers an alternative treatment approach for these 

non-surgical candidates.3

In addition to recently published long-term follow-up data from pivotal trials, there is 

also a growing body of hands-on experience and expanding clinical practice that may be 

helpful to the practicing clinician. The aim of this review is to provide a practical guide 

for neurologists and epileptologists seeking to familiarise themselves with these devices and 

techniques.

The review is structured in four parts. The first three parts address invasive neurostimulation 

considerations (pre-implant, implant, and post-implant), focusing on the three methods that 

have been approved for use in epilepsy in most major jurisdictions – vagus nerve stimulation 

(VNS), deep brain stimulation of the anterior nucleus of the thalamus (DBS-ANT), and 

responsive neurostimulation) RNS (Fig. 1A). The fourth part considers non-invasive brain 

stimulation (NIBS) for epilepsy (Fig. 1B).

VNS devices intermittently stimulate the left vagus nerve, and are thought to exert effects 

via diffuse projections from the brainstem, resulting in blood flow and neurotransmitter 

changes, particularly in the thalamus.4,5 DBS-ANT also typically involves intermittent 

stimulation, but uses depth electrodes to target bilateral ANT, which forms part of the circuit 

of Papez and has projections to frontal and temporal cortical regions.6,7 RNS is distinct 

in that it allows for chronic intracranial recording from seizure network foci using cortical 

strips or depth electrodes and delivers responsive stimulation based on real-time EEG data.8

2. Invasive neurostimulation: pre-implant considerations

Efficacy, epilepsy type, and history

Efficacy of neuromodulation has been reported extensively and will be briefly summarized 

here. VNS, DBS-ANT, and RNS were found to be effective during a 3-month blinded 

evaluation period (mean or median seizure reduction of 25% - 28% for VNS;9-11 median of 
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40% for DBS-ANT, and 38% for RNS6,8). Efficacy improved with time over several years 

(up to 52-76% for VNS12,13, and around 75% for both DBS-ANT and RNS14,15), noting that 

these longer term results are from uncontrolled/unblinded observational studies (Table 1). 

At these later time points, the differences in degree of improvement in seizure frequencies 

for the three modalities may not be statistically significant. Controlled comparisons have yet 

to be performed. With all three modalities a significant number of patients achieve at least 

6 months of seizure freedom. For DBS-ANT and RNS this was studied prospectively, and 

seizure-free intervals of at least 6 months were found in 18% for DBS-ANT15, and in 28% 

for RNS14. For VNS, only retrospective data is available, making direct comparisons less 

meaningful, but in one large registry study & systematic review a (terminal) rate of seizure-

freedom of 8% was found.16 Other retrospective studies of VNS have reported a wide range 

of seizure-freedom rates using varying definitions (7-20%12,13,16-19), which is higher than 

that seen with increasing medication trials (approximately 4% become seizure-free on third 

and subsequent medication regimes, if the first two are unsuccessful 20). All modalities had 

a small number of patients who worsened after implantation, defined as a >50% increase in 

seizure frequency (VNS 3-4%11,21, DBS-ANT 3%22, RNS 5-8%14,23).

VNS may be effective for both focal and generalized epilepsy, and has a European CE 

Mark for both indications, but is FDA-approved in the US only for focal epilepsy5,24-26. 

DBS-ANT has approval in both jurisdictions for focal epilepsy, while RNS is approved 

for focal epilepsy in the US only. While not yet approved in any major jurisdiction, 

DBS has a growing body of evidence supporting possible efficacy in generalized and/or 

multifocal epilepsies, mostly using the centromedian-parafascicular complex (CM-Pf) of the 

thalamus (CMT) as a target.27-35 Results from four controlled trials have been published on 

DBS-CMT have been encouraging but mixed;30,33-35 showing either no difference between 

stimulation on and stimulation off conditions 34,35 or differences for generalized but not 

frontal epilepsies30; or, in the most recent study, a double-bind randomized controlled 

trial of DBS-CMT in LGS, significant reductions in electrographic seizures, but not diary 

reported seizures.33 RNS has also been employed to target CMT in generalized epilepsy, 

however published literature is limited to case reports and small case series.36

VNS is the only FDA-approved modality in the USA for use in children (ages ≥4 years), 

whereas DBS-ANT and RNS are FDA approved for adults (≥18 years). VNS is considered 

a ‘possibly effective’ treatment for focal and generalized epilepsy, and Lennox-Gastaut 

Syndrome (LGS), in children (2013 AAN guideline).26 At present, stimulation for pediatric 

patients includes many approaches that are not FDA-approved.37 VNS has the additional 

benefit of being approved for the treatment of depression.

Electroclinical characteristics and efficacy—The SANTE (stimulation of the anterior 

nucleus of the thalamus for epilepsy) pivotal trial for DBS-ANT was powered for overall 

seizure reduction and only the subgroup with temporal lobe seizures had sufficient sample 

size to show a significant effect of stimulation.6 In long-term follow-up beyond two years, 

frontal lobe seizures also significantly improved, but the efficacy of ANT stimulation 

for parietal, occipital and multifocal seizures remains unclear.15,22 For RNS, subgroup 

analyses were performed both prospectively and retrospectively, however reductions in 

seizure frequency did not vary in a statistically significant manner between different lobes of 
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onset, or between those with one or two onset foci.8,38,39 Lesional neocortical cases tended 

to fare better than non-lesional neocortical cases.39

Prior epilepsy surgery does not appear to change efficacy for any modality. For VNS, those 

with prior surgery were included in at least one randomized study, but subgroup analysis was 

not performed11. A later retrospective study did not find an association of outcomes with 

prior epilepsy surgery.19 In both the DBS-ANT and RNS trials, seizure reductions did not 

depend on prior VNS placement, nor on previous epilepsy surgery.8,40,41

Rates of probable or definite SUDEP appear to be lower than might otherwise by expected 

in patients treated with neurostimulation. In the RNS trial the rate was 2.8 per 1000 patient 

years (95% CI 1.2-6.7),14 while for DBS-ANT it was 2.0 (95% CI 0.24 – 7.12).15 For 

VNS, a comparable cohort study found an unadjusted rate of 4.1 per 1000 patient years, 

or 1.7 per 1000 patient years when adjusted for age and duration of therapy42. A more 

recent retrospective review found an unadjusted rate of 2.3 per 1000 patient years, or 1.7 

per 1000 patient years when adjusted for age and duration of VNS therapy43. These rates 

for all three modalities are lower than typical rates for drug-resistant epilepsy patients 

being considered for surgery (4.6-9.3 per 1000 patient years),44,45 and comparable to rates 

achieved by successful epilepsy surgery in general (1.9 per 1000 patient years)44. However, 

no prospective trial has been completed comparing SUDEP rates of any neurostimulation 

modality to conventional medical therapy.

Diagnostic evaluation

The diagnostic evaluation for device-based neuromodulation is similar to that for epilepsy 

surgery candidates in general. Intracranial monitoring is not specifically required but may 

be helpful if a clear understanding of the seizure network is not possible without invasive 

monitoring. In particular, RNS requires the seizure onset zone to be clearly identified. In the 

original RNS study 59% of patients had invasive monitoring prior to implantation8, while 

in subsequent studies that rate increased to 82%;46 reflecting either an increased preference 

for sEEG prior to implantation, or an increased use of RNS in patients who were studied 

with sEEG but not considered suitable for focal resection. sEEG potentially can serve three 

purposes: (1) Determining whether resective surgery is likely to be a preferable first-line 

therapy; (2) Localizing where to place permanent electrodes in relation to seizure foci; 

(3) Suggesting to what extent particular thalamic nuclei are part of a seizure propagation 

network.

Perioperative risk

Operative and perioperative risks vary among the modalities. The lowest risk option is 

typically considered to be VNS, the significant risks of which are largely limited to 

superficial infection, found in around 3-6% of patients; vocal cord paralysis and bradycardia/

asystole are rare.5 For DBS-ANT the risk profile is similar to DBS implantations 

for movement disorders, where intracranial hemorrhage and infection are the main 

concerns, though serious complications are rare. At implantation, there were asymptomatic 

hemorrhages detected following 4.5% implants on routine neuroimaging.6 After 10 years 

of follow-up in the SANTE study, implant site infection occurred in 12.7% of patients 
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(1-year rate 7.3%), and misplaced leads requiring revision in 8.2% of patients.15 For RNS, 

intracranial hemorrhage rates occurred in 4.7% (3.1% peri-operative, half of which required 

evacuation; 1.6% associated with seizure-related head trauma).8 No hemorrhage resulted 

in permanent neurologic deficits. In long-term follow-up, non-seizure-related hemorrhages 

occurred in 2.7% of patients (all asymptomatic), and infection occurring in 12.1% of 

patients (4.1% per procedure).14 Device infection may necessitate device and / or lead 

replacement or removal, but can occasionally be managed conservatively.

3. Invasive neurostimulation: implant considerations

Battery life and primary cell vs rechargeable

VNS and RNS utilize primary cell (i.e., non-rechargeable) devices, while DBS systems use 

either primary cell or rechargeable batteries. Non-rechargeable devices are more convenient, 

but larger because of the greater battery capacity required, and necessitate more frequent 

replacement. Rechargeable devices require recharging, typically once or a few times per 

week. Forgetting to do so can cause loss of efficacy, so that greater patient compliance is 

required with these devices. As expected, battery depletion depends strongly on settings, 

with higher voltages/amperages and longer duty cycles (on periods) reducing primary cell 

battery life or time between charges for rechargeable devices. For primary cell devices, most 

new devices will provide a warning when interrogated if battery depletion is expected to 

occur in the near future, although the precise end of battery life can be difficult to predict 

due to non-linear battery depletion.

Older generation VNS devices had a median battery life of 4-6 years typically (range 2 – 8 

years)12,47-49. Current models are estimated to have similar lifespans (4-8 years), but depend 

additionally upon the use of the tachycardia detection and closed loop stimulation feature 

(‘Autostim’), which shortens battery life by an estimated 1-2 years (Table 3).50

DBS systems (Medtronic models Kinetra initially, and later Activa PC) using the SANTE 

study parameters have a reported median battery life of 3.0 years15. The time to replacement 

is anticipated to be longer for newer models,51 but this is yet to be established. A 

rechargeable DBS system also is available (Medtronic Activa RC) which typically needs 

to be charged every 1-2 weeks, for 30-60 minutes per session, and has an estimated life of 

9-15 years. While the Medtronic DBS system is the only FDA-approved system for epilepsy, 

other manufacturers have comparable systems which may be used off-label (e.g. Boston 

Scientific Vercise - primary cell / Vercise Genus - rechargeable, Abbott/St. Jude Medical 

Infinity – primary cell).

For RNS, the older model device (Neuropace RNS 300M) was found to have a median time 

to replacement of 3.5 years in long-term follow-up,14 close to the manufacturers estimate of 

3.9 years of battery life (range 2.6 - 4.3 years),52 whereas the newer model (Neuropace RNS 

320) is estimated to have 8.4 years of battery life (range 5.1 – 9.4 years).53

Sensing: open and closed loop systems

The ability of devices to detect seizures (or seizure-related activity) is highly desirable. This 

activity can be used to estimate seizure burden,54 as subjective reports are inaccurate;55 
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to perform responsive “closed loop” stimulation;56 and to assist in seizure localization for 

possible further surgical treatment.57,58 Current devices have a range of abilities to detect 

seizures or surrogates.

Current VNS models with the ‘Autostim’ feature can detect tachycardia, and deliver a 

custom (typically increased) current, pulse width, and duration of stimulation, with the aim 

to terminate seizures early in their course. Hence seizures associated with early tachycardia 

are an attractive target for VNS. Heart rate detection is accurate and the responsive 

stimulation is well-tolerated.59,60 Retrospective data suggest patients may experience an 

additional seizure reduction after replacement with tachycardia-sensing VNS devices – 

71% of patients experienced an additional ≥50% seizure reduction (compared to the initial 

response to VNS).61

The Medtronic Percept implantable pulse generator (IPG) allows for recording of the local 

field potential (LFP, local EEG) at ANT or any implanted site. At the present time, raw EEG 

only can be viewed live by use of the programmer in a medical setting. Percept does not 

store raw EEG but only the LFP power spectrum for a 5 Hz band centered on a frequency 

of choice over a 10-minute duration. This (chronic) sensing feature must be enabled on 

two contacts surrounding the referential stimulating cathodal contact(s). The spectral peaks 

could be correlated with events marked in the patient log. In principle, asymmetry of power 

spectrum might indicate a left versus right temporal seizure;62 however, 5-10 second epoch 

durations, which are not currently available in Percept, are required for accurate seizure 

detection. Hence it is not presently a responsive or closed loop system.

Unlike VNS and DBS, RNS is designed primarily as a closed-loop stimulation system. 

Patients receive a laptop and interrogation wand with their device, and are encouraged 

to connect and upload their data daily, or every few days. ECoG data recorded from the 

intracranial leads can then be viewed directly using a web-based interface, and detectors 

can be programmed and customized to record interictal and ictal activity. Stimulation is 

delivered responsively with detections, according to stimulation settings. The relative value 

of responsive stimulation during a seizure versus a chronic neuromodulatory effect has 

not been established. RNS devices may stimulate several thousands of times per day, with 

the vast majority of stimulations unassociated with a behaviorally-evident or EEG-evident 

seizure. This might be sufficient to provide a long-term neuromodulatory effect,63 and would 

be consistent with the observed increasing benefit over time.

A unique benefit of RNS is the ability to discriminate between two hypothesized seizure 

onset zones in terms of targets for resective surgery. For example, in bitemporal epilepsy, 

long- term monitoring may reveal that one temporal lobe generates the vast majority of 

seizures, whereas on short term inpatient monitoring sessions it may have appeared that 

seizure were equally distributed.57,58 Resective or ablative procedures on the predominant 

temporal lobe can then be re-considered.

Targeting and pre-operative neuroimaging

Accurate targeting is an important consideration for DBS-ANT and RNS implantations. 

Direct visualization of the ANT (more specifically, AV – the anteroventral nucleus64, 
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sometimes called the principal nucleus) is possible using standard T1 weight MR imaging 

(e.g. MPRAGE - magnetisation-prepared rapid gradient echo), short tau inversion recovery 

(STIR), or white matter nulled T1 imaging (e.g. FGATIR – Fast Gray matter Acquisition 

T1 Inversion Recovery). Some practitioners have argued that the ideal ANT target is in 

AV just superior to the termination of the mammillothalamic tract.65 For DBS-ANT, a 

transventricular approach has been the standard approach and was used in the original 

SANTE study. An anterior extraventricular approach appears to be less accurate,66 while 

a posterior extraventricular approach appears to be safe and accurate.67 For RNS targeting 

bilateral hippocampal structures with depth electrodes for mesial temporal epilepsy, it was 

found that even leads near but not within the hippocampus were effective.38

4. Invasive neurostimulation: post-implant considerations

Initiation and subsequent follow-up

Stimulation is often initiated at the first outpatient visit, which is typically 2-4 weeks 

following implantation, in part to allow for the implantation effect to subside. Subsequent 

visits may be every 1-6 months (typically every 3-4 months), and then eventually annually 

or less frequently when programming is stable. Common to all outpatient visits is system 

interrogation, which involves checking battery levels and lead impedances. For RNS, a 

company representative is typically present or available by phone for assistance with 

programming and to provide suggested detection settings. For VNS and DBS this is not 

usually required at programming visits, once the programmer has gained familiarity with the 

device.

Initiation and titration of VNS

For VNS, the original randomized controlled studies started stimulation 2 weeks post-

implant, and the physicians’ manual stipulates that device current must be 0 mA for the 

first 14 days after implantation. Three groups of settings must be programmed for the 

newest models: (1) basic duty cycle stimulation (‘Normal mode’), (2) ‘Autostim’: custom 

stimulation triggered by heart rate detection, and (3) ‘Magnet mode’: similar to Autostim but 

triggered by manual swipes of a magnet over the IPG by the patient (e.g., for a presumed 

seizure). The SenTiva (model M1000) also has a ‘day/night’ programming mode, where 

two different groups of settings can be used over a 24-hour cycle. The initial phase of 

programming involves slow up-titration in increments of 0.125 or 0.25 mA to a current of 

1.5-2 mA, using a pulse width of 250 us and frequency of 20 Hz (Table 4). This is followed 

by a second phase of reducing duty cycle OFF time, aiming for a duty cycle of 16-58% 

(depending on tolerance and use of Autostim).

One approach to setting the Autostim threshold is to start with a 20-40% threshold and 

aim for 50-100 Autostims per day. Up-titration may either be done manually, with changes 

made every 1-2 weeks for 7-8 visits, or programmed to occur automatically (‘guided mode’), 

available in newer models. Side effects are often encountered during up-titration. Common 

strategies when side effects are encountered include reducing pulse width or frequency. If 

this fails, then reductions in current are likely required, usually by 0.125 or 0.25 mA. In 

general, patients need hours to days to become accustomed to voice changes and coughing, 
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which are common when amplitudes are increased. Most or all of the throat symptoms 

decline with slow up-titration of current and continued usage, however hoarseness of the 

voice frequently remains perceivable during stimulation periods. If throat-related side effects 

prevent amplitude titration to at least 1 mA, lowering stimulation frequency to 10-15 Hz 

and/or reducing pulse width to 125 μs can facilitate tolerance of increased amplitudes. Once 

1 mA has been reached, sometimes patients can then tolerate later increases in frequency or 

pulse width. In general, increases in amplitude are prioritized over stimulation frequency or 

pulse width.

Initiation and titration of DBS

The initial visits for DBS-ANT in the pivotal trial were at 4 weeks, however in practice 

this is done as early as 2 weeks. There are no specific contraindications to starting 

stimulation immediately after implantation, and in European centers this is a common 

practice, often conjoined with inpatient monitoring for a few days. All new DBS systems are 

current-clamped. Current typically starts at 2-3 mA per cathode, with an aim to increase in 

increments of 1-2 mA every 1-3 months up to around 5 mA per cathode or until efficacy 

is achieved (Table 4). Often a single referential (‘monopolar’) electrode configuration is 

used, ideally selected based on post-implantation imaging. If the electrode impedance is 

1,000 Ohms, then 5 mA is equivalent to 5 V, which was the amplitude used in the SANTE 

trial with voltage-clamped devices. If two or more cathodes are enabled in referential 

configuration on the Percept system, it is important to be aware that each contact will deliver 

the set number of mA, instead of dividing the mA by number of cathodes, as was done with 

the Activa system.

No specific parameters have been demonstrated to be superior to others in prospective or 

retrospective reviews of data, however a flowchart has been developed based on expert 

consensus, which may aid in titration and troubleshooting.68 For example, if response is 

suboptimal despite increasing current, a second cathode may be added (typically while 

reducing overall current by 30-50%). Cathode location can also be changed, preferably 

guided by neuroimaging. Other options include reducing OFF time in duty cycle or trying a 

different frequency. Strategies for when side effects are encountered (including an increase 

in habitual seizures or new seizures) include reducing current amplitude by 30-50% (or by 

1-2 mA/V), reducing frequency, or changing to bipolar configurations (e.g., 1-3 cathodes per 

lead, 1 anode per lead). DBS patient programmers allow for patients to make changes at 

home, e.g., under the supervision of physician via a telemedicine visit or via pre-determined 

instructions.

In general, frequencies above 100 Hz have been used for DBS-ANT, and there has been 

concern that lower frequencies (e.g. <45 Hz) could worsen seizures.69 However, stimulation 

frequencies between 3 and 40 Hz have been used for DBS-ANT and DBS-CM.27 In 

addition, DBS hardware has been used to deliver chronic subthreshold low frequency 

stimulation to cortical targets with promising results.70,71 Pulse widths up to 500 μs have 

been used,68 and we typically consider 6-7 mA per lead to be a reasonable upper limit, 

although occasionally up to ~10 mA or 10 V have been used.
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Initiation and titration of RNS

RNS stimulation typically is initiated at around 4 weeks, after multiple seizures have been 

recorded. Passive recording of several seizures aids in setting the patient-specific detection 

algorithms for responsive stimulation, which include line length, half wave, and area 

algorithms. Detection after implantation commonly uses the line-length method, capitalizing 

on the added length of the EEG tracing with large amplitude delta activity, spikes, or low 

amplitude high frequency activity during a seizure. When a characteristic frequency for the 

seizures is determined, the detection method usually is switched to half wave, to detect 

power increases around that frequency, which usually results in faster detections. Ongoing 

seizure detections allow for further refinements in detection and stimulation parameters, 

aiming to detect seizures within 0.5 s of onset.

Electrodes can be configured in multiple ways, but a ‘stacked bipolar’ or ‘checkerboard’ 

(+−+−) pattern of alternating cathodes/anodes is often useful. Current is typically initiated 

to achieve a charge density of 0.5 μC/cm2 and incremented by the same amount every 3-4 

months (Table 4). Typical charge density targets are approximately 2 μC/cm2 for mesial 

temporal structures,38 and perhaps somewhat higher (around 6 μC/cm2) for neocortical 

targets.39 In a recent retrospective review, there was a general trend noted towards a lower 

charge density (approximately 2 μC/cm2 rather than 4-5 μC/cm2 ), and lower current (3.5 

mA versus 4.5 mA),72 compared to the pivotal RNS trial. There was also an increased 

duration of stimulation of 4.5 min/day, which is in line with some clinicians’ preference to 

target a certain number of stimulations per day (e.g., 1000 therapies per day), but still far 

less than the duty cycling modalities of VNS and DBS (approximately 2 – 12 hours).

Regarding stimulation parameters, bursts of 200 Hz (or 200 pulses per seconds) for 100 

msec are typically used. A pulse width of 160 microseconds is typically used. Lower 

stimulation frequencies may sometimes be helpful, and although most published data for 

low frequency cortical stimulation is limited to non-responsive approaches,70,71,73 emerging 

evidence suggests that some who do not respond to high frequency stimulation (>45 Hz), 

may respond to low frequency stimulation (7-40 Hz).74 Electrode configuration can also 

be changed to referential (‘monopolar’) using 1-4 cathodes on each lead. In addition, 

RNS allows for regional (lead-to-lead) stimulation,75 which produces a broader field than 

standard configurations. Finally, increasing detector sensitivity can reduce the latency to 

seizure detection and increase number of therapies per day, both of which may improve 

outcomes.

Stimulation-related side effects

Most patients with VNS experience some voice alteration, typically hoarseness, during 

stimulation, particularly at initiation (up to 66% in the first 3 months5,10), and after 

increasing current amplitude at programming sessions; and many habituate somewhat over 

hours to days.5,76 Cough, dyspnea, pain, paresthesia, & headache also are common at 3 

months (16-25%), but decline at 12 months (13-16%), and become uncommon by 5 years 

(1-5%).5 An important side effect not anticipated in clinical trials, but found in clinical 

practice, is sleep-disordered breathing and worsening of obstructive sleep apnea, which 
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may persist despite CPAP therapy.77-79 Differential day/night programming have help to 

ameliorate this.

Depression and memory impairment have been reported with DBS-ANT, mostly in those 

who had a prior history of these symptoms. In the SANTE study at 5 years, 37% of 

patients reported depression, and 11.8% reported suicidal ideation,22 while neurocognitive 

outcomes were mixed. Memory impairment was reported by 27%, with 1/3 confirmed to 

have a change from baseline neuropsychometric testing, although other neuropsychological 

outcomes improved.22 While these percentages remained stable out to 7 years following 

implantation,15 a separate analysis of the data concluded that these mood and cognitive 

changes did not result in significant long-term objective neurobehavioral changes.80 For 

some patients, notable depressive symptoms, anxiety, and even psychosis can develop over 

days or more insidiously with DBS-ANT stimulation.81 Reducing stimulation amplitude, 

changing the electrode configuration, or otherwise altering stimulation parameters has been 

noted to alleviate or completely resolve these symptoms. Stimulation-induced paresthesias 

are relatively common and can be alleviated by lowering the current or switching from 

a referential to bipolar electrode configuration. New stimulation-induced seizure types are 

rare, but have been reported.6 Approximately 3% of patients had a 50% increase in seizure 

frequency at 5 years.22 Sleep was not studied prospectively in the pivotal trial, but limited 

evidence suggests that sleep cycle disruption may be another side effect of DBS-ANT.82

Symptoms of depression and memory complaints were commonly reported at baseline in 

the RNS pivotal study as well as during the trial period.8 At baseline, 49% had a history 

of depression and 53-56% had objective memory dysfunction. By two years, depressive 

symptoms were reported by 13.6%, with suicidality in 6.8%. Neuropsychometric testing did 

not show a decline memory or cognition but rather improvements in some areas (language 

and memory mostly, with some dependence on the seizure onset zone/stimulated region).8,83 

At follow-up to 9 years, 23.4% of participants reported at least mild depression, 1.6% 

reported a serious adverse event related to depression, and suicidality was reported in 

9.8%.14 Mild memory impairment was reported by 12.5% and 1 out of 256 patients had 

a serious adverse event related to memory. Similar to DBS-ANT, the main risk factors 

for reporting mood and memory symptoms were their presence prior to implantation. 

Approximately 5% of patients experienced at least a 50% increase in seizure frequency. 

Stimulation-induced sensory effects were occasionally encountered, including photopsia in 

14.4% of mesial temporal RNS patients,38 and again these can usually be resolved with 

stimulation parameter changes. Sleep was not studied prospectively, but at least one report 

did not find an association between RNS and sleep disturbance.84

Managing devices for MRI, surgery, and other procedures

MRIs can produce excessive heating of device components, leading to tissue or device 

damage. Devices are often switched off or placed in a safe mode for surgical procedures and 

MRI. The newest VNS, DBS, and RNS devices are all MRI-conditional, having met FDA-

specified requirements for the scans. Not all legacy devices may be safe for scanning.85 

Head CT scans are allowable with all neurostimulators, although cranial implants produce 
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artifacts on both CT and MR imaging. During surgery the main concern is electrocautery 

and the potential for tissue and device damage.

Certain therapeutic and diagnostic procedures are contraindicated with some devices, 

such as transcranial magnetic stimulation (TMS), transcranial direct current stimulation 

(tDCS), diathermy, therapeutic ultrasound, and electroconvulsive therapy (ECT). Reference 

to manufacturer manuals is recommended Cardiac defibrillators can damage chest 

neurostimulators, but might be required in an emergency.86 All implanted devices come 

with a warning against high current or voltage activities, such as arc-welding, and require 

extra attention at airport security.

Device removal & replacement

Removal and replacement of the IPG due to battery depletion is the most common indication 

for repeat device surgery and is typically straightforward. One complexity can arise when a 

voltage-clamped system (e.g., Activa PC) is replaced with a current clamped system (e.g., 

Percept PC). In this case, therapy current (i.e. the total current the device uses to deliver 

therapy) and electrode impedances should be measured prior to replacement and used to 

guide selection of new current settings.

Stimulating electrodes (and extensions) can be difficult to remove safely and may be left in 

place after IPG removal. For example, VNS electrode removal can lead to nerve or vessel 

injury. These ‘abandoned leads’ require special attention for MRI scans and should be noted 

for local surgery and electrocautery. Heating of isolated wires during an MRI potentially can 

cause tissue injury. MRI can be performed with residual disconnected VNS leads provided 

that the length of the VNS lead is less than two cm from the proximal to distal contact along 

the vagus nerve.

5. Non-invasive stimulation for epilepsy

Non-invasive brain stimulation may offer advantages as a low risk and cost-effective means 

for treating drug-resistant epilepsy. For both transcutaneous vagus nerve stimulation (tVNS) 

and transcutaneous trigeminal nerve stimulation (TNS), CE-certified devices are available 

in Europe intended for treatment of epilepsy. In contrast, non-invasive stimulation using 

repetitive transcranial magnetic stimulation (rTMS) systems and devices for transcranial 

direct current stimulation (tDCS) are used off-label in both outpatient and inpatient settings 

(e.g. rTMS for refractory focal status epilepticus).

tVNS uses bipolar electrical stimulation of cutaneous sensory fibers of the vagus nerve in 

the medial fossa of the auricular concha. Stimulation is performed at frequencies of 10-25 

Hz at intensities below the individual perception threshold (0.6-1 mA). Efficacy data are 

available for two stimulators, a German “Nemos” stimulator, CE-certified in Europe; and a 

Chinese TENS-200 stimulator. Reductions in seizure frequency have been reported in small 

studies applying bilateral tVNS at 20 Hz ,87 while a study using left-sided stimulation with 

the Nemos stimulator at 25 Hz did not find significance superiority vs control stimulation 

at 2 Hz.88 Hence while tVNS is well-tolerated - infrequent adverse effects include local 
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skin irritation, dizziness, otalgia, nasopharyngitis, and headaches - evidence for its efficacy 

remains incomplete.89

TNS is applied bilaterally and supraorbitally over the ophthalmic nerve (V1), usually 

overnight. A randomized controlled phase II trial lasting 18 weeks compared an active 

group stimulated at 120 Hz and a control group stimulated at 2 Hz (30 s on, 30 s off, pulse 

width of 250 s, intensity below perception threshold, for 12 hours per day).90 Neither seizure 

frequency, responder rate, nor time to fourth seizure showed significant changes between 

treatment groups, though there was a responder rate of 40.5% after 18 weeks within the 120 

Hz stimulation group which dropped to 36.8% after 12 months. Several subsequent open-

label treatment reports found very modest (11-35%) improvements in seizure frequency 

and rapidly declining adherence. TNS tolerability was very good, adverse effects consisted 

mainly of local skin irritation and headache. Overall, clinical evidence for the efficacy of 

TNS is limited, and further study is needed before determining that it is efficacious.

rTMS has been applied at frequencies of 0.1 to 1 Hz to induce long-term depression of 

cortical excitability.91 Most studies measure inhibitory effects of rTMS by means of paired 

pulses producing thumb twitches, with a smaller second twitch reflecting greater inhibition. 

This assay only applies to motor cortex. Measurement of rTMS-evoked EEG potentials can 

assess inhibition at any neocortical location.92 After an initial uncontrolled report of an 

antiseizure effects of rTMS at 0.33 Hz following daily stimulation sessions with a round 

coil over the vertex,93 several sham-stimulation-controlled studies failed to reproduce this 

effect (with stimulation applied over the vertex or over the area of the epileptic focus), 

until more recently rTMS at 0.5 Hz and 90% resting motor potential over the epileptic 

focus was shown to be effective in a controlled trial.94 rTMS has also been used acutely 

in status epilepticus in case reports and small case series, and appears to be effective 

(though often only transiently).95,96 Prolonged changes in EEG biomarkers and long-term 

seizure freedom have also been observed in response to short-term rTMS.97 European 

evidence-based guidelines concluded that evidence for efficacy of rTMS in epilepsy was 

lacking,98 and a recent Cochrane review found that although rTMS was safe and reduced 

epileptiform discharges, also noted a paucity of evidence for efficacy.99

tDCS is performed with a cathode placed over the epileptogenic area and the anode 

contralaterally or over frontal regions. Cathodal stimulation locally hyperpolarizes cortical 

pyramidal neurons and exerts additional longer lasting inhibitory effects. Stimulation is 

usually performed for 20-30 minutes at intensities of 1 or 2 mA.100tDCS for treatment 

of epilepsy has been studied in numerous sham-controlled and uncontrolled prospective 

studies.101-104 Controlled studies resulted in a reduction in seizure frequency by 44-89% 

during the follow-up period, which was typically one to three months after stimulation. 

Interictal epileptiform EEG activity was also reduced in some studies,104 however this 

has not been consistently reported.101 Newer approaches to tailoring tDCS therapy include 

sEEG-based targeting of the seizure onset zone (rather than via scalp EEG or imaging 

alone),103 and the use of multielectrode montages further shape the electric field of 

stimulation.102 Thus while tDCS is safe and may be effective, study methodology and 

protocols have varied greatly, and evidence-based recommendations remain guarded.105 An 
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implantable device capable of transcranial DC-like stimulation of the epileptic focus is 

presently under investigation.106

6. Conclusions and future directions

A wide range of factors may influence the decision to pursue neuromodulation for 

individual patients and influence the choice of neuromodulation system (Fig. 2 & Table 

5). Programming has evolved, most notably to begin with lower current/voltage than in the 

pivotal trials. Clinical approaches are increasingly incorporating a variety of targets related 

to both focal and generalized epilepsies,30,33,107,108 the ability to sense/record intracranial 

data chronically and stimulate responsively,109 as well as new programing waveforms and 

stimulation approaches.70,110,111 More study is required to determine optimal stimulation 

parameters, ideally personalized for individual patients, and biomarkers or other predictors 

of likely stimulation responders. Evidence indicates that existing stimulation methods should 

be considered as a form of palliative therapy, and are not a substitution for more definitive 

resective or ablative therapy when these treatment can be safely utilized.
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Key points

• Multiple devices are approved for invasive brain stimulation for epilepsy with 

long-term follow-up data and real-world experience

• Practical recommendations are provided for choosing stimulation modalities, 

programming devices, and managing patients with devices

• Initial programming has evolved to start at lower voltage/current amplitudes

• Non-invasive brain stimulation for epilepsy is a promising modality but 

currently has limited evidence for efficacy
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Figure 1. Brain stimulation techniques for epilepsy.
Left: Primary approved invasive epilepsy neuromodulation techniques: VNS, DBS, and 

RNS. Right: Primary non-invasive brain stimulation techniques: transcranial magnetic 

stimulation (TMS), and transcranial direct current electrical stimulation (tDCS).
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Figure 2. Suggested algorithm for selection of invasive neuromodulation technique.
The primary invasive neuromodulation modalities are included for children (age 4 – 17 

years) and adults (≥18 years) who have failed two trials of anti-seizure medications.
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Table 1.

Device regulatory approvals US & EU

Manufacturer(s) Approved
ages

FDA
approval

Year
approved

CE Mark Year
approved

VNS Cyberonics / 
LivaNova

≥4yrs Focal* epilepsy 2017 (latest), 
1997 (original)

Focal and 
generalized 
epilepsy

2018 (latest), 
1994 (original)

DBS-
ANT

Medtronic ≥18 Focal* epilepsy, ≥6 
seizures / month

2018 Focal epilepsy 2010

RNS Neuropace ≥18 Focal* epilepsy with one 

or two foci*, ≥3 seizures / 
month

2013 N/A N/A

*
No invasive neurostimulation is FDA approved in the US for the treatment of generalized epilepsy. VNS is considered a ‘possibly effective’ 

treatment for focal and generalized epilepsy, and LGS, in children (2013 AAN guideline).26
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Table 2.

General efficacy: seizure reduction and responder rates

3mo 1yr 2yr 3yr 5yr Long term
(7-15yr)

Therapy Outcome

VNS

Responder rate 23-31%9-11 31-49%16,21,112,113 43%112 43-63%16,112 - 68-86%12,19

Median (or mean)* 
reduction in 
seizure freq.

25-28%9-11 26-52%12,13,16,21,112,113 44-58%12,112 44-63%12,16,112 30-60%12,13 52-76%12,13

6-month seizure-
free intervals

- 5%16 - 8%16 - -

12-month seizure-
free intervals

- - - - - 7-20%12,13,16-19

≥50% increase in 
seizures

4%11 3%21 - - - -

DBS

Responder rate - 43%6 54%6 67%6 68%22 74%15

Median reduction 
in seizure freq.

40%6 41%6 56%6 - 69%22 75%15

6-month seizure-
free intervals

- - - 13%6 16%22 18%15

12-month seizure-
free intervals

- - - 7%6 - -

≥50% increase in 
seizures

- - - - 3%22 -

RNS

Responder rate 29%8 43%8 46%8 58-61%23 50-61%23 73%14

Median reduction 
in seizure freq.

38%8 44%23 53%23 60-66%23 48-66%23 75%14

6-month seizure-
free intervals

- - - - 23%23 28%14

12-month seizure-
free intervals

- - - - 13%23 18%14

≥50% increase in 
seizures

- - - - 8%23 5%14

3-month data is for the prospective, blinded, and controlled studies, while later timepoints include unblinded/uncontrolled and retrospective studies. 
All seizure-freedom rates for VNS are from uncontrolled retrospective studies, hence there is a wide range of values reported.

*
Seizure reductions are quoted as medians where available, and means where medians not available.
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Table 3.

Battery life estimates and additional features for major devices and models

Manufacturer Model Manufacturer
estimates

Real world
findings

Additional features

VNS Cyberonics 100, 101, 102, 
102R

4-12 years 2-8 years12,47-49 Guided programming (M102, 

M102R only)
†

Cyberonics AspireHC (M105) 7-8 years* - Higher capacity battery, guided 

programming
†

Cyberonics AspireSR (M106)
7-8 years,* 5 years*,# - Higher capacity battery, guided 

programming, 
†
 Autostim

LivaNova SenTiva (M1000)
4-5 years, * 3-4 years*,# - Guided programming, Autostim, 

Day/night programming mode, 
smaller form factor

DBS-
ANT

Medtronic Activa PC - 3 years (DBS-ANT),15 

3.9 (3.3-4.5) years 
(PD).114

-

Medtronic Percept PC >5 years (PD)51 TBD Limited sensing

Medtronic Activa RC 9-15 years - Rechargeable

RNS Neuropace 300M 3.9 (2.6 - 4.3) years52 3.5 years14 -

Neuropace 320M 8.4 (5.1 – 9.4) years53 TBD MRI conditional

*
Using standard target settings of current output 2.0 mA, frequency 20 Hz, pulse width 250 us, and duty cycle of 33-35%.50

#
With Autostim enabled; 168 Autostims/day, duration 60 s.50

†
Requires M2000/M3000 programming wand/clinician programmer.50 TBD – to be determined. PD – using estimates from DBS for Parkinson’s 

disease in movement disorders.

Epilepsia. Author manuscript; available in PMC 2023 January 31.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Simpson et al. Page 25

Table 4.

Typical stimulation settings for VNS, DBS, and RNS

Current, voltage, or charge
density

Pulse
width

Frequency Duty cycle %,
ON/OFF (min)

Initial Increment Target Initial Target

VNS Normal 
mode

0.125 - 0.25 mA 0.125 - 0.25 mA 1.5-2 mA 250 μs 20-30 Hz 10%, 0.5 ON / 5 
OFF

16-58%

Autostim 0.25 - 0.375 mA 0.125 - 0.25 mA 1.5-2 mA 250 μs 20-30 Hz ON 1 ON 1

Magnet 
mode

0.5 mA 0.25 mA 2 mA 500 μs 20-30 Hz ON 1 ON 1

DBS 
(ANT)

SANTE 
protocol

2-3 mA/V per 
cathode

1-2 mA/V 5-6 mA/V 90 μs 145 Hz 17%, 1 ON / 5 
OFF

RNS Initial 0.5 μC/cm2 0.5 μC/cm2 2-6 μC/cm2 160 μs 200 Hz
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Table 5.

Factors influencing choice of neuromodulation

VNS RNS DBS

Epilepsy type

Oligofocal (1-2 foci) + + +

Multifocal (>2 foci) or diffuse + − ?

Generalized + ? ?

Lobe of onset

Anterior: frontal/temporal + + +

Posterior: parietal/occipital + + ?

Not well-localized + − +

Comorbidity

Severe depression / suicidality + + −

Significant sleep disorder − ? ?

Significant cardiac rhythm abnormality − + +/−*

Clinician preference

Chronic intracranial recording desirable − + −

Prefer lower programming burden + − +

Ability for at-home changes − − +

Patient preference

Low risk tolerance + − −

Prefer chest IPG + − +

Prefer cranial IPG − + −

Key: + favorable, − less favorable, ? unknown; for each modality.

*
Depending on likelihood of DC cardioversion being required.
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