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A B S T R A C T

Epilepsy is a common and debilitating neurological disorder, and approximately one-third of affected individuals
have ongoing seizures despite appropriate trials of two anti-seizure medications. This population with drug-
resistant epilepsy (DRE) may benefit from neurostimulation approaches, such as vagus nerve stimulation
(VNS), deep brain stimulation (DBS) and responsive neurostimulation (RNS). In some patient populations, these
techniques are FDA-approved for treating DRE. VNS is used as adjuvant therapy for children and adults. Acting via
the vagus afferent network, VNS modulates thalamocortical circuits, reducing seizures in approximately 50 % of
patients. RNS uses an adaptive (closed-loop) system that records intracranial EEG patterns to activate the stim-
ulation at the appropriate time, being particularly well-suited to treat seizures arising within eloquent cortex. For
DBS, the most promising therapeutic targets are the anterior and centromedian nuclei of the thalamus, with
anterior nucleus DBS being used for treating focal and secondarily generalized forms of DRE and centromedian
nucleus DBS being applied for treating generalized epilepsies such as Lennox-Gastaut syndrome. Here, we discuss
the indications, advantages and limitations of VNS, DBS and RNS in treating DRE and summarize the spatial
distribution of neuroimaging observations related to epilepsy and stimulation using NeuroQuery and NeuroSynth.
Introduction

Seizures occur due to abnormal synchronous neuronal activity in the
brain, causing transient clinical symptoms [1,2]. Epilepsy is diagnosed
when two or more unprovoked or reflex seizures occur at least 24 h apart
when a single unprovoked or reflex seizure occurs in a person with >60
% risk of having another seizure over the next ten years, or in individuals
with a diagnosis of an epilepsy syndrome [3]. It is a common neurological
disease with a global incidence of 7.6 per 1000 people, affecting
approximately 50 million people worldwide [4]. Differences in the eti-
ology of epilepsy are observed according to life stage, with children
having genetic, perinatal insults, and malformations as the most common
etiologies [5], and adults without a genetic predisposition, having brain
injuries (e.g., trauma, tumours), infections and neuronal degeneration as
the most common etiologies [6,7].
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The treatment of epilepsy is mainly based on anti-seizure drugs,
with about two-thirds of patients achieving seizure freedom 8. The
remaining third of patients are considered to have drug-resistant epi-
lepsy (DRE) and are eligible for alternative treatments, such as epilepsy
surgery (i.e. surgical resection, disconnection, and neurostimulation)
and non-pharmacological therapies (e.g. ketogenic diet) [8–10]. Neu-
rostimulation is an option for patients with DRE who are not eligible
for resective surgery, such as those with epileptic foci within eloquent
cortex, or when no localization can be found on non-invasive multi-
modal assessment or invasive monitoring [8,11]. Vagus nerve stimu-
lation (VNS, Fig. 1A), deep brain stimulation (DBS, Fig. 1B), and
responsive neurostimulation (RNS, Fig. 1C) are the most widely uti-
lized neurostimulation therapies and are based on open-loop or
closed-loop stimulation paradigms that deliver stimulation when spe-
cific physiological parameters are detected [8,10,11]. Here, we provide
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Fig. 1. Illustration of the neurostimulation therapies used for treating drug-resistant epilepsy. A. The vagus nerve stimulation device comprises an electrode with three
helical contacts connected to a subclavicular implantable pulse generator. B. The deep brain stimulation system comprises depth electrodes connected to a sub-
clavicular implantable pulse generator. C. The responsive neurostimulation device comprises depth electrodes, cortical strips and a cranial implantable
pulse generator.
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an overview of the indications, advantages and limitations of VNS, DBS
and RNS and summarize the spatial distribution of neuroimaging ob-
servations related to epilepsy and stimulation using two meta-analytic
tools.

Vagus nerve stimulation

VNS was first investigated in 1938 when Bailey and Bremner iden-
tified electrographic changes secondary to vagus nerve stimulation in
cats [12]. In the years that followed, a multitude of studies delved deeper
into the effects of VNS. This series of investigations reached a significant
milestone in 1985 when Zabra et al. demonstrated that VNS could
effectively terminate seizures in dogs [13]. These findings set the stage
for the first human VNS implant, carried out by Penry and team in 1988
[14]. VNS was subsequently approved by the FDA in 1997 as an adjuvant
therapy for adults with focal epilepsy [15]. Since then, VNS has been
approved for use in children as young as four years old, and off label it
has been used in children younger than one year of age with comparable
outcomes [16]. In the modern context, it has emerged as a critical
treatment option for children with DRE (Table 1).

The VNS device is comprised of two components: the first is the
electrode with three helical contacts, and the second is the implantable
pulse generator (IPG; Fig. 1A). Two of the contacts on the electrode serve
as a bipolar stimulation source, while the third contact functions as an
Table 1
Comparison of neurostimulation techniques.

Vagus Nerve
Stimulation

Deep Brain
Stimulation

Responsive
Neurostimulation

Indication Partial-onset
seizures (Adults
and children >4y,
off-label in
younger children)

Focal and secondary
generalized seizures
(ANT) or
generalized epilepsy
(CM) (Adults, off-
label in children)

Focal epilepsy arising
from 1 to 2 foci
(Adults, off-label in
children)

Advantages Approved for
pediatric use. MRI-
compatible

Multiple targets
allow for better
patient selection.
MRI-compatible

Can be applied to up to
2 eloquent foci. MRI-
compatible

Limitations Up to 50 % of
patients remain
refractory to
treatment

Lack of significant
pediatric data

Limited data on
pediatric populations

Abbreviations: ANT: Anterior nucleus of the thalamus; CM: Centromedial nucleus
of the thalamus; MRI: Magnetic resonance imaging.
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anchor [17]. The implantation technique can be summarised as follows
[18]. An incision is made on the neck to expose the left vagus nerve. A
secondary incision is created in the left chest wall to house the IPG. The
electrode is then routed between the two incisions, connecting the vagus
nerve electrodes and IPG. The left vagus nerve is the typical site of im-
plantation as the right vagus nerve controls the sinoatrial node, and
stimulating it carries an elevated risk of causing bradycardia and addi-
tional cardiac side effects. However, there are instances where implan-
tation on the left side is unfeasible (for instance, following an infection or
neck irradiation), in which case, right-sided VNS has been carried out
safely in pediatric patients [19].

The precise mechanisms of action for VNS remain incompletely
clarified; however, it is believed that a complex network of communi-
cation between the brainstem and cerebral structures, referred to as the
vagus afferent network, facilitates VNS's therapeutic effects [20].
Comprised of nearly 80 % afferent fibres, the vagus nerve first projects to
the nucleus tractus solitarius in the brainstem. These fibres subsequently
project to multiple brainstem centres, including the locus coeruleus,
dorsal raphe nucleus, and parabrachial nucleus. Higher-order fibres
project diffusely to cortical regions such as the thalamus, somatosensory
cortex, anterior cingulate, and prefrontal cortex [20]. Through these
pathways, VNS leads to the desynchronization of epileptiform activity
[21], especially in the gamma band [22], and is thought to result in the
modulation of thalamocortical circuits [23]. Support for this theory
comes from previous works that have identified increased thalamic
activation and higher preoperative thalamocortical connectivity as fac-
tors associated with better response to therapy [24,25].

While the efficacy of VNS has been studied extensively, most studies
have focused on patients older than 12 years of age. E03 and E05 are two
of the largest multicenter, randomized studies on VNS outcomes [26,27].
Both demonstrate the efficacy of high-intensity VNS in reducing seizure
frequency compared to low-intensity stimulation. The E03 study
randomly assigned 114 patients to high-intensity or low-intensity stim-
ulation for 14 weeks. Those in the high-stimulation group experienced an
average seizure reduction of 24.5 %, compared to 6.1 % in the
low-stimulation group. Moreover, 31 % of high-stimulation patients saw
their seizures reduced by more than 50 %, whereas only 14 % in the
low-stimulation group achieved this. The subsequent E05 study split 196
patients into similar groups and assessed outcomes after three months.
The results showed that the high-stimulation group experienced signifi-
cantly greater seizure reductions than the low-stimulation group (28 %
vs. 15 %). A 2011 meta-analysis by Englot and colleagues synthesized the
results for 3321 patients across 74 clinical studies [28] and found that the
fraction of patients achieving over 50 % response varies from 21 to 57 %.



F.V. Gouveia et al. Neurotherapeutics 21 (2024) e00308
In 2021, a similar meta-analysis by Jain et al. examined VNS outcomes in
pediatric patients from 99 articles and 3474 patients [29]. As in adults,
the authors found that 56.4 % of patients achieved a seizure reduction
greater than or equal to 50 %. Additionally, it has been shown that pa-
tients treated with VNS show increased quality of life at long-term fol-
low-up [30–32]. However, it is uncertain if dichotomizing treatment
outcomes (i.e., 50 % seizure reduction representing the patient to be a
responder) is optimal and able to capture other domains of improvement
that could be present independent of seizure outcome (e.g., quality of
life, effects on mood, cognitive performance), and further studies are
needed to address the question if focusing on patient-centred measures,
such as quality of life and seizure severity, may be more relevant than
absolute seizure reduction [33].

Nevertheless, the positive findings to date underscore the effective-
ness of VNS, demonstrating that over half of the patients experienced a
substantial reduction in seizure frequency, affirming the potential of this
therapy in managing seizures in adults and children. Nevertheless,
considering that half of the patients will fail to present satisfactory re-
sponses to VNS treatment, there is a growing need to identify biomarkers
of treatment success that could be used to inform clinical practice. Patient
characteristics such as young age and shorter duration of epilepsy prior to
VNS have been suggested as factors associated with improved outcomes
to VNS treatment [34,35]. Similarly, seizure characteristics, such as
temporal region seizure onset, generalized epilepsy and tuberous scle-
rosis, are associated with greater response to VNS [28,36,37]. Con-
nectomics studies have identified structural and functional connectivity
patterns within the vagus afferent network that are associated with better
outcomes to VNS treatment [20,25,38]. Electrical recordings, specifically
the P300 component of scalp-recorded event-related potentials, have
been shown to be distinct in patients who are considered to be responders
to VNS and those deemed non-responders to treatment [39].

VNS serves as a viable palliative treatment choice for pediatric pa-
tients with DRE who either haven't responded to or aren't suitable for
resective surgery. Meta-analyses of thousands of patients, both adults and
children, have shown considerable advantages, with half of the patients
undergoing VNS observing significant benefits following treatment [28,
29]. However, the risks associated with VNS implants should be
considered, as complications such as infection, hematoma, vocal cord
paralysis, weakness in the lower face, and pain have been reported in
these patients [40]. Hence, more research is necessary to improve
treatment outcomes, which could be accomplished by determining
optimal programming strategies and identifying biomarkers that can
predict response to treatment [41].

Deep brain stimulation

DBS, primarily employed for the management of movement disorders
such as Parkinson's disease, is being used as a treatment for patients with
DRE [42] (Fig. 1B). Although several targets have been reported (i.e.,
subthalamic nucleus, pulvinar nucleus) with positive outcomes [43], the
most investigated and promising DBS targets for the treatment of DRE
include the anterior (ANT) and centromedian (CM) nuclei of the thal-
amus (Table 1) [44].

The ANT is a nuclear complex located in the anterior region of the
thalamus [44,45] with extensive connections to the hippocampal for-
mation, cingulate cortices and inferior parietal lobule, and has been
considered to be a part of the ‘extended hippocampal formation’ playing
a pivotal role in limbic and temporal lobe epilepsies [44,46]. ANT-DBS
has demonstrated effectiveness in managing focal and secondarily
generalized forms of DRE [47]. The most substantial evidence supporting
its efficacy results from the Stimulation of the Anterior Nucleus of the
Thalamus for Epilepsy (SANTE) trial, a large, double-blind, randomized
control trial, where a majority of adult patients with DRE experienced
>50 % seizure reduction following ANT-DBS [48,49]. Several clinical
studies have also reported encouraging, albeit variable, responses
following ANT-DBS, with seizure reductions ranging from 11.5 % to 76%
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[47]. This variability in outcome could be in parts associated with the
stimulation settings chosen, as ANT-DBS has been shown to be more
effective when using high-frequency stimulation between 90 and 200Hz
with 90–160μs pulse width and 1.5–10V intensity. Although the current
understanding of the mechanisms underlying ANT-DBS is limited, it is
thought that the modulation of limbic and thalamocortical networks and
reduced functional connectivity between the ANT and hippocampus are
associated with a positive response to treatment [50–52]. ANT-DBS has
also been reported to exert a neuroprotective effect by decreasing
neuronal cell loss, inhibiting local immune response, inducing molecular
changes in hippocampal neurons, and modulating neuronal glucose
metabolism [47].

The CM is located within the caudal intralaminar group of thalamic
nuclei with a widespread connectivity pattern, including projections to
the striatum, thalamic nuclei, reticular formation, and somatomotor
cortices, being considered prototypical of the cortical-thalamic-cortical
system [44,53]. CM-DBS is particularly effective in treating generalized
epilepsies and patients with Lennox-Gastaut syndrome (LGS) and is used
for treating primary generalized DRE [44]. The treatment potential of
CM-DBS should motivate studies in generalized seizures and develop-
mental epileptic encephalopathies of childhood. The DBS of the Thalamic
Centromedian Nucleus for Lennox-Gastaut Syndrome (ESTEL) trial
demonstrated a significant reduction of electrographic seizures and a 50
% reduction of diary-reported seizures in half of the participants [54].
Several additional clinical studies and small-scale RCTs support the ef-
ficacy of CM-DBS in generalized forms of DRE, including patients
exhibiting electroclinical features of LGS [55–57]. CM-DBS has been
reported to be effective at both medium and high frequencies
(60–145Hz) with 90–450μs pulse width and 1–10V intensity [44,54,57,
58].

Similarly to ANT-DBS, the mechanisms underlying CM-DBS are not
well understood. It has been postulated that CM-DBS produces anti-
seizure effects by desynchronizing thalamocortical circuits and modu-
lating reticular formation and somatomotor cortices [59,60]. These
findings might explain the efficacy of CM-DBS in treating LGS patients, as
these brain regions are associated with the spread of electroclinical fea-
tures of LGS [61]. In LGS specifically, distinct brain areas are active
during generalized paroxysmal fast activity (GPFA) [62]; connectivity of
the volume of activated tissue by CM-DBS to GPFA-related regions, such
as the prefrontal and premotor cortices, putamen, and pontine brainstem,
is positively associated with seizure reduction following treatment [63].

While these studies highlight the potential of using thalamic DBS for
treating DRE in adults, pediatric studies remain limited. A recent sys-
tematic review of DBS in children with DRE provided evidence to support
thalamic DBS in pediatric populations. This study identified 52 children
who received ANT or CM-DBS and found that >50 % seizure frequency
reduction was observed in 9/14 children following ANT-DBS and 31/38
children following CM-DBS [64]. DBS electrodes were well-tolerated by
participants, with infection being the only complication occurring in 10
% of patients [58,65–71]. Overall, thalamic DBS is a safe and
well-tolerated treatment for DRE in patients ineligible for surgical
resection, with ANT-DBS being considered to be effective in treating focal
and secondarily generalized DRE, and CM-DBS being mainly used for
treating primary generalized DRE and patients with LGS. However, the
great variability in treatment response following thalamic DBS indicates
the need for further clinical and preclinical studies to understand the
neurobiological mechanism of treatment success and determine new
biomarkers for treatment selection and predictors of response to treat-
ment [47,72].

Responsive neurostimulation

RNS is a neuromodulatory treatment approved by the FDA for treat-
ing DRE [73]. The capacity for adaptive (closed-loop) neurostimulation is
central to RNS, and this feature distinguishes it from existing continuous
stimulation (open-loop) paradigms, including DBS and VNS (Fig. 1) [73].



Fig. 2. Meta-analytic maps of neuroimaging findings. A. Maps generated using the term “Epilepsy”. B. Map generated using the terms “Epilepsy” and “Refractory”. C.
Maps generated using the terms “Epilepsy”, “Stimulation” and “Vagus Nerve”. Maps were created on NeuroQuery [92,94] and NeuroSynth [93,95] and are shown on
the MNI152 brain on the coronal plane [96].
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The adaptive capabilities of RNS are particularly well-suited to seizures
arising within eloquent cortex, whereby stimulation that might otherwise
disrupt normal function activates solely during seizures [73,74]. In po-
tential candidates for RNS, up to two seizure foci can be identified using
4

intracranial EEG for subsequent simultaneous recording and stimulation
by the implanted device (Table 1) [73]. The primarymechanism of action
of RNS is through the desynchronization of epileptiform activity at its
source, which is required for the propagation and continuation of ictal
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activity [74,75]. This is thought to be achieved acutely via suppression of
intracellular activity due to membrane hyperpolarization and/or axonal
conduction blockade and chronically via changes in gene expression that
lead to synaptic plasticity, neurogenesis and cortical reorganization
[76–79].

The NeuroPace RNS System is the only closed-loop device with FDA
approval for use in adult patients (18 and older) with focal epilepsy who
failed to achieve seizure freedom after treatment with at least two anti-
seizure medications [80,81]. As a relatively newer technology, few
studies have evaluated the efficacy of RNS compared to other neuro-
modulatory treatments for DRE, particularly VNS and DBS. In adult pa-
tients with DRE, Morell et al. provided Class I evidence for the efficacy of
RNS [73]. In this study, the RNS device was programmed to record
abnormal electrocorticographic activity for one month following im-
plantation. Individuals were subsequently randomized to either respon-
sive or sham stimulation and studied for a 12-week blinded period
followed by an 84-week open-label period. At the conclusion of the
blinded period, the stimulation group experienced a significantly greater
reduction in seizures (37.9 % vs 17.3 %), and this effect persisted
throughout the open-label period. Seizures in the sham group signifi-
cantly improved once stimulation was activated following the blinded
period. The authors followed the patients for a total of two years and
demonstrated a progressive and significant improvement over time, with
a mean seizure reduction of 44 % at one year and 53 % at two years [73].

Pediatric data regarding RNS efficacy are more limited. Panov et al.
followed 27 children after RNS implantation 82. Twenty-two of the 27
patients had seizure outcome data at one year, and 15 out of 22 children
(68.2 %) achieved a greater than 50% reduction in seizure activity, while
11 of the 15 achieved a greater than 75 % reduction. RNS has also been
trialled targeting the CM in pediatric and adult populations with LGS and
generalized seizures, showing reduced seizure frequency, duration and
severity, improved post-ictal state and increased quality of life at
long-term follow-up [80,81,83]. Currently, an FDA-approved trial of RNS
(RNS System Responsive Thalamic Stimulation for Primary Generalized
Seizures - NAUTILUS) is being conducted to investigate RNS efficacy in
treating idiopathic generalized epilepsy, where patients experience pri-
mary generalized tonic-clonic seizures, with or without myoclonic or
absence seizures, in individuals 12 years and older who failed treatment
with a minimum of two antiseizure medications [35,84].

Although these data are potentially promising, systematic reviews
and meta-analysis studies have shown comparable long-term results be-
tween the three techniques, with approximately 50 % seizure reduction
in about 50 % of patients [35,37,74]. Additionally, it has been shown
that stimulation during brain states with less epileptiform activity is
associated with better outcomes, possibly via a shift in the
inhibitory-excitatory balance that produces slower, long-lasting changes
in brain dynamics [85]. These findings suggest the difference between
DBS and RNS to be less meaningful than previously hypothesized. Thus,
further studies regarding the neurobiological mechanisms of RNS, its
applications in children, and a comparative analysis between its efficacy
and that of other neuromodulatory treatments for DRE are needed.

Ethical concerns

Ethical concerns related to vulnerable pediatric populations and the
risk of procedural complications must be addressed in high-quality ran-
domized controlled trials to determine the benefits and long-term effi-
cacy of neuromodulation therapies for pediatric patients [86]. It is crucial
to carefully assess and communicate the potential risks and benefits of
therapy, determine the optimal timing for offering the treatment, and
consider the long-term consequences of brain stimulation for this popu-
lation [87]. In addition to obtaining informed consent from the paren-
t/guardian, it is also essential to discuss the role of informed assent given
by the child [87]. A framework for advancing ethical discussions
regarding pediatric DBS has been proposed, which prioritizes the
5

protection of the child's best interests, considers the developmental
context, implements strategies for mitigating known and unknown risks,
critically appraises adult literature, and fosters communication and
collaboration among practitioners [86]. In addition, there are concerns
related to the capability of specific devices to detect neuronal activity and
the secure storage of this data [88]. With the advancement of neuro-
stimulation devices and therapies, new policies must be developed to
maximize benefits and minimize patient harm.

Meta-analytic maps of neuroimaging findings

Long-term neuromodulation of seizure network activity is thought to
induce beneficial brain plasticity that leads to a significant reduction in
seizure frequency [11]. Indeed, several studies have reported on
neuroimaging-detected morphological and functional brain changes in
patients with epilepsy and those undergoing neurostimulation treatments
[89–91]. However, the imaging findings vary greatly based on the etiol-
ogy of epilepsy, patients' characteristics and the neuroimaging technique
employed [89–91]. To summarize the spatial distribution of neuro-
imaging observations related to epilepsy and stimulation (e.g., MRI,
fMRI), we used the NeuroQuery [92] and NeuroSynth [93] meta-analytic
tools. These tools use text-mining and machine-learning techniques to
automatically conduct large-scale, high-quality meta-analyses that will
either predict the anatomical locations associated with the terms (i.e.
NeuroQuery) or test, on a voxel-level statistical analysis, the consistency
of the observations reported in the literature (i.e. NeuroSynth) [92,93].
The detailed methods, codes, validation, and quality control procedures
used by these tools have previously been published [92,93], and the tools
can be accessed at https://neuroquery.org/ and https://neurosynth.org/.
Here, we generatedmaps using the terms epilepsy, stimulation, refractory
and vagus nerve (Fig. 2).

When using the term epilepsy, we observed an overlap between maps
generated with NeuroQuery and NeuroSynth in the temporal poles, thal-
amus and hippocampus (Fig. 2A), indicating that changes in these regions
are involved in epilepsy and have a high potential to be observed in future
studies. These areas are also the only ones detected when associating the
term epilepsy with refractory (Fig. 2B). Other brain areas associated with
epilepsy were also highlighted in these maps, such as frontal and cere-
bellar areas, septal nuclei, cingulate cortex and precuneus. Maps gener-
ated with the terms epilepsy and stimulation show a large overlap in the
insular cortex, central opercular cortex andprecentral andpostcentral gyri
(Fig. 2C). The insular cortex and the central opercular cortex also over-
lapped with the map generated with the terms epilepsy and vagus nerve.
Additionally, frontal and cerebellar areas, thalamus and cingulate gyrus
are also shown in these maps, and although it is not restricted to a single
type of neurostimulation technique, it indicates a previous association
and/or high potential to be detected in future studies and could help
develop new hypothesis and guide research.

Epilepsy is a debilitating neurological disorder, with approximately
one-third of patients failing to attain seizure freedom despite appropriate
trials of anti-seizure medications. Patients with DRE who are not eligible
for resective surgery can benefit from a long-term reduction in seizure
frequency following neurostimulation approaches. VNS is the most
widely available technology and is the only neurostimulation with FDA
approval for use in children, thus being a standard initial choice for
treating pediatric epilepsy. DBS and RNS present encouraging results in
adults but require high levels of expertise for the implantation and pro-
gramming of these devices, rendering their use only to select clinical
centres. Nevertheless, considering that approximately 50 % of patients
with VNS will remain refractory to treatment, DBS and RNS are prom-
ising additional therapeutic options, although outcomes to date appear
similar with these more invasive techniques, and closed-loop stimulation
has thus far proven to be no more effective than open-loop stimulation.
Several studies have shown brain changes in patients with epilepsy and
those being treated with neurostimulation; however, no biomarkers are

https://neuroquery.org/
https://neurosynth.org/
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available for predicting treatment response or selecting patients who are
most likely to respond to therapy and, therefore, for whom these thera-
pies should be offered. Further studies are needed to provide high-quality
clinical evidence supporting the clinical utility of these technologies in
both pediatric and adult populations and develop personalized therapies.
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