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Unstructured abstract

Direct cortical stimulation has been applied in epilepsy for nearly one century and has experienced 

a renaissance given unprecedented opportunities to probe, excite and inhibit the human brain. 

Evidence suggests stimulation can increase diagnostic and therapeutic utility in patients with 

drug-resistant epilepsies. However, choosing appropriate stimulation parameters is not a trivial 

issue, which is further complicated by the fact that epilepsy is characterized by complex brain 

state dynamics. In this article derived from discussions at the ICTALS 2022 conference, we 

succinctly review the literature on cortical stimulation applied acutely and chronically to the 

epileptic brain for localization, monitoring, and therapeutic purposes. In particular, we discuss 

how stimulation is used to probe brain excitability, discuss evidence on usefulness of stimulation 
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to trigger and stop seizures, review therapeutic applications of stimulation, and finally discuss 

how stimulation parameters are impacted by brain dynamics. Although research has advanced 

considerably over the past decade, there are still significant hurdles to optimize use of this 

technique. For example, it remains unclear to what extent short timescale diagnostic biomarkers 

can predict long-term outcomes and to what extent these biomarkers add information to already 

existing biomarkers from passive EEG recordings. Further questions include the extent to which 

closed loop stimulation offers advantages over open loop stimulation, what the optimal closed loop 

timescales may be, and whether biomarker-informed stimulation can lead to seizure freedom. The 

ultimate goal of bioelectronic medicine remains not just to stop seizures but rather to cure epilepsy 

and its comorbidities.
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Introduction

The discovery of the nervous system as an excitable tissue dates back to Luigi Galvani and 

his studies on so-called “animal electricity” (Piccolino, 1997). Applying electrical pulses to 

neural tissue can generate responses that have a life of their own. Neural responses outlive 

and propagate beyond the site of stimulation, sometimes leading to dramatic amplifications. 

Seizures exemplify this principle of excitability, so why stimulate the epileptic brain? How 

might induced excitation on “hyperexcitable” tissue yield positive outcomes? Despite the 

counter-intuition, stimulating the epileptic brain can improve seizure control, although a 

full understanding of the optimal parameters to achieve this is not yet within reach. In 

this article, we succinctly review the literature on cortical stimulation applied acutely and 

chronically to the epileptic brain for localization, monitoring, and therapeutic purposes. We 

emphasize current opinions of experts who participated in the ICTALS 2022 conference on 

when and how the epileptic brain may be stimulated to probe, trigger or stop seizures.

Using stimulation to probe excitability

Electrical stimulation can be used to activate cortical tissue, and recordings of the brain’s 

response to electrical perturbation can give insight into both cortical excitability and the 

pathological connectivity of the epileptic brain network. Specifically, single-pulse electrical 

stimulation (SPES) is a procedure in which brief pulses of current are delivered at specific 

sites across the brain. The responses, often termed cortico-cortical evoked potentials 

(CCEPs), are recorded to define effective connections between the stimulus and response 

regions (Matsumoto et al., 2004; 2017). The canonical CCEP waveform includes the 

N1 potential, which is a sharp negative potential with a peak at 10–50 ms following 

stimulation, and the N2 potential, which is a later slow-wave like potential with a peak 

between 50 and 300 ms (Matsumoto et al., 2004). However, the CCEP waveform may be 

variable with a larger inter-electrode distance being believed to be correlated with smaller 

amplitude CCEPs. Moreover, the CCEP waveform may change polarity according to the 

exact location of the stimulating or recording electrodes. The issue of polarity might be 
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overcome by the measurement of the spectral power (Sonoda et al., 2021) or the line length 

(Lepeu et al., BioRxiv 2021) of the CCEPs. Although CCEPs were initially investigated 

to define physiological effective connectivity in highly functionalized circuits (Matsumoto 

et al., 2004; 2007; 2017), the technique rapidly translated to epilepsy in an attempt to 

identify regions of high cortical excitability and define epileptogenic network hubs (for a 

comprehensive review, see Matsumoto et al., 2017).

Specific CCEP properties have been investigated for their potential to reflect cortical 

excitability. In complementary paradigms, a site’s excitability can be explored by the 

morphology of the evoked activity in response to stimulation elsewhere or by the 

morphology and distribution of the responses elicited by stimulation to the single site. For 

example, the N1 amplitude is generally larger (Iwasaki et al., 2010; Enatsu et al., 2012; 

Hays et al., 2022) with accompanying stronger high-frequency activity (van’t Klooster et 

al., 2011; 2017; Mouthaan et al., 2016) in response sites associated with epileptogenicity, 

suggesting a greater sensitivity to input stimuli in pathological brain areas (Figure 1 A–

C). Further, SPES can implicate response regions as pathological through the presence 

of evoked waveforms such as delayed responses, which resemble interictal epileptiform 

discharges that occur 100ms-1s after the stimulus (Valentín et al., 2002; 2005). Removal of 

areas that consistently elicited delayed responses have corresponded to favorable surgical 

outcome (Valentín et al., 2005), although this finding has not been replicated in larger 

cohorts of patients. On the other hand, stimulation sites have been classified as pathological 

based on the network properties they reveal, such as stronger interconnections between 

epileptogenic zone (EZ) nodes (Guo et al., 2020) or the influence of specific nodes in a 

dynamical network (Smith et al., 2022). Finally, the amplitude and waveform of CCEPs may 

be affected by specific dynamics in given cortices/pathways. This variable might need to be 

considered when developing a model for localizing the epileptogenic zone using electrical 

stimulation, as it could confound the results. For instance, certain studies have observed 

larger CCEPs following stimulation of the primary motor or sensory cortex, as well as the 

language cortex, even when controlling for inter-electrode distance (Matsuzaki et al., 2013; 

Guo et al., 2020; Sonoda et al., 2021).

Though rather simple analyses of stimulation and response pairings with CCEPs have 

historically been quite powerful, the hierarchical and complex network structures in the 

epileptic brain have necessitated the development of new analysis techniques. In recent 

years, algorithms employing deep learning (Johnson et al., 2022) and graph theory (Zhao et 

al., 2019; Hays et al., 2021) have been applied to stimulation-evoked potentials to uncover 

epileptogenic regions. Dynamical network and transfer function models utilizing CCEPs 

have been particularly useful in localizing seizure onset regions because they mathematically 

describe the complex relationships between input stimuli and the remote output responses 

(Kamali et al., 2020a; 2020b; Smith et al., 2020). The models have been used to identify 

“resonant” regions in the epileptogenic network that corresponded to focal epileptogenic 

areas, and then were used to predict triggering of native seizures using periodic stimulation 

at the resonant frequency (Smith et al., 2022) (Figure 1, D–F). This trend of increased 

crossover of CCEPs with novel techniques in computational neuroscience will continue to 

unveil how stimulation-evoked potentials can enable epileptogenic network discrimination 

and cortical hyperexcitability measurement in epilepsy.
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The stimulation parameters used to probe cortical excitability with CCEPs, such as 

stimulation current or voltage, frequency, pulse width, and polarity, can vary widely from 

center to center. Typically, 30–50 trials of stimulation pulses are delivered at 0.5–1 Hz, 

and stimulation occurs at a large percentage of grey matter electrodes, though white matter 

stimulation is increasingly common (Hays et al., 2022; Paulk et al., 2022). The effect of 

stimulation current on the CCEP has been most studied; there exists a nonlinear positive 

relationship between current and the N1 peak amplitude, with an eventual plateau of the 

CCEP amplitude at high stimulation currents (Kundu et al, 2020; Hays et al., 2021). 

Using a biphasic pulse with 0.15 ms/phase width, reliable CCEP responses emerge with 

a stimulation current of 2–3 mA and plateau in response amplitude at 5.5–7 mA (Hays 

et al., 2021; 2022; Paulk et al., 2022). Slightly higher stimulation currents (or voltages) 

can be used in ECoG electrodes due to the increase in electrode surface area, however the 

overall charge density should not exceed approximately 57 μC/cm2per phase (Kuncel and 

Grill 2004; Prime et al. 2018). For example, using SEEG electrodes with a surface area 

of around 0.06–0.08 cm2 (Kuncel and Grill 2004; Hays et al. 2021) and 0.15 ms/phase 

width, a stimulation current up to 10 mA remains under 25 uC/cm2/phase (Hays et al. 2021). 

Though overall charge per phase has been thought to drive CCEP morphology (Donos et al., 

2016), further exploration of the effects of stimulation parameters on specific features of the 

CCEP waveform is warranted. Efforts to differentiate pathologically excitable tissues from 

physiological levels are currently hindered by the lack of understanding of how CCEPs are 

modulated by factors such as stimulation location in grey versus white matter or specific 

brain areas (Basu et al., 2019; Paulk et al., 2022), varying stimulation parameters (Donos 

et al., 2016; Kundo et al., 2020; Hays et al., 2022), montage choice (Mitsuhashi et al., 

2020), lesion presence, and electrode type (Grande et al., 2020). Large, multi-center studies 

(Trebaul et al., 2018) that can parse the effects of these factors on CCEPs and their reflection 

of cortical excitability are extremely important in this regard.

Clinical evidence for triggering patient-typical electro-clinical seizures

Electrical cortical stimulation is used for both functional mapping and delineation of the 

epileptogenic zone (Rosenow & Luders, 2001) as approximated by the seizure-onset zone 

(SOZ). In contrast to its wide use for functional mapping, its use for identifying the 

SOZ is less well established despite having been first described in the early twentieth 

century (Cushing, 1909; Foerster & Penfield, 1930) and despite its longstanding tradition 

in the French school of stereo-electroencephalography (Bancaud & Talairach, 1965; 

Isnard et al., 2018). A review from 2016 suggested that evidence remained inconclusive 

regarding the usefulness of triggering patient-typical electro-clinical seizures for postsurgical 

outcome prediction (Kovac et al., 2016). More recently, two large multicenter studies 

shed light on this question (Cuello Oderiz et al., 2019; Trébuchon et al., 2020); both 

studies demonstrated that stimulation of patient-typical electro-clinical seizures during 

stereo-electroencephalography can be useful to identify the SOZ and to predict postsurgical 

outcome.

Cuello-Oderiz et al. (2019) investigated a total of 103 patients who underwent SEEG with at 

least one electrical stimulation session and subsequent open resective surgery. Patient-typical 

electro-clinical seizures were evoked in 59 (57%) patients. The percentage of patients with 
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cortical stimulation–induced patient-typical electroclinical seizures was higher in the good 

(Engel I) than in the poor outcome group (Engel II-IV). Also, the median percentage of 

the resected contacts encompassing the cortical stimulation induced SOZ was higher in 

the good versus the poor surgical outcome group (Figure 2). Importantly, this result did 

not differ from that observed for spontaneous seizures suggesting that stimulation-induced 

patient-typical seizures and spontaneous seizures can provide similar information about the 

SOZ. Trébuchon et al. (2020) investigated 346 patients and were able to stimulate seizures 

in 75.3% of patients. They further found that the occurrence of patient-typical ictal events 

after low-frequency 1-Hz stimulation predicts a favorable epilepsy outcome, with only 

44% chance of disabling seizure recurrence at last follow-up. In a multivariate analysis, 

stimulation-induced patient-typical seizures provided information independent of classical 

post-surgical predictors such as informative MRI, type II focal cortical dysplasia, and tumor 

(Trébuchon et al., 2020).

Early work showed that seizures are induced more readily with 50 Hz stimulation than 1 

Hz stimulation, with seizure onsets usually only identifiable after the stimulation artifact 

in the case of 50 Hz stimulation (Munari et al., 1993). Cuello-Oderiz et al. (2019) found 

that among all investigated factors, only 50 Hz vs. 1 Hz stimulation (54.9% vs. 18.2%) 

and longer time (> 24 hrs) since the last seizure were associated with a higher likelihood 

of induced patient-typical electro-clinical seizures. The same conclusion was drawn by 

Trébuchon et al. (2020) (6.6% only by low-frequency stimulation, 40.8% only by high 

frequency stimulation, 27.9% by both). In addition, they found that if patient-typical seizures 

were evoked by 1 Hz stimulation, this was a significant positive predictive factor for a 

good seizure outcome after epilepsy surgery. One immediate clinical advantage of triggering 

patient-typical seizures is that the sequence of symptoms and signs, as well as the electro-

clinical correlation can be observed in a controlled manner. Highlighting the importance 

of studying the patient-typical seizure, inducing the aura or the complete clinical seizure 

but not a subsequent part of the seizure, such as the seizure without preceding aura, was 

associated with a good outcome (Trebuchon et al., 2020).

Regarding differences in the underlying pathology, the literature suggests that stimulation-

induced seizures are more likely in certain pathologies such as focal cortical dysplasia type 2 

(Chassoux et al., 2000).

Similar to probing excitability, stimulation parameters for inducing patient-typical electro-

clinical seizures vary across the different centers, with sites using either high-frequency, 

low-frequency, or high- and low-frequency stimulation (Trébuchon & Chauvel, 2016). 

The initial intensity is selected depending on the type of stimulation (high-frequency vs. 

low-frequency), pulse duration and electrode type (Prime et al., 2018), the anatomical 

structure or pathology studied (lower intensities are needed for the sensorimotor cortices, 

the mesio-temporal lobe as well as dysplastic tissue), current antiseizure medication drug 

dosage, history of generalization, and time after last seizure. To avoid tissue damage, a 

maximum charge density of ~57 μC/cm2 (Gordon et al., 1990) should not be exceeded. As 

charge density is not only dependent on output current and pulse width, but also electrode 

surface area, typical stimulation intensities may differ between sEEG and subdural contacts, 

and even between manufacturers. As suggested in a recent review, the following stimulation 
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parameters are reasonable for high-frequency stimulation: pulse width of 300 μs, current 

spanning 1–6 mA in depth electrodes and 1–11 mA in subdural contacts, stimulation time of 

5 s maximum, and at least 10 s break in between the stimulations (Suller-Marti et al., 2022). 

An increase in intensity is recommended only for 50 Hz stimulation until after discharges 

can be induced or maximum charge density has been reached. In contrast, an increase in 

intensity is not recommended for 1 Hz stimulation (many sites use an intensity of 3 or 5 

mA), where increasing intensities result mainly in slowing of the background activity due to 

exhaustion of the neuronal pool. Re-initiation of anti-seizure medication or administration of 

an anti-seizure medication loading dosage should be considered prior to stimulation to avoid 

non-habitual seizures and to minimize the risk of focal to bilateral tonic-clonic seizures 

(Arya et al., 2018).

If well explained to the patient and performed according to accepted protocols, side effects 

of electrical stimulation for triggering patient-typical electro-clinical seizures are well 

tolerated by the majority of patients. False positive stimulation results, i.e., the stimulation 

of non-habitual electro-clinical seizures, are low with SEEG reported as ~8% for high-

frequency and 1.5% for low-frequency stimulation (Cuello-Oderiz et al., 2019). Despite its 

demonstrated utility, further study is still needed to establish the added value of stimulation 

of patient-typical electro-clinical seizures in our arsenal of markers of postsurgical outcome.

Clinical evidence of neurostimulation to stop seizures and decrease 

interictal epileptic activity

A significant amount of stimulation research has focused on reducing seizure burden in 

patients (Ryvlin et al., 2021; Simpson et al, 2022). Well-designed controlled clinical trials 

as well as registry data have demonstrated the long-term clinical efficacy of stimulation 

approaches (Fisher et al., 2010; Morrell et al., 2011; Englot et al., 2016; Nair et al., 

2020, Salanova et al., 2021). Unlike medications, there are many stimulation parameters 

to consider and precise arrangements of electrical contacts relative to underlying brain 

structures are important (Figure 3). Despite widely varying parameters for different 

approaches (Table 1) and different stimulation targets, overall long-term efficacies are 

similar across multiple brain stimulation approaches, often with an approximate 50–70% 

median seizure reduction after 3–5 years. In addition, data suggest improving efficacy over 

months to years, suggesting that at least some mechanisms of action work slowly. At least in 

some cases, interictal epileptiform activity (Arcot Desai et al., 2019) and brain connectivity 

(Khambhati et al., 2021) show apparent changes to stimulation over a period of months 

to years although more rapid decreases have also been reported (Lundstrom et al., 2019). 

In general, the primary outcome has been reduction of seizure burden, rather than acutely 

aborting seizures.

The evidence for acutely aborting seizures with electrical stimulation in human focal 

epilepsy is limited, and not likely an optimal long-term therapeutic strategy. There is 

definitive evidence that high frequency stimulation (HF) can abort focal seizures and 

after-discharges. The seminal work of Lesser et al. (1999) used the unique opportunity of 

stimulation during human brain mapping to investigate the ability of electrical stimulation to 
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stop induced seizures and after-discharges (Lesser et al., 1999) and observed that electrical 

stimulation induced after-discharges could be suppressed with HF electrical stimulation 

(300 microsecond pulse width, charge balanced square waves, 50 Hz). A subsequent 

multicenter trial sponsored by NeuroPace, Inc., using a custom bedside external responsive 

neurostimulation (eRNS) system further explored this exciting finding and later developed 

a fully implantable RNS system (personal communication with MJ Morrell) that received 

FDA approval in 2013.

However, stopping a patient’s habitual, spontaneous seizure after onset, in contrast 

to seizures provoked by very focal electrical stimulation during brain mapping, has 

proven difficult in ambulatory patients. With the NeuroPace RNS device, epileptologists 

infrequently see seizures directly aborted by stimulation, and nonetheless commonly 

see improved clinical outcomes and seizure reductions with hundreds to thousands of 

stimulations per day (Nair et al., 2020). While there are certainly electrographic examples of 

aborting spontaneous human seizures with RNS, this seems to be the exception. The reason 

is likely the complex organization of the focal epileptogenic brain (Stead et al., 2010). 

By the time seizures are visible on macroelectrodes, they have recruited more extended 

networks that are very difficult to control with focal electrical brain stimulation. When acute 

cessation does occur, HF stimulation may create a functional lesion by a depolarization 

block that suppresses local neuronal activity. Generally, the topic of how seizures terminate 

naturally remains an important question in epileptology (Timofeev et al., 2004; Lado et al., 

2008; Kramer et al, 2012; Jiruska et al., 2013). Because no study directly compared open-

loop ongoing cortical stimulation to closed-loop responsive cortical stimulation, the different 

and potentially complementary mechanisms by which they act on cortical physiology remain 

unaddressed.

Finally, seizure networks may respond differently to stimulation during an ongoing 

seizure. Indeed, a study found that single-pulse induced CCEPs were absent during 

mesiotemporal seizures, but maintained during neocortical seizures (Russo et al., 2023). 

Thus, characteristics of stimulation targets and underlying dynamics related to seizure 

initiation, propagation and termination are likely important for aborting seizures with 

electrical stimulation or, more broadly, chronically reducing seizure burden.

Modulation of nodes and networks with deep brain stimulation

Deep brain stimulation (DBS) is an emerging therapy for patients with drug-resistant 

epilepsy. It involves the implantation of electrodes in subcortical structures with the aim 

of modulating brain networks involved in seizure generation and propagation by acting 

locally and remotely in connected areas. Relatively little is known about the optimal 

targets and parameters of DBS in epilepsy, which is a current limitation of therapeutic 

development (Kaufmann et al., 2020). The choice of the target is a crucial aspect of 

neuromodulation as it determines how DBS impacts epileptogenic networks. These networks 

are indeed characterized by their anatomical specificity with important relationships between 

cortical and subcortical regions (Bartolomei et al., 2017). Increased synchronization and 

functional connectivity have been found in epileptogenic networks (epileptogenic zone and 

propagation regions) (Lagarde et al, 2022). One proposed mechanism for neurostimulation 
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is a desynchronization of these networks to approximate the normal state (Yu et al 2018; 

Deutschová et al, 2021, Piper et al, 2022).

The thalamus is the most common target, and the anterior nucleus of the thalamus (ANT) 

is the only approved target for epilepsy stimulation (Ryvlin et al., 2021). ANT stimulation 

leads to a significant reduction in focal seizure frequency compared to controls (Fisher et al., 

2010), and its effect seems to increase with time. Indeed, a long-term open-label extension 

study reported a progressive decrease in seizure frequency and a response rate of 50% that 

reached 74% after 7 years of follow-up in those who continued treatment (Salanova et al., 

2021). The ANT is a key component of the limbic system for episodic memory. The main 

input to the ANT, via the mammillothalamic tract, originates from the hippocampus and the 

mammillary body. Other cortical afferents originate from the cingulate cortex, orbito-medial 

prefrontal cortex, retrosplenial cortex, and inferior parietal lobule (Child & Benarroch, 

2013). Within the ANT the location of stimulation also appears to be important with an 

anterior rather than posterior stimulation location associated with improved effectiveness 

(Lehtimäki et al., 2016). However, the connectivity of the ANT is relatively restricted and 

may suggest that other targets are preferred in cases where the epileptogenic networks are 

extra-limbic.

The centromedian nucleus (CM) of the thalamus has widespread projections to the cortex 

but particularly to the motor cortices and the basal ganglia (Smith et al., 2004, Velasco et 

al., 2021). The CM has been the subject of several open-label studies in Lennox-Gastaut 

syndrome reporting a high rate of responders (up to 90%) (Valentín et al., 2013; Cukiert et 

al., 2020; Velasco et al., 2021). The recent ESTEL study, a blinded controlled study, did not 

show a significant difference between treatment and control arms at 3 months (responder 

rate of 50% versus 22%, p=0.25) but did show a significant reduction of electrographic 

seizures (Dalic et al., 2022). Recently the same group reported that efficacious CM‐DBS for 

Lennox-Gataut syndrome was linked to stimulation of the parvocellular part of the CM and 

the adjacent ventral lateral nucleus (Warren et al., 2022). Efficacy was also associated with 

connectivity to areas of a priori EEG-fMRI activation, including premotor and prefrontal 

cortex, putamen, and pontine brainstem (Warren et al., 2022).

Another promising thalamic target is the medial pulvinar (PuM; Figure 4). PuM is associated 

with directed attention, executive functions and working memory and has many bidirectional 

connections including the inferior temporal, posterior parietal, prefrontal cortical areas as 

well as the amygdala and the superior colliculus (Homman-Ludiye & Bourne, 2019). 

Several concordant studies highlighted its role in focal seizures in humans (Guye et al., 

2006; Rosenberg et al., 2006; Capecchi et al., 2020; Pizzo et al., 2021). SEEG recordings 

of the pulvinar demonstrated involvement during mesial temporal seizures as well as other 

seizure types (Pizzo et al., 2021). Furthermore, SEEG studies have shown that the PuM is 

implicated in increased functional synchrony observed during propagation of temporal lobe 

seizures (Guye et al., 2006) and potentially in their termination (Evangelista et al., 2015). 

The role of this structure in the alteration of awareness has also been shown, as the PuM is a 

hub region for the pathological synchronization of fronto-parietal regions involved in normal 

conscious processing (Arthuis et al., 2009). Acute PuM stimulation is well-tolerated and can 

be effective in reducing the duration and severity of seizures (Filipescu et al., 2019). This 
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effect could be linked to a desynchronizing impact in responders (Deutschová et al., 2021). 

A current open study is ongoing to test DBS PuM stimulation in patients with refractory 

focal epilepsies (PULSE protocol, NCT04692701). Another recent off-label development 

relates to the incorporation of the PuM into RNS procedures, which may be beneficial for 

cases with regional drug-resistant epilepsy of the posterior cortex (Burdette et al., 2020).

The example of DBS in these three thalamic nuclei demonstrates the complexities 

of targeting and highlights the importance of even localization at the subnuclei 

level. Stimulation-related interactions between subcortical and cortical structures remain 

incompletely understood. Although it is tempting to make broad generalizations from 

apparent anatomic connectivity to treatment efficacy, there remains much unknown about 

mechanisms underlying stimulation efficacy and the complexities of epilepsy network 

connectivity.

Adjustment of stimulation parameters to dynamotypes in a dynamical 

systems framework

It may be helpful to recall that neurons, the foundational computational unit of the brain, 

communicate via electricity and that electrical oscillations form a cornerstone of neural 

communication. Thus, aspects of electrical brain function may best be understood within the 

framework of dynamical systems (Strogatz, 1994).

In epilepsy, relevant brain states can broadly be categorized as including interictal and 

ictal states. The brain can exist in these states with varying degrees of stability, and the 

brain may transition to the ictal state when near a tipping point (Maturana et al., 2020). 

Electrical impulses can either increase or decrease stability for these states. For example, 

the goal of external electrical stimulation is to therapeutically increase stability for the 

interictal state. Evidence suggests that endogenous electrical impulses such as interictal 

epileptiform discharges can either increase the chance of transition to a seizure state or 

can stabilize the interictal state (Chvojka et al., 2021). In other words, for a given neural 

subnetwork interictal discharges may act as an external perturbation that shifts the system to 

a different stable region, such as a seizure state, when it is near a tipping point. The brain 

as a dynamical system undergoing interictal to ictal transitions via a phase transition is an 

attractive phenomenological model but critical slowing down, one of the hallmarks of such 

systems, remains controversial (Wilkat et al., 2019).

The dynamics of seizures themselves are complex. Classified according to EEG amplitudes 

and time intervals between epileptiform discharges at seizure onset and offset, 16 distinct 

types of dynamics, or dynamotypes, have been described (Saggio et al., 2020). Even within 

single patients, dynamics may differ from seizure to seizure. Further, seizure propagation 

patterns and seizure durations vary independently (Schroeder et al., 2022). As might be 

expected given these differing dynamics, EEG biomarkers of epileptogenicity also vary 

in accuracy as brain dynamics vary (Smith & Stacey, 2021). Despite these differences, 

similarities still exist such that large numbers of cross-patient invasive EEG seizure records 

can be effectively categorized (Arcot et al., 2022).
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Given the complexity of brain dynamics, it should not be surprising that a given set of 

stimulation parameters may have a different effect depending on the patient and brain 

state. For example, RNS with 200 Hz burst stimulation was associated with improved 

effectiveness when the brain was in a high-risk state for seizures, while 100 Hz stimulation 

was associated with improved effectiveness when the brain was in a low-risk state (Chiang et 

al., 2021). In general, stimulation frequency is often considered a key stimulation parameter, 

and, for example, stimulation at 100 Hz or greater is typical for RNS. Nonetheless, 7 Hz 

low frequency RNS can lead to notable improvements compared to high frequency (100–200 

Hz) stimulation in selected patients (Alcala-Zermeno et al., 2022b). In a chronic rat limbic 

epilepsy model, stimulation to stop seizures was more effective when stimulation frequency 

matched the natural frequency measured during seizure termination, where frequencies 

varied from 7 to 300 Hz (Sobayo et al., 2016). These data are supported by computational 

work showing that stimulation frequency required to abort seizure-related activity depended 

on underlying dynamics; slower seizure dynamics required slower stimulation frequencies to 

be effective (Köksal Ersöz et al., 2020).

Therapeutic stimulation also differs by the degree of feedback used to inform stimulation. 

RNS systems provide stimulation based on short timescale feedback from physician-

programmed detectors, whereas other approaches provide continuous stimulation. In one 

example, stimulation of the medial septum in a rat hippocampal kindling model showed that 

responsive closed loop stimulation at the level of individual stimulation pulses (which is not 

the case with RNS) was effective whereas open loop stimulation was not (Takeuchi et al., 

2021). Despite these differences, it is interesting that outcomes are generally similar across a 

wide range of stimulation approaches (Alcala-Zermeno et al., 2022a). Certainly, stimulation 

parameters and details of brain state dynamics can affect outcomes, and yet sometimes even 

basic, standardized approaches are similarly effective.

Outlook and open questions

Electrical stimulation can be used for the diagnosis and treatment of epilepsy, but requires 

clinicians to have a familiarity with the physics of electricity and consider numerous factors 

when optimizing therapy for individual patients (Simpson et al., 2022). It can be easy to 

overlook the dynamical complexity of the brain (Nunez et al., 2006). Electrical stimulation 

is not as simple as choosing an antiepileptic medication and its target dosage.

At present, evidence suggests the need for continued openness regarding how electrical 

stimulation works and might best be implemented. Umbrella statements might best be 

avoided. Electrical stimulation can induce seizures and can inhibit seizures. Data do not yet 

support clear differences in long-term effectiveness for open vs. closed loop stimulation or 

high vs. low frequency stimulation, although it is often assumed that closed loop stimulation 

and high frequency stimulation may be more effective. In contrast, evidence suggests low 

frequency stimulation may be more effective for probing epileptic cortex. Although seizures 

are more readily induced with high-frequency stimulation, prognostication of surgical 

outcome appears to be improved with low-frequency stimulation (Cuello Oderiz et al., 

2019, Trebuchon et al., 2020). Brain states are always in flux, and electrical stimulation 

will likely have multiple effects over space and time. Questions remain regarding: 1) 
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to what extent short timescale diagnostic biomarkers can predict long-term outcomes, 

and if these biomarkers are adding information to already existing biomarkers from 

passive EEG recording, 2) under what circumstances and over what timescales closed 

loop stimulation offers advantages over open loop stimulation, and 3) whether biomarker-

informed stimulation can lead to seizure freedom.

Bioelectronic medicine holds the promise of using electricity, which is in some sense the 

language of the brain, to dramatically improve diagnosis and treatment of epilepsy. The goal 

remains not just to stop seizures but rather to cure epilepsy.
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Key points:

• Properties of cortico-cortical evoked potentials can reflect pathological 

excitability in both stimulation and response areas.

• Stimulation to induce patient-typical seizures is useful to identify the seizure-

onset zone and to predict postsurgical outcome.

• Evidence for consistent acute cessation of individual seizures with electrical 

stimulation is limited, while evidence for long-term seizure reduction is 

strong.

• Carefully selected implantation targets and stimulation parameters are crucial 

for achieving an optimal response of brain stimulation in intractable epilepsy.

• Given the complexity of brain dynamics, a given set of stimulation parameters 

may have different effects depending on the patient and brain state.
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Figure 1. 
Probing the epileptic brain with single-pulse electrical stimulation. A) The CCEP waveform 

includes a sharp N1 peak and a slower N2 peak, but alternative waveforms have been 

described for different functional areas and tissue types. Blocks of 40–50 trials are often 

used to compute the average trial response. B) Increasing amplitude nonlinearly amplifies 

the N1 and N2 peaks of the waveform, and C) these response amplitudes are generally most 

excitable in response regions associated with the SOZ (red and yellow lines). In contrast, 

stimulation sites have been categorized as epileptogenic by D) using CCEP responses to 

build transfer function models for specific stimulation sites. E) The transfer function model 

for each stimulation site produces a Bode plot, which reflects the magnitude of the output of 

the system when driven at a specific frequency (x-axis). F) Bode plot features classified SOZ 

regions and reflected surgical outcome with slightly higher performance than the traditional 

N1 amplitude analysis (CCEP) or spectral responses to stimulation (CCSR). Figure adapted 

from (Hays et al. 2022) and (Smith et al. 2022).
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Figure 2. 
Panel A. Proportion of Resected Contacts in Patients With Good or Poor Surgical Outcome. 

Left side: Examples of Engel class I or good surgical outcome. Right side: Examples of 

Engel class IV or poor surgical outcome. The contacts of the seizure-onset zone informed by 

cortical stimulation are reconstructed as red dots, and the resection cavity is superimposed 

in white. The examples illustrate that in patients with good surgical outcome, a higher 

proportion of the contacts were removed compared with patients with poor outcome. 

Panel B. Comparison in Outcomes Between Spontaneous Seizure and Cortical Stimulation–

Induced Seizure in 2 Patient Examples, Blue arrows point to the beginning of the cortical 

stimulation (CS). Contacts RLa 4–6 in patient 217 and contacts LFug 4–6 in patient 260 

were stimulated (using 50 Hz). Even though the seizure-onset patterns show differences, the 

seizure-inducing channels (labeled in red) were similar. Cuello-Oderiz et al., JAMA Neurol 

2019, with permission of the American Medical Association.
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Figure 3. 
Stimulation parameters include not only amplitude, frequency, and pulse width, but also the 

geometrical arrangement of cathodes (negatively charged contacts) and anodes (positively 

charged contacts) that determine the electrical fields.
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Figure 4. 
Figure showing the effect of medial pulvinar stimulation on temporal lobe seizures. 

(A) A decrease in the alteration of consciousness is observed. (B) A shortening of the 

duration of the tonic phase of the seizure is observed (from Filipescu et al, 2019). (C) 

A desynchronizing effect is observed in responders as opposed to non-responders (from 

Deutschová et al, 2021). (D) Potential effect of deep brain stimulation of the thalamus on 

the alteration of interictal connectivity. On the left, the interictal period is characterized 

by a relative increase of the epileptogenic zone networks (EZN) and propagation networks 

(PZ) compared to the non-involved regions (NI) (Lagarde et al, 2022). On the right, the 

effect of stimulation is thought to decrease the increased functional connectivity (FC) in the 

epileptogenic networks. CSS, consciousness seizure scale; Puv, pulvinar; stim, stimulation.
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Table 1.
Typical stimulation settings for VNS, DBS, and RNS

Adapted from: Simpson et al, Epilepsia, 2022. https://pubmed.ncbi.nlm.nih.gov/35700144/

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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