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Summary: Over the past 20 years, responsive neurostimulation
(RNS), a closed-loop device for treating certain forms of drug-
resistant focal epilepsy, has become ensconced in the
epileptologist’s therapeutic armamentarium. Through
neuromodulatory effects, RNS therapy gradually reduces
seizures over years, providing diagnostically valuable intracranial
recordings along the way. However, the neuromodulatory
potential of RNS therapy has not been fully harnessed. Seizure
reduction is often slow, outcomes vary across individuals and
defy prognostication, seizure freedom is uncommon, and many
patients do not derive significant benefit. These limitations may
stem from the “black box” nature of RNS therapy. The
antiseizure mechanism(s) of RNS remain poorly understood, and,
in the absence of first principles to inform selection of the
candidates most likely to benefit, the ideal brain regions to

pilepsy is a common neurologic disorder afflicting one in 26

people during their lives and nearly 50 million people
worldwide.!> The hallmark of epilepsy is recurrent seizures,
bouts of excessive electrical activity that arise from dysfunctional
brain networks and cause significant morbidity and mortality.
Over 30 antiseizure medications (ASMs) are available,? but one-
third of people living with epilepsy—including over 1.5 million
people in the United States*—still have uncontrolled seizures.
Surgical resection of seizure-producing brain tissue is potentially
curative but not always feasible, so responsive neurostimulation
(RNS) has emerged as a promising alternative.>~’” The RNS
System comprises a cranially implanted pulse generator and two
intracranial lead wires that deliver electrical stimulation directly
to the seizure focus/foci in the brain. In a closed-loop design, the
RNS device continuously senses neural activity and stimulates
the brain only upon detection of abnormal patterns that may
herald seizures.® Originally conceived to terminate incipient
seizures akin to a cardiac defibrillator, the primary mechanism of
seizure reduction with RNS therapy is now believed to be
neuromodulatory,’!! i.e., progressive dampening of hyperexcit-
able neural circuits over months to years.

Despite these emerging mechanistic insights, the neuro-
modulatory potential of RNS therapy has not been fully
harnessed. Seizure reduction can take years, seizure freedom is
rare, and over a quarter of patients are nonresponders (<50%
reduction in seizure frequency).!? A principal barrier to acceler-
ating and improving outcomes with RNS is the “black box”
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target, and the most effective stimulation parameters,
contemporary use of RNS therapy is largely empiric. Fortunately,
recent advances in neuroimaging, neurophysiology, artificial
intelligence, and engineering have made the goal of rational,
personalized neurostimulation a near-term reality. Here, we
review recent progress toward this goal, focusing on novel
approaches to patient selection, brain network topology, state-
dependent effects, and stimulation parameter optimization. By
considering the who, where, when, and how of RNS, we highlight
emerging paradigm shifts that will help usher in a new age of
RNS therapy that is more personalized and more effective.
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nature of the therapy. Over 12 million combinations of
stimulation waveform parameters (current intensity, frequency,
etc.) are possible,!? but there are no established biomarkers to
guide selection of the optimal combination(s) for a given patient.
As a result, the contemporary approach to RNS programming
involves an empiric process of trial-and-error. Standard stimula-
tion settings adapted from clinical trials are initially applied to all
patients and thereafter iteratively adjusted without biomarker
guidance every few months, a “one-size-fits-all” approach that
belies the heterogeneity of epilepsy and underscores a stark
reality: Twenty years after the advent of RNS, clinicians still
navigate a vast stimulation parameter space in the dark, and
patients still suffer from seizures while waiting to chance upon
effective settings. Indeed, long-term clinical trials!'?> and real-
world outcome studies'* have cemented a place for RNS therapy
in the epileptologist’s armamentarium, but, with nearly
7,000 drug-resistant patients now treated with RNS in the
United States, several limitations of this therapy have also
become clear.

1. Median reductions in seizure frequency reported in clinical
trials of RNS obscure the considerable variability in outcomes
across individuals, and there are no established means of
prognosticating treatment response. Practically, this means
that patients must opt for an invasive intracranial device
without knowing the extent to which they will benefit, if at all.
Given the availability of two other FDA-approved neuro-
stimulation devices (vagus nerve stimulation; deep brain
stimulation, DBS) that are conceptually and mechanistically
distinct and that may have efficacy comparable to RNS,%-15-17
selecting the best device for a given patient remains
a challenge.

2. The flexible nature of RNS—including myriad lead config-
urations and vast stimulation parameter space—enables
therapy customization, but rational selection of “optimal”
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parameters remains elusive because the input/output relation-
ship for brain stimulation is not well-defined. Without
knowledge of which location(s) to target or when and how
to stimulate, contemporary use of RNS therapy remains
largely a guessing game.

3. Chronic electrocorticography data provided by RNS is one of
its biggest advantages over other devices,'®-2! although DBS
also provides certain forms of long-term neurophysiology.??
Over 20 million RNS electrocorticograms (ECoGs) have been
stored to date, but “big data” poses a challenge for clinicians
tasked with reviewing, interpreting, and leveraging these
recordings for patient’s benefit. Potential applications of
chronic RNS data have been extensively reviewed'® and
include characterizing the relationship between electrographic

and patient-reported events?>-2%; quantifying seizure dynam-

ics?0-2%; gauging effects of ASMs3%-32; forecasting seizures33-
38, determining neural correlates of patient behavior3®4° or
epilepsy procedures*!=3; serving as a platform technology for
neuroscience research**#%; and enabling circuit-based treat-
ment of neuropsychiatric disease.*¢->% Automated tools to
help clinicians distill clinically salient, patient-specific in-
sights from voluminous data are sorely needed.

4. RNS is considered among the most advanced medical
devices, yet its technology is outdated. The first patient was
treated over 20 years ago. The current second-generation
device (Model RNS-320), which brought improvements over
its predecessor (RNS-300M) in memory capacity, battery life,
and magnetic resonance imaging compatibility, cannot keep
step with the blistering pace of advances in engineering and
computational power because of the slow process of medical
device regulatory approval. For example, onboard memory
remains extremely limited (~48 channel-minutes of ECoG
sampled at 250 Hz), data transfer to a secure online repository
(Patient Data Management System) is neither automatic nor
continuous, seizure detection tools (based on calculations of
signal line length, half-waves, or area under the curve) are
computationally efficient but have limited flexibility, alerts are
not provided, and, currently, the device cannot be pro-
grammed remotely. Critically, although the device is respon-
sive to brain activity, it is not adaptive to the momentary state
of brain networks; in other words, the device behaves the
same way between programming sessions, typically separated
by months, although brain states are highly dynamic in the
interim.>1=33

The collective impact of these limitations is that it is likely
that at least some patients treated with RNS could be doing better
than they are now. Still, first principles remain elusive, and
clinicians who use RNS can easily succumb to a sort of
“neurostimulation nihilism,” a view that the “rules” are unknow-
able and that virtually any empiric approach to RNS therapy will
benefit most patients and not benefit some. Are we left then to
simply deliver electrons to the brain, cross our fingers, and hope
for the best? The purpose of this article is to argue against the
defeatist mindset and in favor of a view that rational, personal-
ized neurostimulation is a near-term reality. Recent advances in
neuroimaging, neurophysiology, artificial intelligence (Al), and
engineering have brought us closer than ever to the goal of

506 Journal of Clinical Neurophysiology Volume 42, Number 6, September 2025

optimizing neurostimulation outcomes in all patients. Here, we
review recent progress toward this goal, focusing on the who,
where, when, and how of brain-responsive neurostimulation

(Fig. 1).

WHO TO STIMULATE—PATIENT SELECTION

The large RNS stimulation parameter space, encompassing
all possible stimulation waveforms, lead placements, and anode/
cathode designations for electrodes,* is a mixed blessing:
clinicians always have something new to try, but, for patients
who are not responding well to RNS therapy, hope for a better
outcome can fade long before all options are exhausted.
Anecdotally, although electrographic evidence of treatment
response often manifests within the first 6 months of therapy,>
significant clinical improvement can be observed even 2 or more
years into the course of treatment. Ideally, the likelihood of
treatment response in an individual could be estimated before
invasive device implantation. Progress has been made in this
regard, predicated on the notion that some brain networks may be
intrinsically more “susceptible” to RNS stimulation than others.
Retrospective analysis of seizures recorded during intracranial
electroencephalography in patients who went on to receive RNS
revealed that ictal synchronizability, which reflects the ease by
which neural activity propagates through a functionally con-
nected brain network, is inversely related to the extent of seizure
reduction with RNS therapy.!! Although not yet prospectively
validated, this suggests a means by which RNS responders and
nonresponders can be distinguished before device implantation
based on electrographic features of their seizures. Another recent
study using pre-RNS interictal magnetoencephalography found
that frequency-specific global functional connectivity was higher
in RNS responders compared with nonresponders.>®-37 Similarly,
theta frequency connectivity between the anterior nucleus of the
thalamus and scalp EEG is stronger in responders to thalamic
DBS>® than in nonresponders. Taken together, a picture is
emerging that efficacy of neurostimulation depends both on
intrinsic properties of seizures and the brain networks that give
rise to them. A speculative possibility is that RNS stimulation can
more readily diffuse through networks with high functional
connectivity, potentiating its therapeutic effects, and that seizures
less able to synchronize widespread networks are those most
readily mitigated by RNS stimulation.

An alternative approach to optimizing the efficacy of
neurostimulation on a per-patient basis has been developed in
the context of chronic subthreshold cortical stimulation, which
involves an open-loop device that delivers continuous electrical
stimulation to the seizure onset zone (SOZ).>® During intracranial
monitoring, a trial of electrical stimulation is applied to the SOZ
and surrounding electrodes while monitoring the EEG for
frequency-specific changes in spectral power and reduction in
interictal epileptiform activity (IEA).%%¢! The results can help
guide stimulation location and parameter choice before perma-
nent device implantation for chronic subthreshold cortical
stimulation. Conceivably, a similar approach could be taken in
patients undergoing, for example, stereotactic EEG before RNS
implantation.®2-63
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Personalized Therapy

Network
Determinants

Traditionally reserved for delineating cortical regions for
resection or ablation, stereotactic EEG in contemporary
practice is increasingly used to sample subcortical components
of the epileptic network, especially thalamic nuclei.®*
Although this remains controversial, the growing experience
with thalamic stereotactic EEG has revealed that seizures
reliably involve specific thalamic nuclei in circuits connected
to the SOZ.%5-67 However, it does not necessarily follow that
stimulating these nuclei will have a therapeutic effect, nor is it
clear that lack of ictal involvement in a thalamic nucleus
means that stimulation there will be ineffective.®® Still,
preliminary evidence indicates that thalamic stimulation can
induce changes in effective thalamocortical connectivity,®®
suggesting a personalized preimplant biomarker for assessing
the extent of network plasticity that may be possible with
a neurostimulation device.

WHERE TO STIMULATE—CRITICAL
NETWORK NODES

RNS was designed to terminate seizures soon after their
onset, so, intuitively, stimulating electrodes are traditionally
placed as close as possible to the SOZ. As our understanding
of the mechanism(s) by which RNS reduces seizures continues to
evolve, it is worth noting the paucity of evidence supporting this
lead placement strategy. Indeed, several studies of hippocampal
neurostimulation have failed to find a clear link between the
precise anatomical location of electrodes and patient out-
comes.”®72 However, outcomes can be predicted with informa-
tion about the specific brain circuit(s) being stimulated. For
example, in a study of patients with RNS with hippocampal
electrodes, seizure reduction was greatest when diffusion imag-
ing revealed that the volume of tissue activated shared structural
connectivity with other regions in the default mode network,
including medial prefrontal cortex, cingulate cortex, and precu-
neus.”! Since subfields of the hippocampus have differential
connectivity to cortical regions in the default mode network,”?
this suggests that the current strategy of placing RNS leads based
on anatomic landmarks should be expanded to include consid-
eration of patient-specific networks.

clinicalneurophys.com
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FIG. 1. Personalizing RNS therapy. The
RNS stimulation (“Stim”) parameter
space is vast, but brain network
determinants of who, where, when, and
how to stimulate may enable
personalized selection of a stimulation
paradigm that yields optimal clinical
outcome.

The network theory of epilepsy,’* now firmly entrenched in
the field, steadily gained credence in parallel with the rise of
modern approaches to neurostimulation, perhaps explaining the
shift from trying to suppress the seizure “focus” to modulating
the dysfunctional circuits that give rise to seizures.”> Brain
networks have nodes where targeted stimulation can exert high
influence over distributed activity.”®’7 Conceptually, seizure-
producing networks may have a point(s) of vulnerability—a
neurophysiologic Achilles’ heel—where electrical stimulation is
particularly effective. Some have even proposed extension of the
classical zones of Liiders’® to include “neuromodulation zones,”
areas where stimulation produces clinically meaningful seizure
reduction,”® which may or may not colocalize with the SOZ.
Defining network targets for stimulation may involve anatomic
subregions of brain structures,3%-8! structural connectivity,’!
functional connectivity (i.e., so-called “projection” vs. “receiver”
nodes®?), electrophysiologic signatures like fast ripples,® or the
confluence of key white matter tracts.®* Work in animal models
of epilepsy suggests that responsive stimulation applied at
different targets concurrently can have synergistic effects.8>
Multisite stimulation in humans is possible with existing
devices®®¥7 and may become increasingly feasible as new
devices with more than two leads become available in the future.
Finally, using structural and functional connectivity to predict
network sites of greatest stimulation-induced plasticity may
enable identification of the optimal stimulation target.®8

The question of where to stimulate is particularly relevant
for the thalamus, which, from a graph theory perspective, has the
highest connectivity of any node in the seizure network because
of its extensive inputs and outputs.®? Indeed, the recent explosion
of interest in stimulating the thalamus® relates to the fact that
this central hub has such diverse circuit topologies. After anterior
nucleus of the thalamus, which was studied in clinical trials of
thalamic DBS,®! the centromedian nucleus is arguably the most
common thalamic neurostimulation target, as it has been targeted
for focal and multifocal epilepsy®>? as well as generalized
epilepsy,®>?6-9% although the pulvinar is gaining ground.?®-104
As discussed above, thalamic stereotactic EEG may help
personalize selection of a thalamic nucleus for neuromodula-
tion.®3 Although there is currently no established rubric for
targeting a specific thalamic nucleus based on the location of the
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SOZ, an emerging strategy involves thalamocortical hodology,
the study of structural and functional connectivity between
thalamus and overlying cortex.'% The concept of hodological
matching—i.e., optimal seizure reduction is achieved by stimu-
lating the thalamic nucleus whose connectivity best aligns with
the location of the cortical SOZ'%>—is intellectually appealing
but will require more clinical validation.

WHEN TO STIMULATE—STATE-
DEPENDENT EFFECTS

The brain is never truly at rest, and brain stimulation
paradigms intended to manipulate brain activity need to account
for fluctuating states. For example, states of consciousness can
significantly alter the way in which stimulation-induced neural
activity spreads over long-range connections.'%® Stimulation-
induced modulation of memory performance'®” and mood!®®
depends on the momentary state of the brain, and DBS for
treatment of essential tremor is effective when timed to specific
phases of the pathologic movement that are underpinned by
oscillations of neural circuits.!%’ Therefore, state-dependent brain
stimulation!!® for epilepsy makes intuitive sense, and the
neuronal biophysical correlates of this concept are being
unraveled.!'! Opportunities with state-dependent stimulation
include potentially more effective seizure reduction and greater
tolerability. For example, switching stimulation frequency at
night!!? can help avoid the sleep-disrupting effects of thalamic
stimulation.!!> However, RNS in its present form is sensitive to
brain state only indirectly through detection of seizures and
interictal epileptiform activity. By using these detections to infer
changes in underlying brain state, recent studies have revealed
that RNS stimulation parameters that are effective in one state
may be ineffective—or even counterproductive—when the brain
transitions to a different state.’>!!'# For example, it has been
proposed that RNS stimulation delivered during brain states with
less TEA facilitates long-term seizure reduction.!!>

Although the RNS neurostimulator does not store continu-
ous ECoG, hourly counts of device-detected IEA are stored for
up to 28 days. Mathematical analyses that extract cyclical
patterns from time series!!® have revealed that, in addition to
ubiquitous daily (circadian) cycles,!!7-11® multiday (multidien)
cycles of IEA are present in most individuals with RNS
(~60%!'17), tend to be stable over time,>>!!° and may reflect
disease activity.3? Critically, patient-reported and electrographic
seizures preferentially occur on the rising phases of multidien
IEA cycles.3>120 A phasic relationship between seizures and
IEA, also observed for circadian cycles,'?! is remarkably
conserved across species.!??> The revelation that seizures are
not as random as once thought,'!® and that IEA cycle phase
determines seizure risk state, enables a strategy for estimating the
likelihood of seizure occurrence over future horizons (termed,
“seizure forecasting34123). More recently, other neurophysio-
logic features have been found to demonstrate cyclical behavior.
For example, analyses of interictal RNS ECoGs recorded from
hippocampus revealed cycles of orchestrated, frequency-
dependent changes in FC that fluctuate in concert with IEA
cycles and can also be leveraged to forecast electrographic
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seizures.33 Other resting-state EEG background features also
fluctuate in concert with IEA cycles,®! including the aperiodic
component of neural activity.”!-1?* Mounting evidence indicates
that cycles in epilepsy are relevant for therapeutic neurostimu-
lation: circadian modulation of aperiodic activity is a putative
early biomarker of response to RNS therapy!?>; thalamic DBS
can modulate IEA cycles!?%; and the relationship between IEA
cycles and EEG features is attenuated after neurostimulation.>!
Combinations of EEG features like aperiodic activity and IEA
cycle amplitude/phase have potential to provide practical bio-
markers of disease state*! and RNS treatment response,'?’ but
whether these will be patient-specific or generalizable remains to
be seen.

Leveraging neurophysiologic features that reflect brain state
requires a device that can sense the relevant biomarker. For
example, the current version of the RNS neurostimulator cannot
directly detect functional connectivity, aperiodic activity, or [IEA
cycle phase. However, platforms are being developed to improve
parameterization of RNS detectors for specific neurophysiologic
states of seizure networks.!?%129 Encouraged by the recent
success of adaptive DBS for Parkinson disease,'3® next-
generation closed-loop neurostimulation devices for epilepsy
will be sensitive to the state of the brain network.!3! Hardware
and software advances, including neuromorphic computing!3?
and multiplex-then-amplify schemes,!33 are increasingly
enabling on-chip analysis of neural signals and real-time, Al-
driven'3* stimulation optimization.'32

HOW TO STIMULATE—PARAMETER
SPACE NAVIGATION

Until next-generation devices become available to “neuro-
stimulationists” in an Al-augmented future,!* clinicians must
continue to program RNS devices by making the most of the
information at hand. Designed as a seizure-terminating device,
RNS has hyperacute effects on neural activity,>!-135-136 but acute
seizure disruption is not the only mechanism of action for
RNS,'37 and most of its seizure-reducing effects unfold over
much longer timescales.®!2->3-138 However, clinicians need rapid,
quantifiable feedback to inform decision making during in-
person device programming sessions. One challenge relates to
efficiently reviewing and interpreting electrocorticography data
stored by the RNS neurostimulator to plan adjustments to
detection, stimulation, and storage settings.!3° Deep learning
neural networks can detect seizures in RNS ECoGs with high
accuracy,!40-142 o this task will likely be automated for
clinicians soon. For patients who are not responding optimally
to RNS therapy, deep learning models can also identify other
patients with similar ECoG features but better clinical outcomes,
which may facilitate selection of more effective stimulation
settings'#3; essentially, the rationale is that what worked for one
patient may work for another patient with similar neurophysio-
logic characteristics.

In the era of big data in epilepsy,'4* Al-based tools are well-
suited to reverse engineer input/output relationships and distill
the vast stimulation parameter space into a manageable set of
programming variables to achieve personalized clinical
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goals.!3-134 Fortunately, brain responses to neurostimulation have
been shown to be constrained by functional connectivity and
neuroanatomy, and large dataset mapping of input/output
relationships across individuals has revealed a limited repertoire
of responses to diverse stimulation parameters. Since brain
responses are constrained by amalgamated structural/functional
networks, it may not be necessary to test every possible
combination of stimulation parameters.'?® Instead, seemingly
infinite stimulation parameter combinations are funneled by the
brain into a limited number of predictable responses. A general
atlas of these responses!*> would help navigate and narrow the
vast parameter space, making feasible the dream of rational
programming to achieve a desired outcome.!3

Epilepsy is a test case for many other neuropsychiatric
conditions that are symptomatic of network dysfunction and that
would be amenable to personalized, closed-loop brain stimula-
tion.!46-147 Conceptually, the challenge is to find the balance
between standardization (i.e., the limited array of physiologic
outputs in relation to innumerable possible stimulation inputs)
and personalization (i.e., patient-specific constraints related to
brain structural and functional connectivity).!3 By analogy,
although the possible materials and designs for making shoes
are seemingly infinite, most shoes can be binned into a limited
number of categories. So, when shoes are needed, it is not
necessary to start from scratch with every conceivable means of
creating a foot covering; only the intended application needs to
be known, and the initially selected template can be refined by
choosing the desired color, size, insoles, laces, etc. Will
personalized neurostimulation for epilepsy ever evolve such
practical simplicity? If the shoe fits...

CONCLUSION

In what seems a distant memory now, the first incarnation of
RNS was a battery-operated external desktop device electroen-
cephalogram, and its ability to terminate seizures was evaluated
in four patients undergoing intracranial monitoring with subdural
electrodes. In this preliminary study, Kossoff and colleagues
made several prescient observations'48:

In patient 3, an apparent clinical effect was not seen
until stimulation parameters were modified, perhaps
indicating that stimulation parameters require individ-
ual adjustment. Interestingly, in the fourth patient, the
subdural EEG recordings appeared to normalize after
several days of stimulation, suggesting a possible
neuromodulatory effect of this repetitive direct brain
stimulation. In addition, patient 1 seemed to have had
electrographic change even though the current may not
have been directly over the epileptogenic cortex.

Thus, from its earliest use, RNS therapy has been known to
have different effects in different individuals, to require
personalized tuning of stimulation parameters and time for
neuromodulatory effects to unfold, and to have indirect
network-based effects remote to the site of stimulation. For
the past 20 years, personalization of RNS therapy has meant
tailoring detection settings on the device for early and specific
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detection of each patient’s unique ictal pattern. This makes
sense only to the extent that the therapeutic mechanism involves
acute seizure termination. In the next 20 years, it seems likely
that personalization will increasingly involve features of the
interictal state: resting-state neural biomarkers that inform lead
optimal placement and enable reliable outcome prognostication;
brain state dynamics between seizures; cyclical patterns of
epileptiform activity; and network responses to stimulation
applied outside of seizures. Therapy optimization based on
these and other biomarkers will likely be facilitated by
engineering advances. A next-generation RNS device could
potentially include more than two leads; higher sampling rate;
larger data storage capacity; on-device AI; seamless data
streaming; integration with wearable, handheld, and other
implanted devices; and the ability to provide seizure alerts.

The emerging view is that the efficacy of RNS may depend
less on aborting seizures that have already started and more on
modulating patient-specific networks to prevent seizures from
starting in the first place. More work is needed because, despite
enormous advances in our understanding of the mechanism of
RNS and ways to personalize this therapy, fundamental questions
remain. If the rapid pace of recent discoveries in this field is any
guide, although, the community of clinicians and people living
with epilepsy will not have to wait another 20 years for the
answers.
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