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State-dependent effects of responsive 
neurostimulation depend on seizure 
localization

Sharon Chiang,1,2 Ankit N. Khambhati,3 Thomas K. Tcheng,4 Audra Plenys Loftman,5

Nicholas R. Hasulak,6 Emily A. Mirro,7 Martha J. Morrell4 and Vikram R. Rao1

Brain-responsive neurostimulation (RNS) is firmly ensconced among treatment options for drug-resistant focal epi
lepsy, but over a quarter of patients treated with the RNS® System do not experience meaningful seizure reduction. 
Initial titration of RNS therapy is typically similar for all patients, raising the possibility that treatment response 
might be enhanced by consideration of patient-specific variables. Indeed, small, single-centre studies have yielded 
preliminary evidence that RNS System effectiveness depends on the brain state during which stimulation is applied. 
The generalizability of these findings remains unclear, however, and it is unknown whether state-dependent effects 
of responsive neurostimulation are also stratified by location of the seizure onset zone where stimulation is deliv
ered. We aimed to determine whether state-dependent effects of the RNS System are evident in the large, diverse, 
multi-centre cohort of RNS System clinical trial participants and to test whether these effects differ between mesio
temporal and neocortical epilepsies.
Eighty-one of 256 patients treated with the RNS System across 31 centres during clinical trials met the criteria for in
clusion in this retrospective study. Risk states were defined in relation to phases of daily and multi-day cycles of in
terictal epileptiform activity that are thought to determine seizure likelihood. We found that the probabilities of risk 
state transitions depended on the stimulation parameter being changed, the starting seizure risk state and the stimu
lated brain region. Changes in two commonly adjusted stimulation parameters, charge density and stimulation fre
quency, produced opposite effects on risk state transitions depending on seizure localization. Greater variance in 
acute risk state transitions was explained by state-dependent responsive neurostimulation for bipolar stimulation 
in neocortical epilepsies and for monopolar stimulation in mesiotemporal epilepsies.
Variability in the effectiveness of RNS System therapy across individuals may relate, at least partly, to the fact that 
current treatment paradigms do not account fully for fluctuations in brain states or locations of simulation sites. 
State-dependence of electrical brain stimulation may inform the development of next-generation closed-loop de
vices that can detect changes in brain state and deliver adaptive, localization-specific patterns of stimulation to maxi
mize therapeutic effects.
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Introduction
Brain-responsive neurostimulation with the RNS® System is an es
tablished therapy for certain forms of drug-resistant focal epi
lepsy,1 but its effectiveness across patients is highly variable.2,3 In 
clinical trials of the RNS System, a third of patients achieved 
more than 90% reduction in seizure frequency, but a similar frac
tion of patients were non-responders, experiencing less than 50% 
reduction in seizure frequency.2 This outcome variability is not ex
plained by obvious clinical characteristics4,5 but may relate to in
trinsic features of brain networks,6-8 including the connectivity of 
nodes where stimulation is delivered.9,10 Effectiveness of RNS ther
apy may also depend on the momentary state of brain networks; for 
example, the same stimulation parameters that reduce seizures 
during a high seizure risk state could be counterproductive during 
a low seizure risk state by promoting transition to a high-risk 
state.11 Observed outcomes with the RNS System may reflect the 
net of opposing effects during seizure risk state cycling12-14 and 
may underestimate the potential of this therapy.

By virtue of its closed-loop design, the RNS System is intrinsically 
dynamic, delivering stimulation only in response to detections of epi
leptiform brain activity. Yet, parameters programmed on the device 
are static during weeks- to months-long intervals between outpatient 
clinic visits, while seizure network states may continue to evolve over 
similar timescales.15 In the contemporary paradigm for device pro
gramming during patient clinic visits, stimulation is not enabled until 
the device is tuned to detect seizures reliably. Stimulation is then en
abled, usually with initial parameters (e.g. charge density 0.5 μC/cm2) 
based on experience from the RNS System clinical trials. In subse
quent visits, the charge density is increased incrementally up to 
3 μC/cm2. If seizures persist, higher charge densities can be trialled, 
or changes can be made to other parameters, such as stimulation fre
quency, burst duration, or, less often, pulse width. Beyond recom
mended initial settings, however, few guidelines exist to help 
clinicians titrate stimulation parameters, and device programming 
remains largely empiric. Whether stimulation parameters should 
be tailored based on location of the seizure onset zone (e.g. mesio
temporal versus neocortical) is also unknown.

In a preliminary study of a small group of patients with mixed 
mesiotemporal and neocortical epilepsies, we previously found 
that the effects of responsive neurostimulation depended on 
whether patients were in a high- or low-risk state.11 Another study 
found that the effectiveness of RNS therapy is greater when stimu
lation is preferentially delivered during low-risk states.16 Both of 
these single institutional studies have been limited in their ability 
to consider separately the mesiotemporal and neocortical groups 
due to small sample sizes. Furthermore, RNS System programming 
was performed primarily by a single or small number of operators, 
limiting generalizability and introducing potential biases. Ideally, 
the hypothesis that there are state-dependent effects of RNS ther
apy would be best tested in a larger, multi-centre cohort in which 
diverse epilepsies and diverse programming approaches are 

represented. Generalizable principles uncovered through such an 
analysis could inform prospective studies and the development of 
next-generation neurostimulation systems.

We therefore conducted a retrospective analysis of a large, diverse 
cohort of patients treated with a wide range of stimulation para
meters at multiple institutions during the RNS System clinical trials. 
We aimed to quantify the impact of responsive neurostimulation on 
seizure risk transitions beyond the natural rate of transitions that oc
curs in the absence of stimulation.14,17-19 We hypothesized that RNS 
System stimulation parameters differentially influence the probabil
ity of transitioning between high- and low-risk states, and that me
siotemporal and neocortical epilepsies exhibit distinct patterns of 
stimulation-dependent state transition probabilities.

Materials and methods
Study population

We conducted a retrospective analysis of intracranial EEG data from 
a subset of the 256 adults with drug-resistant focal epilepsy involving 
one to two seizure foci who participated in the RNS® System clinical 
trials (NeuroPace Inc.) between 19 January 2004 and 11 November 
2008 (NCT00079781, NCT00264810, NCT00572195) (Table 1). All pa
tients provided written informed consent. All study protocols were 
approved by the US Food and Drug Administration (FDA) and institu
tional review boards of participating investigation sites. The RNS 
System stores continuous hourly counts of interictal epileptiform 
activity (IEA) and long episodes (LE), detections of epileptiform activ
ity that persist beyond a pre-specified duration and that are often a 
reliable proxy for electrographic seizures. To control for the potential 
influence of changes in detection settings on LE counts, only pro
gramming epochs for which detection settings and LE duration 
were held constant were included.13,20,21 Electrocorticograms stored 
by the RNS System due to occurrence of LEs were visually reviewed 
to determine how reliably LEs corresponded to electrographic sei
zures.22 Only epochs for which >90% of LEs detected by the RNS 
System corresponded to electrographic seizures13 and with a min
imum of 30 days in the epoch were included. Patients were included 
if they had at least one programming epoch meeting the criteria and 
had (i) both leads placed in mesiotemporal locations; (ii) both leads 
placed in neocortical locations; or (iii) one lead placed in a mesiotem
poral location and the other lead placed in a neocortical location but 
with one lead inactivated during both bursts of the first delivered 
stimulation therapy. Patients with mixed neocortical and mesiotem
poral stimulation during therapy 1 were excluded. The RNS System 
can deliver up to five successive ‘therapies’ (each comprising two 
consecutive bursts of electrical pulses) during a detection episode. 
Because stimulation parameters from therapy 1 are those that are 
most often varied in practice and the majority of episodes result in 
just one responsive therapy, such that nearly 90% of stimulations de
livered by the RNS System are during therapy 1 and about 10% of 
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stimulations are delivered as therapies 2–5 (NeuroPace, Inc., unpub
lished data), we focused on stimulation parameters from therapy 1 
in this analysis.

Data preprocessing

Hourly LE counts and the average charge density, stimulation fre
quency, burst duration, and pulse width across the two bursts with
in therapy 1 (T1B1 and T1B2) for each corresponding hour were 
analysed (Supplementary Fig. 1). For cases where the second burst 
in the therapy was disabled or charge density was zero, the charge 
density, stimulation frequency, burst duration, and pulse width 
during the first therapy burst were used. Because stimulation par
ameter changes can be programmed at any time of day, if a stimu
lation parameter change occurred partway through an hourly time 
bin, the stimulation parameter at the beginning of the hourly time 
bin was imputed through the end of the hour. For hours during 
which no detections were made, no episodes with stimulation oc
curred, or stimulation was disabled, the charge density, frequency, 
burst duration, and pulse width were set to zero. Time series were 
concatenated across continuous segments within each patient, and 
risk state transitions for each patient were modelled separately.

Statistical analysis

Statistical analysis was conducted in R version 4.1.2. Risk states 
were inferred by considering both multidien/circadian cycles in 
IEA, which are a measure of interictal activity, as well as LEs, which 
are a measure of electrographic seizures. IEA counts were normal
ized via a z-transformation and bandpass filtered to the following 
ranges, using a first-order Butterworth filter: Circadian (0.8–1.2 of 
24 h, or 19.2–28.8 h), 7 days (0.8–1.2 of 7 days, or 5.6–8.4 days), 
15 days (0.8–1.2 of 15 days, or 12–18 days), 20 days (0.8–1.2 of 
20 days, or 16–24 days) and 30 days (0.8–1.2 of 30 days, or 24– 
36 days), as these multidien periodicities have been found to be 
prevalent among patients with focal epilepsy.23 The instantaneous 
phase of IEA counts within each bandpass frequency range was cal
culated via the Hilbert transform. Because seizures have been 
found to be generally more prevalent during the rising phase of 
multidien IEA cycles,13 and because values of phase between -π 
and 0 computed from the Hilbert transform correspond with the 
rising phase IEA and values between 0 and π correspond with the 
falling phase of IEA, phase was shifted by π, such that higher values 
of phase correspond to the peak of the upgoing phase of IEA for 
each frequency band. Instantaneous shifted phases of circadian 

and multidien frequency bands and log-transformed LE counts 
for each epoch were subsequently transformed into orthogonal 
components via principal components analysis (PCA). To consider 
the possibility that more than two risk states may exist, two- and 
three-state multivariate Gaussian hidden Markov models (HMMs) 
were then fit via the depmixS4 library to the first five principal com
ponents (PCs) to infer latent seizure risk states.24 The number of PCs 
was chosen based on the minimum number of PCs to capture at 
least 80% of variance in the IEA phase and LE count in all patients. 
Identifiability, which refers to the ability to uniquely identify para
meters in a model (e.g. due to label-switching in HMMs, wherein the 
label assigned to each state may ‘switch’ between runs), was en
forced in the three-state HMM by setting the third state to the state 
with the largest mean number of LE over all epochs, the second 
state to that with the greatest positive mean value of the shifted 
phase over all circadian and multidien cycles, and the first state 
to the remaining state. In the two-state HMM, identifiability was en
forced by setting the second state to the state with the largest mean 
number of LEs over all epochs for the patient and the first state to 
the remaining state. The number of states was subsequently se
lected based on minimization of the Akaike information criterion 
(AIC) as a measure of model fit. Correspondence of identified seiz
ure risk states to times of higher risk for seizures and epileptiform 
activity was checked through Wilcoxon rank-sum tests comparing 
the number of LEs per hour and number of IEA per hour between 
identified risk states at the 0.05 level of significance.

To capture the impact of neurostimulation parameters on state 
transition rates beyond the baseline rate of transition in the absence 
of stimulation therapy, conditional on each latent state, a generalized 
linear mixed effects (GLME) model was fit to the probability of transi
tioning or remaining in a high-risk state in the subsequent hour. 
Average charge density, stimulation frequency, pulse width, burst 
duration across the two therapy 1 bursts, and number of stimulations 
per hour were treated as fixed effects and categorized as shown in 
Table 2, with patient and number of days since RNS System implant
ation treated as random effects. Bipolar neocortical stimulation was 
used in seven patients; due to low sample size to estimate the asso
ciations with parameter categories, stimulation parameters were 
treated as continuous variables. Continuous variables were centred 
and scaled before fitting. For GLME coefficients, 95% confidence inter
vals are reported for state-dependent associations between stimula
tion parameters and the probability of remaining in/transitioning to a 
low-risk state for neocortical and mesiotemporal stimulation groups. 
Monopolar and lead-to-lead stimulation were evaluated as a single 
group and bipolar stimulation evaluated as a separate group due to 

Table 1 Clinical characteristics

Clinical characteristic Median/Proportion Mesial temporal 
stimulation (n = 49)

Neocortical stimulation 
(n = 32)

P-value

Age at time of implant, years 35.0 (24.0–43.0) 37.0 (30.0–45.0) 28.0 (22.8–37.8) 0.02a

Sex
Female 41 (50.6%) 24 (49.0%) 17 (53.1%) 0.9b

Male 40 (59.4%) 25 (51.0%) 15 (46.9%)
Seizure frequency, daily

Electrographic seizures 1.0 (0.3–7.0) 0.9 (0.3–6.9) 1.4 (0.5–7.3) 0.27a

Focal impaired aware and generalized tonic clonic  
seizures

0.1 (0.04–0.4) 0.1 (0.05–0.3) 0.5 (0.3–1.6) <0.001a

Focal aware seizures 0.0 (0.0–0.1) 0.0 (0.0–0.1) 0.09 (0.0–0.5) <0.001a

For proportions, number (%) are shown. For continuous variables, median (Q1–Q3) are shown.
aWilcoxon rank sum test.
bTwo-tailed test of proportions.
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presumed differences in the volume of tissue activated from broad 
(monopolar) compared to localized (bipolar) stimulation fields.25,26

Only configurations where both therapy 1 bursts were either both 
monopolar/lead-to-lead or both bipolar were considered. Mixed 
stimulation pathways (i.e. with different classes of stimulation in dif
ferent therapy bursts) were excluded. Grouped bipolar stimulation in 
both therapy bursts, which involves groupings of two anode contacts 
and two cathode contacts per lead, had data satisfying the inclusion/ 
exclusion criteria in only six patients and was not considered in this 
analysis due to the low sample size. Hybrid monopolar/bipolar stimu
lation was excluded from the analysis. For bipolar neocortical stimu
lation, only fixed effects were included due to the low sample size for 
estimating random effects. Significant fixed effects were identified at 
the 0.05 level, with family-wise error rate control through the Holm 
correction for multiple comparisons.27

Results
Study sample

From a total of 256 adults with drug-resistant focal epilepsy who 
participated in the RNS System clinical trials28 across 31 centres, 
81 (31.6%) met the inclusion/exclusion criteria. These patients col
lectively had a total of 300 stable programming epochs satisfying 
the inclusion criteria (median 3 epochs/patient; Q1–Q3, 1–5 
epochs/patient) and a total of 2 212 024 person-hours of treatment 
with the RNS System.

Demographic characteristics are listed in Table 1. The median 
age of implantation with the RNS System was 35 years, ranging 
from 18–66 years. There were 49 (60.5%) patients with mesiotem
poral stimulation and 32 (39.5%) with neocortical stimulation. 
Patients had a median daily electrographic seizure frequency of 
1.0 LEs/day (Q1–Q3 0.3–7.0, range 0.0028–499.7). Patients with 
neocortical stimulation were significantly younger with higher 
self-reported clinical seizure frequencies, although electrographic 
seizure frequencies did not significantly differ between patients 
with neocortical and mesiotemporal stimulation (Table 1). Among 
patients with mesiotemporal stimulation, 37 (75.5%) had bilateral 
foci, seven (14.3%) had a left temporal focus, three (6.1%) had a right 
temporal focus and two (4.0%) had a left temporal and a left hemi
spheric neocortical focus. For both patients with both temporal and 
neocortical foci, the neocortical focus was not stimulated in bursts 
1 and 2 of the first therapy. The median daily clinical seizure 
frequency was 0.2 seizures/day (Q1–Q3 0.06–0.6, range 0–13.9) for 
focal impaired aware and bilateral tonic-clonic seizures and 0.003 
seizures/day (Q1–Q3 0.0–0.2, range 0–11.4) for focal aware seizures. 
Of the 2 212 024 person-hours analysed, 1 947 904 h (88.1%) had 
stimulation delivered, with a median of 92.1% of hours with stimu
lation per patient (Q1–Q3, 77.7–97.3%, range 11.4–99.9%). There was 
a median of 4739 h analysed per stable recording epoch (Q1–Q3 
2269–10 070 h, range 720–43 032 h) and a median of 18 446 h 

analysed per patient over all epochs (Q1–Q3 8664–48 923 h, range 
744–78 656 h). Stimulation configurations analysed are shown in 
Supplementary Table 1. The distributions of stimulation para
meters in the first therapy employed in each stimulation configur
ation are shown in Supplementary Fig. 2. Table 2 shows the ranges 
of stimulation parameters that were compared relative to the re
commended RNS System initial stimulation settings (charge dens
ity, 0.5 μC/cm2; pulse width, 160 μs; stimulation frequency, 200 Hz; 
burst duration, 100 ms).1 Univariate associations between param
eter values and state transitions are shown in Supplementary 
Tables 3–5 for models treating stimulation parameters as categoric
al variables.

Latent state inference

A two-state HMM minimized the AIC, providing a better model fit 
than the three-state HMM. Figure 1 shows the inference on latent 
seizure risk states for an epoch for a sample patient, which demon
strates model identification of high-risk states as not simply those 
with LEs and low-risk states as those without LEs, but rather iden
tification of high-risk states as those with greater likelihood of an LE 
per unit time (18 LEs in 143 h during the first low-risk state and nine 
LEs in 292 h during the second high-risk state). Overall, high-risk 
states had a significantly greater mean number of LEs per hour 
(0.3 ± 1.7 versus 0.8 ± 2.4, P < 0.001) and mean number of IEA per 
hour (40.9 ± 34.6 versus 54.5 ± 41.3, P < 0.001) than low-risk states 
(Fig. 1F and G). As shown in Fig. 1, high-risk states (yellow) were 
identified either as times when rising phases of IEA circadian and 
multidien cycles overlapped with LEs if LEs occurred more during 
the rising phase or times when the falling phase of IEA cycles over
lapped with LEs if LEs occurred more during the falling phase of IEA.

Monopolar mesiotemporal stimulation

Random effects for GLME models are presented in Supplementary 
Table 2 and show the variability in hourly state transitions attributed 
to differences between patients and time since RNS System implant
ation. Twenty patients with mesiotemporal leads underwent mono
polar or lead-to-lead stimulation during RNS therapy. Table 3 shows 
the association of RNS System stimulation parameters with the prob
ability of remaining/transitioning to a low-risk state in monopolar 
mesiotemporal stimulation, relative to the baseline state transition 
rate. The various charge densities examined did not demonstrate a 
significant impact on the probability of remaining in/transitioning 
to a low-risk state in the subsequent hour beyond the baseline state 
transition rate. Use of >20 to <100 Hz stimulation during low-risk 
states was associated with an improved probability of remaining low- 
risk compared with 200 Hz stimulation (P = 0.001). In contrast, in 
high-risk states, use of >20 to <100 and 100 Hz stimulation was 
associated with a lower probability of transitioning to a low-risk state 
(P < 0.001 and P < 0.001, respectively; Fig. 2B). Long burst durations 
above 500 ms (in this sample, a burst duration of 2000 ms) were 

Table 2 Ranges of average therapy 1 stimulation parameters evaluated

Charge density Stimulation frequency Pulse width Burst duration

Baseline (manufacturer-recommended initial settings) ≤0.5 μC/cm2 200 Hz 160 μs 100 ms
Evaluated ranges (0.5, 3] μC/cm2 ≤20 Hz <160 μs <100 ms

(3, 4] μC/cm2 (20, 100) Hz >160 μs (100, 500] ms
(4, 5] μC/cm2 100 Hz – >500 ms
(5, 6] μC/cm2 (100, 200) Hz – –
(6, 7] μC/cm2 >200 Hz – –
>7 μC/cm2 – – –
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effective in high-risk states (P < 0.001) but counterproductive when 
patients were in low-risk states (P < 0.001; Fig. 2C). There was no sig
nificant difference between 160 μs, <160 μs and >160 μs pulse widths 
in association with subsequent transitions to low-risk states (Fig. 2D). 
Overall, responsive neurostimulation using monopolar mesiotem
poral stimulation explained 5% of the variance in hourly state transi
tions during low-risk states and 13% during high-risk states, 
corresponding to small and medium effect sizes, respectively.29

Monopolar neocortical stimulation

Thirty-one patients with neocortical leads underwent monopolar or 
lead-to-lead stimulation during RNS therapy. Table 3 shows the as
sociation of RNS System stimulation parameters with the probabil
ity of remaining/transitioning to a low-risk state in monopolar 
neocortical stimulation. For monopolar neocortical stimulation, 
the use of high charge densities above 3 μC/cm2 was associated 
with a greater probability of transitioning to a low-risk state for 
times when patients were in high-risk states, with less of a clear 

benefit when patients were in low-risk states (Table 3 and Fig. 3A). 
High frequency stimulation (200–333.3 Hz) was most effective in 
low-risk states and significantly associated with a higher probability 
of remaining low-risk (P < 0.001), whereas low frequency stimulation 
(1–20 Hz) was most effective in high-risk states and significantly as
sociated with a higher probability of transitioning to a low-risk state 
(P < 0.001; Fig. 3B). Long burst durations (100–500 ms) were asso
ciated with a transition to a low-risk state when applied during a 
high-risk state, but with a statistically non-significant transition to 
a high-risk state when applied during a low-risk state. Very long 
(500–5000 ms) burst durations were associated with a lower chance 
of being low-risk in the subsequent hour if applied either in high 
or low-risk states (P < 0.001 and P < 0.001; Fig. 3C). There was no sig
nificant difference between 160 μs, <160 μs and >160 μs pulse widths 
in association with subsequent transitions to low-risk states 
(Fig. 3D). Overall, responsive neurostimulation using monopolar 
neocortical stimulation explained 4% of the variance in hourly state 
transitions during low-risk states and 1% during high-risk states, 
corresponding to a small effect size.

Figure 1 Representative patient demonstrating the process for extracting latent seizure risk states from interictal epileptiform activity (IEA) and long 
episodes (LEs) and estimating the association of stimulation parameters with hourly risk state transitions. In this example, the patient undergoes three 
state transitions over the course of the month shown, with seizures occurring during the first high-risk state (18 LEs in 143 h) and towards the beginning 
and end of the second low-risk state (nine LEs in 292 h). (A) Patients underwent implantation with brain-responsive neurostimulation (RNS) using the 
RNS System for the treatment of epilepsy as part of the RNS System clinical trials. (B) Raw IEA and LE counts were extracted (bottom row) and IEA counts 
were filtered (normalized) into circadian and multidien periodicities (top five rows; 7 day, 15 day, 20 day and 30 day). Here, the solid lines in rows 2–6 
indicate shifted phase and the dotted lines indicate filtered IEA counts. A principal component analysis (PCA) was performed and a Gaussian 
Hidden Markov Model fit to the first five principal components to identify seizure risk states. In the bottom row, the extracted seizure risk states are 
superimposed on raw IEA counts (black line) and long episodes (red filled circles); yellow dashed rectangles denote times in a high-risk state; blue solid 
rectangles denote times in a low-risk state. (C) A generalized linear mixed effects model was then fit to estimate the association between stimulation 
parameter values (depicted as grey bars of different heights) and the probability of transitioning to or remaining in a low-risk state in the subsequent 
hour, contingent on whether each patient was currently in a low-risk (D; blue solid rectangle) or high-risk (E; yellow dashed rectangle) state. As shown 
in F and G, inferred seizure risk states had a higher median number of IEA per epoch (F) as well as LEs per epoch (G).
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Bipolar mesiotemporal stimulation

Forty-five patients with mesiotemporal leads underwent bipolar 
stimulation during RNS therapy. Table 4 shows the association of 
RNS System stimulation parameters with the probability of 

remaining/transitioning to a low-risk state using bipolar 

mesiotemporal stimulation. Use of high charge densities above 

3 μC/cm2 was generally more beneficial in high- than low-risk 

states (Table 4 and Fig. 4A). When applied during low-risk states, 

Table 3 Mesial temporal versus neocortical state-dependent parameter associations: monopolar or lead-to-lead stimulation

Mesial temporal leads (n = 20)

Low-risk state 
(R2

marginal = 0.05, R2
conditional = 0.37,  

AIC 39 218.3)

High-risk state 
(R2

marginal = 0.13, R2
conditional = 0.43,  

AIC 37 961.9)

Coefficient estimate (SE) Adjusted P-value Coefficient estimate (SE) Adjusted P-value

Intercept 18.09 (9.23–35.44) <0.001 0.06 (0.03–0.12) <0.001
Charge density (0.5, 3] μC/cm2a 1.00 (0.68–1.48) 0.99 0.90 (0.66–1.24) 0.99
Charge density (3, 4] μC/cm2a 1.21 (0.80–1.82) 0.99 0.77 (0.55–1.07) 0.99
Charge density (4, 5] μC/cm2a 1.44 (0.76–2.72) 0.99 0.51 (0.30–0.87) 0.17
Charge density (5, 6] μC/cm2a 1.31 (0.67–2.56) 0.99 0.82 (0.47–1.42) 0.99
Charge density (6, 7] μC/cm2a 0.43 (0.03–5.55) 0.99 0.82 (0.08–8.92) 0.99
Charge density >7 μC/cm2a 3.29 (0.07–157.24) 0.99 0.25 (0.01–4.97) 0.99
Frequency (0, 20 Hz]b 1.04 (0.45–2.42) 0.99 1.81 (0.72–4.55) 0.99
Frequency (20, 100 Hz)b 3.80 (1.70–8.51) 0.02 0.07 (0.03–0.17) <0.001
Frequency 100 Hzb 2.01 (1.15–3.52) 0.20 0.23 (0.13–0.43) <0.001
Frequency (100, 200 Hz)b 2.04 (0.85–4.91) 0.99 1.03 (0.40–2.66) 0.99
Frequency >200 Hzb 1.38 (0.59–3.22) 0.99 1.30 (0.52–3.24) 0.99
Pulse width <160 μsc 1.18 (0.89–1.57) 0.99 1.14 (0.88–1.47) 0.99
Pulse width >160 μsc 1.19 (0.98–1.43) 0.90 0.84 (0.69–1.01) 0.76
Burst duration <100 msd Not trialed
Burst duration (100, 500] msd 1.06 (0.80–1.40) 0.99 0.89 (0.67–1.19) 0.99
Burst duration >500 msd 0.41 (0.32–0.52) <0.001 2.18 (1.69–2.83) <0.001
Number of detection events that triggered a therapy 0.93 (0.90–0.97) <0.001 1.25 (1.21–1.29) <0.001
Days since implant 0.92 (0.65–1.32) 0.99 1.40 (0.96–2.03) 0.84

Neocortical leads (n = 31)

Low-risk state 
(R2

marginal = 0.04, R2
conditional = 0.31,  

AIC 101 212.7)

High-risk state 
(R2

marginal = 0.01, R2
conditional = 0.48,  

AIC 100 305.7)

Coefficient estimate (SE) Adjusted P-value Coefficient estimate (SE) Adjusted P-value

Intercept 35.44 (23.23–54.07) <0.001 0.05 (0.02–0.09) <0.001
Charge density (0.5, 3] μC/cm2a 1.14 (1.01–1.28) 0.31 1.06 (0.95–1.19) 0.99
Charge density (3, 4] μC/cm2a 0.80 (0.67–0.94) 0.11 1.44 (1.22–1.70) 0.003
Charge density (4, 5] μC/cm2a 0.91 (0.77–1.09) 0.99 1.31 (1.10–1.56) 0.03
Charge density (5, 6] μC/cm2a 0.87 (0.70–1.07) 0.99 1.38 (1.11–1.71) 0.04
Charge density (6, 7] μC/cm2a 1.26 (1.03–1.55) 0.30 1.28 (1.05–1.56) 0.12
Charge density >7 μC/cm2a 1.24 (0.97–1.57) 0.80 1.34 (1.06–1.70) 0.12
Frequency (0, 20 Hz]b 0.82 (0.72–0.94) 0.06 1.37 (1.20–1.56) <0.001
Frequency (20, 100 Hz)b 1.00 (0.85–1.18) 0.99 1.05 (0.89–1.24) 0.99
Frequency 100 Hzb 1.09 (0.96–1.24) 0.99 1.18 (1.04–1.34) 0.10
Frequency (100, 200 Hz)b 1.07 (0.93–1.24) 0.99 1.24 (1.07–1.43) 0.04
Frequency >200 Hzb 4.78 (2.10–10.89) 0.003 1.05 (0.14–7.87) 0.99
Pulse width <160 μsc 1.08 (0.95–1.22) 0.99 0.93 (0.82–1.05) 0.99
Pulse width >160 μsc 1.08 (0.97–1.20) 0.99 1.02 (0.91–1.13) 0.99
Burst duration <100 msd 0.96 (0.83–1.10) 0.99 1.20 (1.04–1.38) 0.11
Burst duration (100, 500] msd 0.90 (0.82–0.98) 0.22 1.28 (1.17–1.40) <0.001
Burst duration >500 msd 0.48 (0.39–0.60) <0.001 0.55 (0.45–0.67) <0.001
Number of detection events that triggered a therapy 0.82 (0.80–0.84) <0.001 1.01 (0.99–1.03) 0.99
Days since implant 1.08 (0.88–1.34) 0.99 1.09 (0.88–1.33) 0.99

Fixed effects for stimulation parameters on probability of remaining in or transitioning to a low-risk state are shown. Associations are based on values of charge density, 

stimulation frequency, pulse width and burst duration averaged across the first two therapy bursts. Adjusted P-values after Holm correction are shown. Bold values indicate 
those significant at the 0.05 level after family-wise error rate control. AIC = Akaike information criterion; SE = standard error.
aRelative to charge density of ≤0.5 μC/cm2.
bRelative to stimulation frequency of 200 Hz.
cRelative to pulse width of 160 μs.
dRelative to burst duration of 100 ms.
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Figure 2 For monopolar mesial temporal stimulation, associations of brain-responsive neurostimulation (RNS) using RNS System stimulation parameter 
settings with the probability of transitioning to or remaining in a low-risk state, conditional on current state. (A) Charge density, (B) stimulation frequency, 
(C) burst duration and (D) pulse width. Baseline setting is shown in grey (bolded rectangles). Blue solid shading indicates settings found to have a significantly 
higher probability of transitioning to or remaining in a low-risk state relative to the baseline setting. Orange dashed shading indicates settings found to have a 
significantly lower probability of transitioning to or remaining in a low-risk state relative to the baseline setting. No significant associations were present for 
pulse width. Parameter ranges over the two bursts in the first therapy: charge densities of 0.40–7.15 μC/cm2, stimulation frequencies of 4–333.3 Hz, burst 
durations of 100–2000 ms and pulse widths of 80–240 μs.

Figure 3 For monopolar neocortical stimulation, associations of brain-responsive neurostimulation (RNS) using RNS System stimulation parameter 
settings with the probability of transitioning to or remaining in a low-risk state, conditional on current state. (A) Charge density, (B) stimulation fre
quency, (C) burst duration and (D) pulse width. Baseline setting is shown in grey (bolded rectangles). Blue solid shading indicates settings found to have 
a significantly higher probability of transitioning to or remaining in a low-risk state relative to the baseline setting. Orange dashed shading indicates 
settings found to have a significantly lower probability of transitioning to or remaining in a low-risk state relative to the baseline setting. Parameter 
ranges over the two bursts in the first therapy: charge densities of 0.30–24.10 μC/cm2, stimulation frequencies of 1–333.3 Hz, burst durations of 10– 
5000 ms and pulse widths of 80–760 µs.
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higher stimulation frequencies (>100 to <200 Hz and 200 to 
333.3 Hz) were associated with a higher probability of remaining 
low-risk than 200 Hz stimulation, while during high-risk states, ei
ther low frequency stimulation (>20 to <100 Hz) or very high fre
quency stimulation (200 to 333.3 Hz) was associated with a higher 
probability of transitioning to a low-risk state compared to 200 Hz 
stimulation (Table 4 and Fig. 4B). In high-risk states, long burst 
durations (100 to 500 ms) were associated with a lower probability 
of transitioning to a low-risk state compared to a burst duration 
of 100 ms (P < 0.001; Fig. 4C). Pulse widths of either less than or 
greater than 160 μs were associated with a greater probability of 
subsequently being low-risk compared to a pulse width of 160 μs, 
regardless of whether used in a high- or low-risk state (P < 0.001; 
Fig. 4D). Overall, responsive neurostimulation using monopolar 

mesiotemporal stimulation explained 1% of the variance in hourly 
state transitions for both low-risk and high-risk states, correspond
ing to a small effect size.

Bipolar neocortical stimulation

Bipolar stimulation of neocortical seizure foci was used in seven pa
tients meeting inclusion criteria. Higher charge densities, higher 
stimulation frequencies, longer burst durations and longer pulse 
widths were associated with a greater chance of remaining low-risk 
when applied in low-risk states (P < 0.001), whereas lower charge 
densities, lower stimulation frequencies and shorter burst durations 
were associated with a greater chance of transitioning to a low-risk 
state if applied during high-risk states (P < 0.001) (Table 4). For times 

Table 4 Mesial temporal versus neocortical state-dependent parameter associations: bipolar stimulation

Mesial temporal leads (n = 45)

Low-risk state 
(R2

marginal = 0.01, R2
conditional = 0.41,  

AIC 186 688.3)

High-risk state 
(R2

marginal = 0.01, R2
conditional = 0.47,  

AIC 193 479.5)

Coefficient estimate (SE) Adjusted P-value Coefficient estimate (SE) Adjusted P-value

Intercept 41.52 (27.36–63.00) <0.001 0.05 (0.03–0.09) <0.001
Charge density (0.5, 3] μC/cm2a 0.86 (0.79–0.94) 0.01 0.89 (0.82–0.97) 0.06
Charge density (3, 4] μC/cm2a 0.63 (0.56–0.71) <0.001 0.74 (0.66–0.83) <0.001
Charge density (4, 5] μC/cm2a 0.83 (0.74–0.94) 0.02 1.18 (1.05–1.32) 0.04
Charge density (5, 6] μC/cm2a 0.77 (0.68–0.88) 0.002 1.05 (0.92–1.20) 0.99
Charge density (6, 7] μC/cm2a 0.88 (0.76–1.02) 0.50 1.61 (1.40–1.85) <0.001
Charge density >7 μC/cm2a 1.02 (0.87–1.19) 0.99 1.54 (1.32–1.80) <0.001
Frequency (0.20 Hz]b 0.63 (0.55–0.71) <0.001 0.97 (0.85–1.09) 0.99
Frequency (20 100 Hz)b 1.16 (0.94–1.42) 0.80 1.44 (1.18–1.77) 0.004
Frequency 100 Hzb 0.99 (0.89–1.11) 0.99 0.99 (0.88–1.10) 0.99
Frequency (100, 200 Hz)b 1.38 (1.27–1.50) <0.001 0.77 (0.72–0.84) <0.001
Frequency >200 Hzb 1.13 (1.05–1.21) 0.008 1.28 (1.19–1.37) <0.001
Pulse width <160 μsc 1.18 (1.09–1.28) <0.001 1.47 (1.36–1.60) <0.001
Pulse width > 160 μsc 1.14 (1.06–1.21) 0.002 1.16 (1.09–1.24) <0.001
Burst duration <100 msd 0.93 (0.81–1.08) 0.99 1.18 (1.01–1.36) 019
Burst duration (100 500] msd 1.08 (1.00–1.16) 0.36 0.84 (0.78–0.91) <0.001
Burst duration >500 msd 2.16 (0.99–4.71) 0.37 0.45 (0.21–0.97) 0.21
Number of detection events that triggered a therapy 0.88 (0.87–0.90) <0.001 0.97 (0.96–0.99) 0.004
Days since implant 1.03 (0.83–1.27) 0.99 1.05 (0.96–1.14) 0.99

Neocortical leads (n = 7)

Low-risk state 
(R2

marginal = 0.26, R2
conditional = 0.26,  

AIC 12 700)

High-risk state 
(R2

marginal = 0.32, R2
conditional = 0.32,  

AIC 12 010)

Coefficient estimate (SE) Adjusted P-value Coefficient estimate (SE) Adjusted P-value

Intercept 15.45 (14.35–16.73) <0.001 0.04 (0.04–0.04) <0.001
Charge densitye 1.23 (1.12–1.39) <0.001 0.48 (0.42–0.55) <0.001
Frequencye 1.63 (1.41–1.92) <0.001 0.62 (0.55–0.69) <0.001
Burst duratione 3.01 (2.46–3.74) <0.001 0.62 (0.52–0.74) <0.001
Pulse widthe 1.11 (1.06–1.16) <0.001 Not estimatedf –
Number of detection events that triggered a therapy 1.27 (1.17–1.39) <0.001 2.55 (2.45–2.67) <0.001
Days since implant 1.03 (0.97–1.10) 0.34 1.20 (1.13–1.27) <0.001

Fixed effects for stimulation parameters on probability of remaining or transitioning to a low-risk state are shown. Associations are based on values of charge density, 

stimulation frequency, pulse width and burst duration averaged across the first two therapy bursts. Adjusted P-values after Holm correction are shown. Bold values indicate 

those significant at the 0.05 level with family-wise error rate control. AIC = Akaike information criterion; SE = standard error.
aRelative to charge density of ≤0.5 μC/cm2.
bRelative to stimulation frequency of 200 Hz.
cRelative to pulse width of 160 μs.
dRelative to burst duration of 100 ms.
eUsing original values due to limited variation in values for categorization.
fNot estimated due to singularity.
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identified to be high-risk states, only 2 h employed a pulse width other 
than 160 μs (2 h with pulse width of 120 μs; 30 368 h with pulse width of 
160 μs); therefore, the effect of pulse width was not analysed for neo
cortical bipolar stimulation during high-risk states. Overall, respon
sive neurostimulation using monopolar mesiotemporal stimulation 
explained 26% of the variance in hourly state transitions during low- 
risk states and 32% during high-risk states, corresponding to a large 
effect size.

Discussion
Here, leveraging a unique dataset of patients treated with the RNS 
System in a large, multi-centre clinical trial, we performed a retro
spective statistical analysis to test a hypothesis that the acute ef
fects of responsive neurostimulation on seizure risk depend on 
the timing and location of stimulation. We found that probabilities 
of transitions between states of different seizure risk depend on the 
stimulation parameters being changed, the starting seizure risk 
state and the stimulated brain region. Thus, the acute therapeutic 
effects of responsive neurostimulation appear to be a function of 
how, when and where stimulation is applied.

There are several main contributions of this study. First, our find
ings suggest that optimal stimulation parameters for acute impact 
on seizure risk may differ between neocortical and mesiotemporal 
epilepsies. Typical recommendations are to start with monopolar 
or lead-to-lead stimulation for neocortical seizure foci and with bi
polar stimulation for mesiotemporal seizure foci. Based on our re
sults, divergence between these treatment algorithms should be 
expanded to include other stimulation parameters, including charge 
density and stimulation frequency, for which changes had opposing 
effects on risk state transitions depending on seizure localization.

Second, we confirm and extend previous findings on state- 
dependent effects of stimulation parameter changes.11 The funda
mental principle proposed previously11 and confirmed here in a 
larger independent study—that effects of stimulation parameter 
changes appear to depend on current brain state and location of 
stimulation—has practical implications for clinicians using the RNS 
System. For example, in a patient with mesiotemporal epilepsy trea
ted with monopolar stimulation, the parameter changes most likely 
to be favourable depend on whether the patient is doing well (low- 
risk state) or poorly (high-risk state): lower stimulation frequencies 
(20–100 Hz) may be favoured in the former scenario, whereas longer 
burst durations (>500 ms) may be favoured in the latter. Recent work 
suggests that responsive neurostimulation during low-risk states 
(i.e. periods of time with fewer than usual LEs) may be more effect
ive16; it would be of interest to examine whether stimulation para
meters used during these low-risk states differed systematically 
from those used during high-risk states. This work advances find
ings from our previous single-centre study by showing that the 
same phenomenon generalizes to a larger, independent, multi- 
centre cohort, increasing the likelihood of reproducibility and laying 
the groundwork for future prospective studies.

Third, whereas previous studies investigating the relationship be
tween responsive neurostimulation and time-varying changes in risk 
state have defined risk states based only on LEs,11,16 this study shows 
that consideration of the phase of circadian and multidien IEA cycles 
during which stimulation is applied may result in different effects on 
brain state.30 Low- and high-risk states were identified using dimen
sion reduction techniques that simultaneously analysed the phase 
of IEA cycles along with LE counts; changes in stimulation parameters 
produced different outcomes depending on the state when changes 
were made. Phase-dependent stimulation effects on plasticity have 

Figure 4 For bipolar mesial temporal stimulation, associations of brain-responsive neurostimulation (RNS) using RNS System stimulation parameter 
settings with the probability of transitioning to or remaining in a low-risk state, conditional on current state. (A) Charge density, (B) stimulation fre
quency, (C) burst duration and (D) pulse width. Baseline setting is shown in grey (bolded rectangles). Blue solid shading indicates settings found to have 
a significantly higher probability of transitioning to or remaining in a low-risk state relative to the baseline setting. Orange dashed shading indicates 
settings found to have a significantly lower probability of transitioning to or remaining in a low-risk state relative to the baseline setting. Average par
ameter ranges over the two bursts in the first therapy were charge densities of 0.40–8.90 μC/cm2, stimulation frequencies of 2–333.3 Hz, burst durations 
of 10–5000 ms and pulse widths of 80–400 µs.

State-dependent neurostimulation                                                                                               BRAIN 2025: 148; 521–532 | 529



been shown in rodents, with stimulation inducing long-term potenti
ation differentially depending on the phase of theta oscillations when 
stimulation is applied.31 In humans, IEA cycle phase has demon
strated value for forecasting seizures13,32-35 and for increasing the 
yield of diagnostic monitoring,36 but its utility for optimizing patterns 
of therapeutic brain stimulation has not been explored. Our results 
suggest that the brain may respond differently to electrical stimula
tion at different times during IEA cycles, and the underlying mechan
isms warrant further investigation. Recent work has shown that 
seizures unfold through a sequence of network states that depends 
on IEA cycle phase.37,38 If seizures are ‘built’ differently at different 
times of IEA cycles, the most effective way to ‘dismantle’ them with 
neurostimulation might vary accordingly.

Fourth, this study is consistent with emerging evidence that there 
is a baseline rate of transition between seizure risk states,14,17-19 which 
can be affected either acutely or in the long run by RNS System treat
ment; indeed, there is growing awareness that acute effects of respon
sive neurostimulation may be paralleled by effects that unfold over 
long periods of time.3,6,21,39,40 The magnitude of the regression inter
cepts for acute risk state transitions (which reflects the baseline rate 
of transitions in the absence of stimulation), relative to the magnitude 
of the coefficients for RNS System stimulation parameters, suggests a 
strong baseline effect of hourly state transitions, which is partially 
modulated in the acute setting by responsive neurostimulation. 
Prior work has demonstrated a strong effect for a baseline rate of 
transition between seizure risk states in the absence of RNS17-19; the 
current work directly quantifies the impact of responsive neurostimu
lation on this transition rate. For neocortical stimulation, we found a 
small effect size for marginal R2-values using monopolar stimulation 
and a large effect size for marginal R2-values using bipolar stimula
tion, indicating that responsive neurostimulation explains a limited 
portion of variance in acute seizure risk state transitions when using 
monopolar stimulation and a greater portion of variance in acute 
risk state transitions when using bipolar stimulation. Conversely, 
for mesiotemporal stimulation, we found a small effect size for mar
ginal R2-values using bipolar stimulation and a medium effect size 
for marginal R2-values using monopolar stimulation in high-risk 
states, indicating that responsive neurostimulation may exert its 
greatest potential impact on acute risk state modulation via monopo
lar stimulation during high-risk states. Clinically, one practical impli
cation of this finding is that certain stimulation montages, such as 
bipolar stimulation for neocortical epilepsies or monopolar stimula
tion for mesiotemporal epilepsies, may be more amenable to acute ef
fects on seizure risk state modulation,21 whereas other stimulation 
montages, such as monopolar stimulation for neocortical epilepsies 
or bipolar stimulation for mesiotemporal epilepsies, may be less 
amenable to acute effects, possibly favouring instead the chronic neu
romodulatory effects on seizure networks that have been demon
strated in other studies.6,41 A second practical implication is that the 
occurrence of seizures soon after stimulation parameters are changed 
should be considered to be potentially due to baseline transition rates 
rather than to changes in stimulation parameters.

Last, the large and diverse cohort studied here supports general
izability of the principle of state-dependent effects of neurostimula
tion. Epilepsy is conceptualized as a disorder of brain networks,42

which are dynamic over diverse timescales,37 and optimal therapies 
for reducing seizures might need to mirror this dynamism. Clinical 
outcomes currently observed with the RNS System may reflect the 
average of ‘productive’ and ‘counterproductive’ effects of the rela
tively invariant stimulation parameters employed in current para
digms. State-dependent effects of neurostimulation may also help 
explain the similarity in outcomes between open-loop (i.e. scheduled 

intermittent stimulation non-specific to seizure risk state) deep brain 
stimulation and closed-loop responsive neurostimulation for epi
lepsy,43,44 though head-to-head comparative data are lacking. The 
picture now emerging is that effective RNS therapy depends less on 
patient clinical characteristics and more on stimulation of a condu
cive network substrate,7,8 in the right place9 and at the right time11

in order to engage long-term network plasticity.6,40,41 This framework 
motivates development of next-generation devices capable of sens
ing momentary network state and delivering adaptive, risk-stratified, 
localization-specific stimulation to maximize therapeutic effects.

Mechanisms underlying the observed state- and location- 
dependence of responsive neurostimulation effects remain 
unclear. Recent evidence that background EEG features fluctuate 
in relation to multidien IEA cycle phase45 suggests that brain net
work properties vary in relation to seizure risk. Thus, a speculative 
possibility is that the state-dependence of stimulation effects 
stems from the dynamism of the network substrate itself. 
Similarly, given fundamental differences in cellular composition 
and functional connectivity between the neocortex and mesial 
temporal lobes, it is likely that the electrical stimulation para
meters necessary to synchronize, desynchronize, excite or inhibit 
cells may differ based on stimulation location.46 Furthermore, re
cent work has revealed that epileptic networks may have critical 
nodes, anatomic sites defined by patterns of connectivity, where re
sponsive neurostimulation is most effective for reducing sei
zures,10 and these points of susceptibility to focal stimulation 
likely differ between neocortical and mesial temporal locations.

This study has limitations. First, only 1-h risk look-ahead horizons 
for risk-state transitions were evaluated; longer horizons will be in
vestigated in future research. Second, the stimulation parameter 
space was not uniformly sampled, and due to the retrospective nature 
of this study, there may be co-dependencies of stimulation parameter 
values; for example, low stimulation frequencies are likely to be 
paired with long burst durations, as it would not make sense to pair 
low stimulation frequencies with short burst durations. Third, this 
study investigates only the main effects of stimulation parameters, 
as the sample size is not powered to infer interaction effects; prospect
ive studies on targeted parameter combinations will be needed to 
parse interactions between stimulation parameters (such as the de
pendence of charge density on stimulation frequency). Fourth, al
though the temporal directionality relating stimulation parameter 
values to future changes in risk allows for causal inference, prospect
ive testing is ultimately needed to confirm cause-and-effect relation
ships. Finally, in this study, marginal R2-values provide a measure of 
the variability in risk state transitions explained by fixed effects 
(here, RNS System stimulation parameter changes) rather than seiz
ure frequency reduction, which limits direct clinical translatability 
and suggests an avenue for future research. This study demonstrates 
the generalizability of a previously preliminary hypothesis of state- 
dependent neurostimulation effects in a large, multi-centre cohort, 
pointing to the need for a prospective study as a next step towards 
the development of adaptive neurostimulation devices.

Data availability
Study data are proprietary to NeuroPace, Inc. and are not available 
except via a negotiated Data Use and Confidentiality Agreement.

Acknowledgements
We thank the patients involved in the RNS System clinical trials 
who contributed their data for analysis.

530 | BRAIN 2025: 148; 521–532                                                                                                                                   S. Chiang et al.



Funding
No funding was received towards this work.

Competing interests
T.K.T. and M.J.M. are employees of NeuroPace and receive salary 
and stock as compensation. A.P.L., N.R.H. and E.A.M. are former em
ployees of NeuroPace. V.R.R. is a former consultant for NeuroPace, 
Inc. but declares no targeted funding or other support for this work.

Supplementary material
Supplementary material is available at Brain online.

References
1. Jarosiewicz B, Morrell M. The RNS System: Brain-responsive 

neurostimulation for the treatment of epilepsy. Expert Rev Med 
Devices. 2021;18:129-138.

2. Bergey GK, Morrell MJ, Mizrahi EM, et al. Long-term treatment 
with responsive brain stimulation in adults with refractory par
tial seizures. Neurology. 2015;84:810-817.

3. Nair DR, Laxer KD, Weber PB, et al. Nine-year prospective effi
cacy and safety of brain-responsive neurostimulation for focal 
epilepsy. Neurology. 2020;95:e1244-e1256.

4. Geller EB, Skarpaas TL, Gross RE, et al. Brain-responsive neuro
stimulation in patients with medically intractable mesial tem
poral lobe epilepsy. Epilepsia. 2017;58:994-1004.

5. Ma BB, Fields MC, Knowlton RC, et al. Responsive neurostimu
lation for regional neocortical epilepsy. Epilepsia. 2020;61: 
96-106.

6. Khambhati AN, Shafi A, Rao VR, Chang EF. Long-term brain net
work reorganization predicts responsive neurostimulation out
comes for focal epilepsy. Sci Transl Med. 2021;13:eabf6588.

7. Fan JM, Lee AT, Kudo K, et al. Network connectivity predicts ef
fectiveness of responsive neurostimulation in focal epilepsy. 
Brain Commun. 2022;4:fcac104.

8. Scheid BH, Bernabei JM, Khambhati AN, et al. Intracranial electro
encephalographic biomarker predicts effective responsive neuro
stimulation for epilepsy prior to treatment. Epilepsia. 2022;63: 
652-662.

9. Charlebois CM, Anderson DN, Johnson KA, et al. Patient-specific 
structural connectivity informs outcomes of responsive 
neurostimulation for temporal lobe epilepsy. Epilepsia. 2022; 
63:2037-2055.

10. Kobayashi K, Taylor KN, Shahabi H, et al. Effective connectivity 
relates seizure outcome to electrode placement in responsive 
neurostimulation. Brain Commun. 2024;6:fcae035.

11. Chiang S, Khambhati AN, Wang ET, Vannucci M, Chang EF, Rao 
VR. Evidence of state-dependence in the effectiveness of re
sponsive neurostimulation for seizure modulation. Brain 
Stimul. 2021;14:366-375.

12. Baud MO, Ghestem A, Benoliel JJ, Becker C, Bernard C. Endogenous 
multidien rhythm of epilepsy in rats. Exp Neurol. 2019;315:82-87.

13. Baud MO, Kleen JK, Mirro EA, et al. Multi-day rhythms modulate 
seizure risk in epilepsy. Nat Commun. 2018;9:88.

14. Karoly PJ, Goldenholz DM, Freestone DR, et al. Circadian and cir
caseptan rhythms in human epilepsy: A retrospective cohort 
study. Lancet Neurol. 2018;17:977-985.

15. Benjamin EJ, Muntner P, Alonso A, et al. Heart disease and 
stroke statistics-2019 update: A report from the American 
Heart Association. Circulation. 2019;139:e56-e528.

16. Anderson DN, Charlebois CM, Smith EH, et al. Closed-loop 
stimulation in periods with less epileptiform activity drives im
proved epilepsy outcomes. Brain. 2024;147:521-531.

17. Chiang S, Vannucci M, Goldenholz DM, Moss R, Stern JM. Epilepsy 
as a dynamic disease: A Bayesian model for differentiating seiz
ure risk from natural variability. Epilepsia Open. 2018;3:236-246.

18. Wang ET, Chiang S, Haneef Z, Rao VR, Moss R, Vannucci M. 
Bayesian non-homogeneous hidden Markov model with vari
able selection for investigating drivers of seizure risk cycling. 
Ann Appl Stat. 2023;17:333-356.

19. Wang ET, Vannucci M, Haneef Z, Moss R, Rao VR, Chiang S. A 
Bayesian switching linear dynamical system for estimating seiz
ure chronotypes. Proc Natl Acad Sci U S A. 2022;119:e2200822119.

20. Quigg M, Skarpaas TL, Spencer DC, Fountain NB, Jarosiewicz B, 
Morrell MJ. Electrocorticographic events from long-term ambu
latory brain recordings can potentially supplement seizure 
diaries. Epilepsy Res. 2020;161:106302.

21. Rønborg SN, Esteller R, Tcheng TK, et al. Acute effects of brain- 
responsive neurostimulation in drug-resistant partial onset 
epilepsy. Clin Neurophysiol. 2021;132:1209-1220.

22. Barry W, Arcot Desai S, Tcheng TK, Morrell MJ. A high accuracy 
electrographic seizure classifier trained using semi-supervised 
labeling applied to a large spectrogram dataset. Front Neurosci. 
2021;15:667373.

23. Leguia MG, Andrzejak RG, Rummel C, et al. Seizure cycles in fo
cal epilepsy. JAMA Neurol. 2021;78:454-463.

24. Visser I, Speekenbrink M. depmixS4: An R package for hidden 
Markov models. J Stat Softw. 2010;36:1-21.

25. Frankemolle AM, Wu J, Noecker AM, et al. Reversing cognitive- 
motor impairments in Parkinson’s disease patients using a 
computational modelling approach to deep brain stimulation 
programming. Brain. 2010;133:746-761.

26. Chaturvedi A, Luján JL, McIntyre CC. Artificial neural network 
based characterization of the volume of tissue activated during 
deep brain stimulation. J Neural Eng. 2013;10:056023.

27. Holm S. A simple sequentially rejective multiple test procedure. 
Scand J Stat. 1979;6:65-70.

28. Morrell MJ. Responsive cortical stimulation for the treatment of 
medically intractable partial epilepsy. Neurology. 2011;77: 
1295-1304.

29. Cohen J. Statistical power analysis for the behavioral sciences. 2nd 
ed. Routledge; 1988.

30. Karoly PJ, Rao VR, Gregg NM, et al. Cycles in epilepsy. Nat Rev 
Neurol. 2021;17:267-284.

31. Hyman JM, Wyble BP, Goyal V, Rossi CA, Hasselmo ME. 
Stimulation in hippocampal region CA1 in behaving rats yields 
long-term potentiation when delivered to the peak of theta and 
long-term depression when delivered to the trough. J Neurosci. 
2003;23:11725-11731.

32. Proix T, Truccolo W, Leguia MG, et al. Forecasting seizure risk in 
adults with focal epilepsy: A development and validation study. 
Lancet Neurol. 2020;20:127-135.

33. Stirling RE, Maturana MI, Karoly PJ, et al. Seizure forecasting 
using a novel sub-scalp ultra-long term EEG monitoring system. 
Front Neurol. 2021;12:713794.

34. Karoly PJ, Ung H, Grayden DB, et al. The circadian profile of epi
lepsy improves seizure forecasting. Brain. 2017;140:2169-2182.

35. Karoly PJ, Cook MJ, Maturana M, et al. Forecasting cycles of seiz
ure likelihood. Epilepsia. 2020;61:776-786.

36. Karoly PJ, Eden D, Nurse ES, et al. Cycles of self-reported seizure 
likelihood correspond to yield of diagnostic epilepsy monitor
ing. Epilepsia. 2021;62:416-425.

37. Schroeder GM, Karoly PJ, Maturana M, et al. Chronic intracranial 
EEG recordings and interictal spike rate reveal multiscale 

State-dependent neurostimulation                                                                                               BRAIN 2025: 148; 521–532 | 531

http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae240#supplementary-data


temporal modulations in seizure states. Brain Commun. 2023;5: 
fcad205.

38. Baud MO, Rao VR. Focal seizures unfold variably over time. Brain 
Commun. 2023;5:fcad230.

39. Sohal VS, Sun FT. Responsive neurostimulation suppresses syn
chronized cortical rhythms in patients with epilepsy. Neurosurg 
Clin N Am. 2011;22:481-488, vi.

40. Rao VR, Rolston JD. Unearthing the mechanisms of responsive 
neurostimulation for epilepsy. Commun Med (Lond). 2023;3:166.

41. Kokkinos V, Sisterson ND, Wozny TA, Richardson RM. 
Association of closed-loop brain stimulation neurophysiological 
features with seizure control among patients with focal epilepsy. 
JAMA Neurol. 2019;76:800-808.

42. Lehnertz K, Bröhl T, Wrede RV. Epileptic-network-based predic
tion and control of seizures in humans. Neurobiol Dis. 2023;181: 
106098.

43. Touma L, Dansereau B, Chan AY, et al. Neurostimulation in peo
ple with drug-resistant epilepsy: Systematic review and 
meta-analysis from the ILAE Surgical Therapies Commission. 
Epilepsia. 2022;63:1314-1329.

44. Frauscher B, Bartolomei F, Baud MO, Smith RJ, Worrell G, 
Lundstrom BN. Stimulation to probe, excite, and inhibit 
the epileptic brain. Epilepsia. 2023;64 Suppl 3(Suppl 3): 
S49-S61.

45. Ojemann WKS, Scheid BH, Mouchtaris S, et al. Resting-state 
background features demonstrate multidien cycles in 
long-term EEG device recordings. Brain Stimul. 2023;16: 
1709-1718.

46. Radman T, Ramos RL, Brumberg JC, Bikson M. Role of cortical 
cell type and morphology in subthreshold and suprathreshold 
uniform electric field stimulation in vitro. Brain Stimul. 2009;2: 
215-228.e2283.

532 | BRAIN 2025: 148; 521–532                                                                                                                                   S. Chiang et al.


	Introduction
	Materials and methods
	Study population
	Data preprocessing
	Statistical analysis

	Results
	Study sample
	Latent state inference
	Monopolar mesiotemporal stimulation
	Monopolar neocortical stimulation
	Bipolar mesiotemporal stimulation
	Bipolar neocortical stimulation

	Discussion
	Data availability
	Acknowledgements
	Funding
	Competing interests
	Supplementary material
	References



