
Closed-loop stimulation in periods with 
less epileptiform activity drives improved 
epilepsy outcomes
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In patients with drug-resistant epilepsy, electrical stimulation of the brain in response to epileptiform activity can 
make seizures less frequent and debilitating. This therapy, known as closed-loop responsive neurostimulation 
(RNS), aims to directly halt seizure activity via targeted stimulation of a burgeoning seizure. Rather than immediately 
stopping seizures as they start, many RNS implants produce slower, long-lasting changes in brain dynamics that bet-
ter predict clinical outcomes. Here we hypothesize that stimulation during brain states with less epileptiform activity 
drives long-term changes that restore healthy brain networks. To test this, we quantified stimulation episodes during 
low- and high-risk brain states—that is, stimulation during periods with a lower or higher risk of generating epilepti-
form activity—in a cohort of 40 patients treated with RNS.
More frequent stimulation in tonic low-risk states and out of rhythmic high-risk states predicted seizure reduction. 
Additionally, stimulation events were more likely to be phase-locked to prolonged episodes of abnormal activity for 
intermediate and poor responders when compared to super-responders, consistent with the hypothesis that im-
proved outcomes are driven by stimulation during low-risk states.
These results support the hypothesis that stimulation during low-risk periods might underlie the mechanisms of 
RNS, suggesting a relationship between temporal patterns of neuromodulation and plasticity that facilitates long- 
term seizure reduction.
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Introduction
Closed-loop responsive neurostimulation (RNS) is a US Food and 
Drug Administration (FDA)-approved therapy for treatment- 
resistant epilepsy, used when resection or lesioning is not an 
option. While true seizure freedom is rare, seizure reduction is 
common with RNS and improves over time. The initial clinical trial 
for the RNS system reported a 53% median decrease in seizure fre-
quency and 12.9% seizure-free period of at least 1 year, at 2 years,1,2

while 9-year outcomes boast 75% median decrease in seizure fre-
quency and 18.4% seizure freedom rates for at least a 1-year 
period.3 RNS not only has an acute effect via a reduction in spectral 
power post-stimulation,4 but continued therapy leads to long-term 
improvements.3

Improved clinical outcomes have correlated with various fea-
tures of neural signals recorded on RNS. For instance, previously re-
ported ‘indirect effects’ of stimulation, such as spontaneous ictal 
inhibition or altered frequency dynamics during seizures, correlated 
with better clinical outcomes while acute, direct effects of stimula-
tion did not correlate with outcomes.5 Furthermore, a cohort of 
super-responder neuromodulation patients (>90% improvement) 
experienced functional network reorganization while poor respon-
ders (<50% improvement) did not experience these network 
changes.6 Taken together, these results suggest that network re-
organization might drive improved clinical outcomes. Determining 
the factors that enable plastic, functional changes over time from 
those that do not will be critical for understanding and improving re-
sponse to neuromodulation.

Based on evidence that synapses may already be saturated after 
the seizure event, thereby impairing long-term plasticity after a 
seizure,7-9 it is unlikely that long-lasting network changes occur 
from stimulation occurring during seizures. While stimulation dur-
ing a seizure might act through acute desynchronization to arrest a 
seizure,10 we hypothesized that stimulation occurring during peri-
ods of relative ictal quiescence leads to long-lasting functional net-
work changes that are correlated with improved outcomes.

To test this hypothesis, we divided patient stimulation into per-
iods with higher risk (high-risk epoch) or lower risk (low-risk epoch) 
of generating seizures and correlated the respective stimulation to 
clinical outcomes. Determining whether stimulation is in a high- or 
low-risk epoch may be estimated based on stimulation counts and 
repetitive detections, known as long episodes, collected from each 
patients’ intracranial device.11 We found early biomarkers of RNS 
efficacy, namely that stimulation in low-risk epochs promoted im-
proved clinical outcomes.

Materials and methods
Study design

This study aimed to quantify stimulation patterns and the tem-
poral dynamics of low- and high-risk brain states in a cohort 
of 40 patients at the University of Utah who were treated with 
the NeuroPace RNS system. All cases were performed at the 
University of Utah hospital from 2015–2021 and a retrospective ana-
lysis of this cohort was approved by the University of Utah 
Institutional Review Board. Patients were included in this study if 
stimulation was enabled and had a baseline seizure frequency 
and follow-up seizure frequency reported by a board-certified epi-
leptologist at last follow-up at least 180 days after stimulation 
had been enabled. A full table containing summaries of patient 
demographic information and lead placement can be found in 

Supplementary Table 1. No patients with psychogenic seizures 
were included in this study to ensure accurate reporting of the 
baseline seizure rate and seizure rate after follow-up.

Measuring clinical outcome

All clinical outcomes and monthly seizure frequency rates were re-
corded by board-certified epileptologists during clinical interviews. 
Seizure reduction was quantified as a percentage, calculated by 
subtracting the follow-up monthly seizure frequency from the 
monthly baseline seizure frequency, divided by baseline seizure 
frequency (Eq. 1).

% SeizureReduction = 100

×
SeizureFreqBaseline − SeizureFreqFollow−up

SeizureFreqBaseline

(1) 

A 100% seizure reduction value indicates seizure freedom at follow- 
up, while a 0% seizure reduction indicates no change from baseline 
at follow-up. A negative seizure reduction value indicates worsen-
ing seizure frequency and only occurred for one patient in this 
cohort. Patients were categorized into three groups based on 
their seizure reduction values: super-responders (>90% reduction, 
n = 10), intermediate responders (≥50% reduction and  ≤ 90% reduc-
tion, n = 19) and poor responders (<50% reduction, n = 11) (Fig. 1A). 
In analyses where outcomes were not analysed on a continuum, 
intermediate and poor responders were grouped together (n = 30) 
to be compared to super-responders (n = 10). This grouping was 
done to capture all potential patient variability and identify major 
differences from patients with subpar outcomes to those with ideal 
outcomes from therapy.

Calculation of daily risk periods

Calculation of low-risk periods was motivated by prior work from 
Chiang et al.,11 who defined optimal stimulation parameters based 
on high- and low-risk states using histogram data extracted from 
the RNS system. We used long episode counts and saturations as 
exported from the RNS system to determine risk states in this 
study. Depicted in Fig. 1D, daily long episodes counts were retrieved 
and convolved with a normalized kernel of [1/4, 1/2, 1/4] days to en-
sure that counts from the previous day and following day factored 
into risk assessment for each day. To determine whether a period 
was high risk, the average number of convolved long episodes 
from the previous week was used as a threshold. If the daily risk 
amplitude was greater than the prior 7-day threshold, then the 
day was considered high-risk, while if the value was less than or 
equal to the prior 7-day threshold, then the day was considered 
low-risk. We used a 7-day window to define a moving risk metric ra-
ther than taking the average over the entire time series to account 
for instances when programming settings were changed, potential-
ly altering the number of long episodes detected. For patients who 
did not reliably sync their device and have gaps in their histogram 
data, we followed established methods12,13 to fill in the gaps in the 
histogram data when fewer than 12 h of histogram data were 
logged in one day. An example of this method can be found in 
Supplementary Fig. 5.

Circadian and multidien rhythms

Circadian and multidien rhythms were calculated from the patient 
histogram data using the number of detections across all RNS 
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channels following similar methods, as described in previous 
literature.12-14 The time series data were z-scored within each pro-
gramming epoch to accommodate changes to detection settings 
during programming sessions. Wavelet transforms were produced 
for each patient by a continuous wavelet transform (Morlet) on the 
z-scored detection counts across all therapy from a periodic range 
of 3 h to 45 days over 91 periodic bins. The CircStat toolbox was 
used to calculate peak hour (mean angle) and phase-locking value 
(mean resultant vector) of detections on a 24-h cycle to determine 
whether the phase-locking value, the stability of the peak hour, 
and time of peak detection correlated to seizure reduction. We 
weighted the instantaneous phase from the continuous wavelet 
transform using the z-scored detections that occurred within 
each hour bin, considering the possibility of multiple detections 
per hour.

To determine the extent of phase locking of long episodes on cir-
cadian and multidien rhythms across the cohort, the mean angle 
and mean resultant vector were calculated by measuring the en-
trainment of long episodes on the circadian and largest prominent 
multidien peak (≥48 h). Patients with long episodes occurring 
slower than 45-day periods (n = 2) were excluded from the multi-
dien phase-locking analysis.

To determine the change in periodogram over the course of 
therapy, the first and last 90-day window since stimulation were 
used to calculate an average periodogram for each patient. The 
90-day periodogram was calculated by averaging each periodic 
time band from the wavelet transforms produced by a continuous 
wavelet transform (Morlet) on the z-scored detection counts from 

a periodic range of 3 h to 32 days. The instantaneous phase and 
power were calculated over 81 periodic bins and the wavelet trans-
form was L1 normalized to avoid the attenuation of amplitude at 
shorter periodic cycles. Note that the periodic range was reduced 
from 45 days to 32 days in this analysis given the shorter time win-
dow of data. All periodograms per patient were confirmed to sum 
up to 1. To quantify changes in periodicity over time, the periodo-
grams from the first 90 days of stimulation were compared to per-
iodograms generated in the 90 days before the follow-up outcome 
collected for super-responders and intermediate/poor responders.

To quantify phase-locking of long episodes to stimulation, we 
repeated the analysis used with detections counts using stimula-
tion episode counts instead across all therapy. We plotted circular 
histograms of the probability distribution function of mean angles 
of long episodes and stimulation episodes for all periodics ranging 
from 3 h to 45 days. Von Mises distributions were calculated using 
the CircStat toolbox15 for each responder group and visualized 
over the top of the circular histogram plots.

Statistics

All analyses and statistics were completed in MATLAB 2021b. 
Unpaired statistical tests used a Student's t-test and paired statis-
tics tests used two-sample t-tests. For data following a circular dis-
tribution, we used the CircStat toolbox, a circular statistics toolbox 
written for MATLAB,15 to determine correlation and significance. 
Additionally, circular two-sample Kuiper tests were used from the 
CircStat toolbox to test whether phase-locking distributions were 

Figure 1 Patient cohort summary and determination of high- and low-risk epochs. (A) Summary of patients incorporated into the study. Forty patients 
were included in the study: 10 super-responders, 19 intermediate responders and 11 poor responders. (B) The responsive neurostimulation (RNS) system 
is effective at reducing seizure frequency (one sample t-test; P < 0.0001) with a median seizure reduction of 64.6% (lower quartile: 37.1%, upper quartile: 
90.8%). (C) We provide a theoretical example of a high-risk epoch stimulation event we hypothesize will not lead to long-term network changes versus 
low-risk epoch stimulation that we hypothesize leads to long-term network changes. (D) Demonstration of risk period calculation for a 6-month period in 
an example patient. Long episode counts are extracted from the RNS system and convolved with a [1/4, 1/2, 1/4] day kernel window to calculate risk amp-
litude. A day is considered high risk if the calculated daily risk is greater than the previous 7-day average of risk amplitudes. Example electrocorticography 
(ECoG) traces from periods of high risk and low risk are shown to parallel our hypothesis in (C). Yellow bars indicate deployed stimulation.
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from the same distribution. All shading in plots is defined by the 
mean ± standard error.

Results
Outcomes and demographic variables were gathered for 40 patients 
implanted with RNS devices (Fig. 1A). Clinical outcomes were col-
lected after patients had devices implanted for a median time of 
860 days [lower quartile (LQ): 522 days, upper quartile (UQ): 1324 
days]. Patients experienced a significant reduction in seizures with 
responsive neuromodulation therapy (Fig. 1B; one sample t-test; P  
< 0.0001). Median seizure reduction rates at follow-up were 64.6% 
(Fig. 1B; LQ: 37.1%, UQ: 90.8%). Using this patient cohort, we calculated 
how much time and how many stimulation episodes patients experi-
enced according to methods described in Fig. 1D, and defined periods 
with below average epileptiform activity to be ‘low risk’, similar in 
concept to Chiang et al.11

Failure to predict seizure reduction from standard 
metrics

We tested the hypothesis that an increased number of stimulation 
episodes delivered during periods of reduced epileptic activity is pre-
dictive of improved patient outcomes (Fig. 1C). The earlier it may be 
possible to determine predictors of patient outcomes, the more bene-
ficial for patients (Fig. 2A). Baseline seizure frequency, known prior to 

surgical intervention, was not able to predict subsequent seizure re-
duction (Fig. 2B). Additionally, patient age, age of epilepsy onset and 
epilepsy durations were not predictive of seizure reduction 
(Supplementary Fig. 1). Additionally, there was no significant rela-
tionship between the duration of therapy and patient outcome 
(Supplementary Fig. 2). Prior to stimulation being enabled, there 
was a median period of 36.5 days (LQ: 21 days, UQ 61 days) where 
the RNS system was implanted and detection protocols were similar 
across all patients, but stimulation was not yet turned on. We found 
that long episode counts, or prolonged and repeated detections, mea-
sured during this baseline period significantly correlated with 
monthly baseline seizure rate (Fig. 2C; Pearson's correlation, r =  
0.399, R2 = 0.159, P = 0.011), signifying that long episodes aptly quan-
tify seizure burden. However, the number of baseline long episodes 
were not significantly correlated with seizure reduction and there-
fore were not able to predict outcomes early in therapy (Fig. 2D; 
Pearson's correlation, P = 0.30). Further, we neither saw a significant 
correlation in the number of baseline detections, linked to interictal 
epileptiform discharges,12-14 with monthly baseline seizure rates 
(Fig. 2E; Pearson's correlation, P = 0.22), nor a significant correlation 
between baseline detections with clinical outcomes (Fig. 2F; 
Pearson's correlation, P = 0.61). The number of stimulation episodes 
was initially similar between super-responders and intermediate/ 
poor responders during the first 90 days (Fig. 2G), but the intermedi-
ate/poor responder groups experienced a steady increase in stimula-
tion counts over the duration of their therapy (Fig. 2H; Pearson's 

Figure 2 Seizure reduction is not significantly correlated with baseline seizure frequency, baseline detections or stimulation counts. (A) Factors that 
can predict outcomes to neuromodulation have the most benefit if used earlier in therapy. (B) There is no correlation between baseline seizure rate and 
outcome (Pearson's correlation; P = 0.98). (C) Prior to stimulation onset, in the baseline period, long episode counts are significantly correlated with 
monthly baseline seizures, indicating that long episodes correspond to baseline seizure rates (Pearson's correlation; r = 0.399, R2 = 0.159, P = 0.011). 
(D) However, these baseline long episodes are not significantly correlated with seizure reduction (Pearson's correlation; P = 0.30). (E) Baseline detections 
are additionally not correlated with monthly baseline seizures (Pearson's correlation; P = 0.22). (F) Similarly, these baseline detections are not signifi-
cantly correlated with seizure reduction (Pearson's correlation; P = 0.62). (G) Daily stimulation counts between super-responders and intermediate/ 
poor responders are not significantly different either from the first 90 days of stimulation or over all stimulation time (two-sample t-test, P = 0.50; two- 
sample t-test, P = 0.19). (H) Tracking stimulation counts over time, intermediate/poor responders have an increase in stimulation over time (Pearson's 
correlation; r = 0.772, R2 = 0.596, P < 0.0001).
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correlation, r = 0.772, R2 = 0.596, P < 0.0001), likely due to intentional 
changes in detection parameters by the epileptologists.

Increased stimulation in low-risk periods predicts 
outcomes

We calculated time spent in low-risk periods for each patient for 
the first 90 days of stimulation according to methods described in 
Fig. 1D. From the onset of therapy, an increased ratio of time spent 
in low-risk states was correlated and predictive of seizure reduction 
(Fig. 3A; Pearson's correlation; r = 0.477, R2 = 0.227, P = 1.88 × 10−3, 
leave-one-out cross validation: P = 0.011). Similarly, an increase 
in the ratio of stimulation episodes occurring during low-risk 
periods was correlated and predictive of seizure reduction 
(Fig. 3B; Pearson's correlation; r = 0.456, R2 = 0.208, P = 3.13 × 10−3, 
leave-one-out cross validation: P = 0.019). Time spent in low-risk 
states significantly increased over time for intermediate/poor re-
sponders (Pearson's correlation, P = 4.28 × 10−4), which may corres-
pond to long-term improvements reported in prior patient cohorts 
along multi-year time scales.3 However, even after nearly 2.5 years 
of stimulation, intermediate/poor responders still had a lower ratio 
of time in low-risk states on average than super-responders at any 
time point. We observed similar trends when analysing the three 
patient groups separately (super, intermediate and poor respon-
ders) (Supplementary Fig. 3).

We next asked how independent these two measures—the 
ratio of time in low-risk states and stimulation during low-risk 
states—were. That is, were patients who initially spend more 
time in low-risk states fated to do better or does stimulation during 
these low-risk states confer an added benefit? To dissect this 
relationship, we correlated the ratio of time in low-risk states 
(Fig. 3A) with low-risk stimulation (Fig. 3B). While these two metrics 
were highly correlated (Pearson's correlation; r = 0.938, R2 = 0.880, 
P = 4.65 × 10−19), nearly all patients deviated from what would be ex-
pected if stimulation were delivered uniformly or by chance. As ex-
pected from a closed-loop device triggering stimulation upon the 
detection of epileptiform activity, most patients’ stimulation epi-
sodes were biased to high-risk periods (Fig. 3D; one sample t-test; 
P = 1.71 × 10−4). Graphically, the solid blue line in Fig. 3D indicates 
a theoretical situation in which high-risk and low-risk stimulation 
episodes occur in identical proportions to the time spent in high- 
and low-risk states, a relationship that would be followed during 
open-loop stimulation (as in deep brain stimulation). Most patients 
treated with the RNS system fell below this line.

We next asked whether deviation from this ‘unbiased’ alloca-
tion of stimulation was correlated with seizure reduction. Indeed, 
having more high-risk stimulation episodes per seizure was corre-
lated with diminished seizure reduction (Fig. 3E; Pearson's correl-
ation; r = −0.488, R2 = 0.238, P = 1.4 × 10−3). This analysis examines 
the number of extra high-risk stimulation episodes occurring per 
anticipated seizure, calculated by the monthly baseline seizure 
rate, versus if stimulation was applied equally across risk states, 
as observed in open-loop stimulation protocols. This finding sup-
ports the hypothesis that an increased low-risk stimulation may 
be beneficial for increased seizure reduction, and that excessive 
stimulation in high-risk epochs may contribute less to driving long- 
term neuromodulation-induced network changes.

Stronger circadian rhythms correspond to improved 
patient outcomes

Patients with epilepsy have been shown to have multiple nested 
rhythms of both interictal activity and seizures.12 We therefore 

quantified circadian rhythmicity in the number of detected epilep-
tiform events to determine if patients with improved outcomes ex-
hibited different circadian patterns. This question is centred 
around the hypothesis that if epileptiform activity was clustered 
in a narrower window of the day, the patient would spend more 
time daily in low-risk states. Our patient cohort had similar clusters 
to those identified by Baud et al.,12 with the majority experiencing 
nightly peaks in detections, specifically between 5 a.m. and 9 a.m. 
(Fig. 4A). Dividing patients in three 8-h partitions, we found that 
13 patients had a late evening clustering pattern (5 p.m. to 1 a.m.), 
20 had an early morning clustering (1 a.m. to 9 a.m.) and seven pa-
tients had an afternoon clustering (9 a.m. to 5 p.m.). Of 40 patients, 
13 had phase-locking values <0.5, which indicated weaker circa-
dian patterns in their detections. The strength of the circadian 
phase-locking of epileptiform activity correlated with seizure re-
duction (Fig. 4B; Pearson's correlation; r = 0.319, R2 = 0.102, P = 0.045) 
and may also explain why patients with improved responses spend 
more time in low-risk states daily.

Additionally, we found that a more stable peak hour was 
correlated to seizure reduction (Pearson's correlation; r = −0.322, 
R2 = 0.103, P = 0.043) when we quantified the standard deviation of 
circadian peak hour for each patient in 45-day intervals throughout 
therapy (Fig. 4D). In the 8-h clusters, groups had average peak hours 
at 10.20 p.m., 4.50 a.m. and 1.50 p.m. (Fig. 4C) for late evening, early 
morning and afternoon clusters, respectively. Finally, we observed 
an insignificant trend that patients with circadian rhythms peaking 
shortly after midnight had improved outcomes (Fig. 4E; circular- 
linear correlation; P = 0.142).

Phase-locking of long episodes to patient rhythms

We additionally quantified the extent that long episodes or periods 
of repeated detections, which can be used as a surrogate for 
seizures (Fig. 2C), were phase-locked to each patient's unique circa-
dian cycle and most prominent multidien cycle. In high agreement 
with Baud et al.,12 we found that the majority of patients received 
stimulation between the rising phase and peak phase of daily de-
tections (Fig. 5A). Similarly, for peak multidien rhythms, long epi-
sodes occurred between the rising and peak phases of the 
multidien rhythm (Fig. 5B). There was no correlation between the 
phase angle of long episodes on circadian (circular-linear correl-
ation; P = 0.91) or multidien (circular-linear correlation; P = 0.90) cy-
cles and seizure reduction.

To quantify how rhythms of epileptiform activity evolved over 
the course of stimulation, we calculated patient periodograms across 
periods spanning 3 h to 32 days from the first 90 days of stimulation 
therapy to the last 90 days of stimulation. Super-responder and inter-
mediate/poor responder patients diverged significantly in the last 
90 days of stimulation. Specifically, super-responder patients had in-
creased power in short periods (≤24 h; Fig. 5C and D) (two-sample 
t-test, P = 1.55 × 10−3) while intermediate/poor responders had in-
creased power in multidien periodics (≥48 h; Fig. 5C and D) (two- 
sample t-test, P = 1.73 × 10−3). We suspect a reduction in power 
during multidien periods, as observed in the super-responder 
group, indicates that seizures re-occurring on slower rhythms be-
come less prominent and the respective increase in power in short 
periodics (≤24 h) may indicate a restoration of normal circadian 
rhythms.

We finally quantified the phase angle distributions for long 
episodes and stimulation episodes across the entire therapy dur-
ation for periods ranging from 3 h to 45 days (Fig. 5E). A greater 
concentration of bins at the peak indicates that most stimulation 
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occurs in phase with long episodes, i.e. seizures. For intermediate 
and poor responders, there was a high level of phase-locking be-
tween long episodes and stimulation, as one would expect given 
the goal of closed-loop stimulation in response to epileptiform 

activity (Fig. 5E). Interestingly, the distribution for super- 
responder patients was significantly different compared to both 
intermediate (two-sample Kuiper test; P < 0.01) and poor respon-
ders (two-sample Kuiper test; P < 0.01). This demonstrates that 

Figure 3 Increased time spent in low-risk epochs and more stimulation occurring during low-risk epochs is predictive of clinical outcomes. (A) Patients 
with greater seizure reduction spend a greater amount of time in low-risk (LR) states (Pearson's correlation; r = 0.477, R2 = 0.227, P = 1.88 × 10−3). This 
analysis holds up to leave-on-out cross-validation (Pearson's correlation; P = 0.011). Super-responder patients spend significantly more time in low-risk 
states than high-risk (HR) states in the first 3 months of stimulation (two-sample t-test, P = 1.33 × 10−3). (B) Patients with greater seizure reduction also 
experience more stimulation during low-risk epochs (Pearson's correlation; r = 0.456, R2 = 0.208, P = 3.13 × 10−3). This analysis also holds up to leave one 
out cross-validation (Pearson's correlation; P = 0.019). Super-responder patients receive significantly more stimulation during low-risk states than 
high-risk states in the first 3 months of stimulation (two-sample t-test, P = 1.59 × 10−3). (C) Tracking time in low-risk states over the course of stimula-
tion, we found that the ratio of time in low-risk states increases significantly over time for intermediate/poor responders (Pearson's correlation: 
r = 0.620, R2 = 0.385, P = 4.28 × 10−4). Despite this, after nearly 2.5 years, intermediate/poor responders have not yet reached the ratio of time in low 
risk that super-responders began at. (D) A and B are highly correlated (Pearson's correlation; r = 0.938, R2 = 0.880, P = 4.65 × 10−19). Compared to the solid 
blue line, which indicates a perfect balance between high-risk and low-risk stimulation, most RNS system patients have more high-risk stimulation 
than chance (one sample t-test; P = 1.71 × 10−4). (E) Having more high-risk stimulation episodes per seizure than chance correlates with poor clinical 
outcomes (Pearson's correlation; r = 0.488, R2 = 0.238, P = 1.4 × 10−3). n.s.  = not significant.
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super-responders had increased instances of stimulation outside 
of the peak of long episode events compared to intermediate 
and poor responders.

Discussion
In this work, we present evidence that stimulation during brain 
states defined by higher or lower risk for seizures may be critical 
to improving patient outcomes with responsive neuromodulation 
for epilepsy. Our results contain several notable findings: (i) the 
amount of stimulation and ratio of time in low-risk states early in 
therapy is a predictor of outcomes, which increases steadily over 
time and matches reports of long-term improvements; (ii) super- 
responders had more narrow and consistent daily clustering of epi-
leptiform activity than poor and intermediate responders, serving 
as an additional biomarker; and (iii) patients with improved out-
comes had more stimulation episodes out of phase with long epi-
sodes, i.e. periods of repeated detections correlated with seizures. 
Together, these findings suggest that the presence of, and stimula-
tion during, low-risk brain states both favour improved outcomes 
with closed-loop responsive neurostimulation.

State-dependent neurostimulation has been actively investi-
gated for several neurological disorders, such as Parkinson's 
disease16,17 and Tourette syndrome.18 In the context of epilepsy, 
closed-loop intracranial neurostimulation targets epileptiform 
activity. The RNS system is often appreciated for targeting 

stimulation with the goal of arresting the seizures when detected. 
However, most RNS system stimulation events happen in re-
sponse to interictal epileptiform activity, which occurs hundreds 
to thousands of times daily compared to the seizures themselves, 
which occur at far lower rates. This makes the ratio of stimulation 
in the interictal versus ictal period based on baseline seizure rate 
more than 1000:1 for most patients (Supplementary Fig. 4). As we 
hypothesize in Fig. 1C, perhaps many of the functional changes 
observed in patients who respond to RNS system therapy are 
due to stimulation during ‘low-risk’ interictal states, rather than 
higher risk peri-ictal states.6,11

To understand the motivation for this hypothesis, we return to 
basic principles of plasticity of neural connections. Seizures 
themselves are events that can facilitate future seizures through 
strengthening of excitatory connections19 and brain networks 
may undergo reorganization due to excess excitation.20,21 While 
the role of neuroplasticity is critical in the generation of epilepsy, 
harnessing neuroplasticity may be similarly important for neuro-
modulation approaches to alter epileptic brain networks to re-
store healthy function. It has been reported that tissue taken 
from epileptic rodent models and human patients with epilepsy 
exhibits impaired synaptic plasticity.7,8 In human patients 
implanted with intracranial electrodes, memory tasks—which 
rely on plasticity—are impaired in the presence of interictal 
spiking.22-25 Taking this information into account, it seems plaus-
ible that the most opportune time to elicit lasting change to 

Figure 4 Stronger circadian rhythms of detections correspond to improved patient outcomes. (A) Most patients had circadian patterns in detections 
that peak in the night-time. In three, 8-h partitions, 13 patients had a late evening clustering pattern (5 p.m. to 1 a.m.) with a peak hour at 10.20  
p.m., 20 patients had an early morning clustering (1 a.m. to 9 a.m.) with a peak hour at 4.50 a.m. and seven patients had an afternoon clustering 
(9 a.m. to 5 p.m.) with a peak hour at 1.50 p.m. (B) A larger phase-locking value (PLV) signifies a greater extent detections were concentrated to a certain 
hour of the day. Patients with a larger PLV experienced improved seizure reduction (Pearson's correlation; r = 0.319, R2 = 0.102, P = 0.045). (C) Individual 
traces of 8-h partition groups—in high agreement with Baud et al.12 (D) A more stable peak hour throughout therapy was correlated to seizure reduction 
(Pearson's correlation; r = −0.322, R2 = 0.103, P = 0.043). (E) The patient cohort exhibits a trend that patients with circadian rhythms with peaks shortly 
after midnight had improved outcomes (circular-linear correlation; P = 0.142). The weight peak hour was 8.00 a.m. for super-responders, 3.30 a.m. for 
intermediate responders and 10.07 p.m. for poor responders.
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network connections that might prevent seizures from recurring 
in the future might be during low-risk epochs when learning is 
more likely to occur and be maintained.

We defined the ratio of time spent in, and stimulation during, 
low-risk periods, specifically demarcated by days with fewer or 
equal numbers of repetitive detections known as ‘long episodes’ 

Figure 5 Periodograms of super-responders and poor/intermediate responders diverge over time and stimulation of super-responders is less phase- 
locked to long episodes. (A) We found that most patients received stimulation between the rising phase and peak phase of daily detections. Seizure 
reduction did not significantly correlate with phase angle of long episodes on the circadian cycle (circular-linear correlation; P = 0.91). (B) For peak mul-
tidien rhythms, long episodes occurred between the rising and peak phase of the most prominent multidien rhythm (≥48 h). Seizure reduction did not 
significantly correlate with phase angle of long episodes on the circadian cycle (circular-linear correlation; P = 0.90). (C) Periodograms are not signifi-
cantly different at the start of stimulation therapy between super-responders and intermediate/poor responders. (D) In the last 90 days of stimulation, 
super-responders experienced increased power in short periods (≤24 h) (two-sample t-test, P = 1.55 × 10−3) while intermediate/poor responders had in-
creased power in multidien periodics (≥48 h) (two-sample t-test, P = 1.73 × 10−3). (E) Across all periods from 3 h to 45 days, there was a high level of 
phase-locking between long episodes and stimulation episodes in intermediate and poor responders. However, the distribution of stimulation epi-
sodes and long episodes between super-responders and both intermediate (two-sample Kuiper test; P < 0.01) and poor responders (two-sample 
Kuiper test; P < 0.01) were significantly different, indicating more stimulation occurred outside of high-risk long episodes in super-responders. 
Von mises distributions for super-responders (µ: −1.39 rad, κ = 0.74), for intermediate responders (µ: −0.36 rad, κ = 1.06) and for poor responders 
(µ: −0.36 rad, κ = 1.15).
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when compared to the average detection counts from the prior 
week. We found that quantification of the ratio of low-risk time 
and stimulation episodes were predictive of seizure reduction with-
in the first 90 days of stimulation (Fig. 3A and B). Further, patients 
with a greater excess of high-risk stimulation episodes per seizure 
than chance exhibited worse outcomes (Fig. 3E), an indication that 
low-risk stimulation likely plays an important role in therapy in 
addition to high-risk stimulation.

Additional evidence that stimulation during periods of reduced 
epileptiform activity may be important for inducing long-term 
changes in brain dynamics that suppress seizures is the compar-
able success seen in open-loop deep brain stimulation for epilepsy. 
While there has not been a clinical trial directly comparing the 
outcomes of deep brain stimulation (DBS) for epilepsy and RNS, 
the outcomes from both groups are relatively comparable.26

According to a systematic review of hippocampal DBS, a close par-
allel to the frequent mesial temporal locations of responsive stimu-
lation leads, the mean seizure reduction was 67.8%.27 For 
generalized epilepsies using DBS, anterior thalamic nucleus and 
centromedian thalamic nucleus lead locations had a 60.8% and 
73.4% mean seizure reduction.27 In a comparison of patients with 
temporal lobe epilepsy with DBS and the RNS system, median seiz-
ure reduction was 58% after 12–15 months for 26 anterior thalamic  
DBS patients and 70% for 32 patients with temporal lobe RNS.28 DBS 
for epilepsy does not produce a continuous train of pulses as typical 
for movement disorders, but rather follows a 1-min ‘on’ cycle and 
5-min ‘off’ cycle. Given that stimulation timing is non-specific to 
seizure state in DBS, stimulation during low-risk states is guaran-
teed (represented by the blue line in Fig. 3D).

Recent work has shown that patients experience multiscale 
seizure cycles that may be circadian or multidien.12-14 We were 
able to reproduce findings from Baud et al.12 and saw similar late 
evening, early morning and afternoon peaks in detections on a cir-
cadian cycle in our patient cohort (Fig. 4A and C). Moreover, we 
found in Fig. 4B that a larger circadian phase-locking value was cor-
related with improved seizure reduction, which may enable more 
‘low-risk’ periods daily due to stronger clustering of detections in 
smaller windows of the day.

We showed that the periodograms between super-responders 
and intermediate/poor responders diverged over the course of ther-
apy (Fig. 5C and D), with super-responder patients demonstrating 
increased strength in circadian or faster rhythms compared to 
intermediate/poor responders, who had stronger multidien, slower 
rhythms. This shift may serve as preliminary evidence that detec-
tions in super-responder patients may exhibit daily rhythms that 
more closely resemble rhythms one might expect in healthy 
subjects with no history of seizures. Finally, we observed signifi-
cant differences in the distributions of phase of long episodes 
and stimulation episodes between super-responders and poor/ 
intermediate responders (Fig. 5E). Specifically, across all periods 
spanning 3 h to 45 days, intermediate and poor responders had 
stimulation highly entrained to long episodes. In contrast, super- 
responders experienced more instances of stimulation out of phase 
with long episodes, which supported our hypothesis that low-risk 
stimulation may play a contributing role in patient improvement 
through neuromodulation therapy.

While the precise mechanism leading to long-term seizure re-
duction is still debated, new evidence is emerging that there exists 
an increase in inward interictal inhibition from brain regions not 
involved in ictogenesis onto the seizure onset zones during rest 
and single-pulse stimulation.29 This supports prior hypotheses 
that stimulation might be inducing changes that disrupt the core 

synchronization of the epileptogenic zone.30 Taken together, we 
postulate that responsive neural stimulation may be acting to de-
segregate the seizure onset zone (SOZ) from other brain regions 
by increasing the strength of outward connectivity from the SOZ 
to normal levels through neuromodulation-induced plasticity dur-
ing epochs with reduced epileptic activity. Additionally, in patients 
with better outcomes, the inhibitory-excitatory balance changes 
favouring a decrease in low frequency power and increase in high 
frequency power.31,32 This shift in the inhibitory-excitatory bal-
ance, even when a patient is immediately seizure-free after resec-
tion surgery, changes in electrographic recordings are slow to 
manifest.32 This slow change over time aligns with the methodical-
ly slow improvement observed in RNS system patients over long 
periods of therapy.3

The findings from this work compliments existing literature 
that demonstrate induced network changes are critical to success-
ful outcomes in RNS therapy. Prior work has uncovered that certain 
electrographic features change in super-responder patients over 
the course of therapy, including altered frequency dynamics of sei-
zures, changes in ictal duration and spontaneous ictal inhibition,5

as well as changes in the phase-locking value across different fre-
quency bands over therapy.6 Until our study, there has not yet 
been a mechanistic explanation as to why there might be a dispar-
ity across functional changes across patient groups. This work 
uniquely proposes a hypothesis that these functional changes are 
driven during periods of reduced epileptiform risk and may ultim-
ately guide how programming of closed-loop stimulation may be 
targeted in the future to accelerate network changes.

Future directions

Based on this evidence, it appears that the ratio of time in low-risk 
states may be an early predictor of therapeutic outcome. While the 
calculations of low-risk state are related to counted detections 
saved from the NeuroPace RNS system, it may be possible to deter-
mine low-risk time prior to the implant of the device using intracra-
nial EEG. This may be done using similar detection settings to the 
device's line length detector or band pass range thresholding and 
similarly defining long episodes from prolonged detections. While 
our paper focused on the timing of stimulation, previous studies 
from our group found that patient-specific structural connections 
are predictive of clinical outcomes.33 It may be possible to combine 
both the structural and temporal aspects of stimulation for im-
proved predictability. The amount of time spent in low-risk states 
could also potentially be used as a surrogate of patient improve-
ment where reporting of seizure frequency can be imperfect. As 
previously reported, the ratio of time spent in low-risk states in 
Fig. 3C steadily increased over time in intermediate/poor respon-
ders, which parallels the slow but steady improvement over time 
reported in RNS system patients in long-term follow-up studies.3

Further, perhaps parameters of closed-loop devices could be ad-
justed to increase targeting of low-risk states to facilitate network 
changes. Additionally, if improvements in neuromodulation 
therapy over time are due to functional changes driven by 
neuromodulation-induced plasticity, stimulation may be pro-
grammed to facilitate these long-term improvements to occur 
earlier.

Limitations

In this paper, we put forward a potential mechanism for successful 
RNS for epilepsy with an emphasis on neuromodulation-induced 
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plasticity being responsible for driving network changes necessary 
to prevent future seizures. We were limited in this study by using 
retrospective data, and this study does not show causation. 
Patients who had better outcomes may simply be in more low-risk 
epochs because they have fewer seizures early on, perhaps due to a 
more pronounced micro-lesion effect following implantation.34

Similarly, it is possible that the patterns of interictal events are fun-
damentally different across outcome groups, which resulted in a 
higher prevalence of stimulation episodes during low-risk periods 
in super-responders. Despite this, a divergence in low-risk time be-
tween super-responders and intermediate/poor responders oc-
curred early in therapy (first 90 days) with steady improvement in 
intermediate/poor responders over time. As such, this metric may 
be useful in future work to objectively quantify improvement 
over time. Further, it would benefit our findings if it were possible 
to quantify the ratio of time in high- and low-risk states prior to im-
plant of the RNS system and potentially use that as a predictor for 
seizure outcome prior to any surgery.

Another limitation is the lack of full characterization of detected 
events by the closed-loop system. Whether detections are interictal 
discharges, trains of discharges or spurious detections are not adju-
dicated at the individual event level. Despite this, we found correl-
ation between baseline long episode counts and seizures, and 
papers using similar methodology have found similar agreement 
with detections of interictal epileptiform activity such as spike- 
waves, rhythmic alpha/beta and low voltage fast activity.12 Yet, 
these trends remain predictive, regardless of their precise charac-
terization. Finally, patients in this cohort remained on anti- 
epileptic medications concurrent with the RNS system and we did 
not study whether adherence to medication coupled with the 
RNS system could lead to better outcomes. It is also feasible that 
certain drugs may put patients in low-risk periods more often 
and thus facilitate neuromodulation-induced plasticity. Despite 
these limitations, we believe our results support further explor-
ation of stimulation during low-risk states as a means to generate 
long-term functional changes seen in patients with excellent out-
comes from neuromodulation.
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