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Summary

Deep brain stimulation (DBS) and responsive neurostimulation (RNS) use high frequency 

stimulation (HFS) per the pivotal trials and manufacturer-recommended therapy protocols. 

However, not all patients respond to HFS. In this retrospective case series, 10 patients implanted 

with the RNS System were programmed with Low Frequency Stimulation (LFS) to treat their 

seizures; 9 of these patients were previously treated with HFS (100 Hz or greater). LFS was 

defined as frequency less than 10 Hz. Burst duration was increased to at least 1000 msec. With 

HFS patients had a median seizure reduction (MSR) of 13% (IQR −67 to 54) after a median of 

19 months (IQR 7–49). In contrast, LFS was associated with a 67% MSR (IQR 13–95) when 

compared to HFS and 76% MSR (IQR 43–91) when compared to baseline prior to implantation. 

Charge delivered per hour and pulses per day were not significantly different between HFS and 

LFS, although time stimulated per day was longer for LFS (228 min) than for HFS (7 min). There 

were no LFS-specific adverse effects reported by any of the patients. LFS could represent an 

alternative, effective method for delivering stimulation in focal DRE patients treated with the RNS 

System.
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Introduction

Intracranial neurostimulation is a palliative approach for the treatment of adult patients 

with drug resistant epilepsy (DRE). It involves electrical stimulation with physician-defined 

current, pulse width and frequency over a determined period of time to alter neural activity 

at seizure foci and network nodes. There are two FDA-approved intracranial stimulation 

modalities for focal epilepsy: anterior thalamic nuclei deep brain stimulation (ANT-DBS) 

and responsive neurostimulation (RNS). Both modalities are typically programmed with 
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high frequency stimulation (HFS) as used in the pivotal trials1, 2. For this study we consider 

stimulation of 100 Hz or greater as HFS, consistent with prior observations3. The RNS 

System is a closed loop system that detects and records intracranial epileptiform activity 

arising from seizure foci and/or network nodes and stimulates automatically according to 

physician-programed settings. One therapy is comprised of two programable bursts and can 

be repeated up to 5 times if the abnormal electrical activity continues, though only the 

first delivered therapy is counted by the RNS system. The recommended initial stimulation 

settings are frequency of 200 Hz (or pulses per second), pulse width of 160 μsec and burst 

duration of 100 ms. These parameters have been informed in part by the experience of 

long-term treatment trials that resulted in a 75% median seizure reduction at nine years4.

Low frequency stimulation (LFS) has been studied in animals as a potential antiepileptic 

strategy specially in rodent kindling models. In humans, LFS has been studied in DRE 

patients through stimulation of a wide variety of targets including hippocampus5, fornix6, 

thalamus7 and cortex8. Regarding the latter, chronic subthreshold stimulation (CSS) involves 

open-loop, continuous electrical stimulation of seizure foci in focal DRE patients through 

LFS and may be particularly useful when stimulating eloquent cortex9. However, LFS for 

intracranial stimulation is not often considered, in part due to concerns that it may even 

worsen seizures3. To our knowledge, a within patient comparison of HFS and LFS for 

implanted intracranial stimulation devices has not been published.

In this report, we aimed to evaluate the clinical response of patients treated the RNS System 

programed with LFS. We suggest that when patients do not respond to the HFS of standard 

RNS settings, a lower stimulation frequency in addition to longer burst duration (LFS) are 

reasonable stimulation parameters to consider.

Methods

This institutional review board-approved retrospective case series included all DRE patients 

implanted with the RNS System followed at our center with active LFS at last clinical 

follow up. All variables, including clinical seizure frequency, were obtained through the 

electronic health record. The RNS System implantation was performed as part of clinical 

care2. HFS has been defined as stimulation >45 Hz elsewhere3. We defined LFS as a 

stimulation frequency of less than 10 Hz and used a burst duration of 5 sec. We used 7 

Hz theta frequency, which we have used previously given an association with the limbic 

system10–12. Pulse width was 160 μsec, except for patient 5 during HFS when it was 240 

μsec. Specifically, stimulation was typically 5 sec trains of 35 biphasic pulses with phase 

width of 160 μsec. Stimulation amplitude was adjusted using charge density as the relevant 

metric, per typical clinical practice. ECoG events were not analyzed as detection parameters 

were changed during clinical care precluding direct comparisons over time. Responder 

rate was defined as clinical seizure frequency reduction 226550%. We determined total 

time of stimulation per day, reported in minutes per day (min/d); pulses delivered per day, 

reported as pulses in a 24-hour period; and calculated charge delivered per hour, reported as 

millicoulombs per hour (mC/h):
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Current mA × Pulse Widtℎ s × Frequency Hz × Burst Duration s × 1.27 × TℎerapiesDelivered perDay
24ℎours/day

Since the RNS System has 2 programmable bursts per therapy. When the same lead was 

used for both burst 1 and burst 2, the charges were added. When burst settings were 

different, the burst providing the largest charge was used. The 1.27 factor represents the 

average number of therapy repetitions delivered until the sensed abnormal electrical activity 

was no longer detected.

All statistics and graphs were performed on GraphPad Prism version 9.3.1 for Windows 

(GraphPad Software, San Diego, CA). Continuous and categorical variables are described 

as median with interquartile ranges (IQR) and percentages, respectively. Chi-squared 

and Fisher’s exact tests were used for comparison of proportions and frequencies. Mann-

Whitney U or Wilcoxon signed ranks tests were used for median comparison between 

groups as appropriate. Spearman Rho was used for correlation analysis. P values ≤0.05 were 

considered statistically significant. De-identified data are available upon request.

Results

A total of 39 patients implanted with the RNS System were followed at our center between 

August 2004 and April 2022, and 10 patients were included in our analysis. Two patients 

were programmed with LFS in the past but were not on LFS at last clinical follow-up: one 

was implanted at an outside center, was trialed on LFS in our clinic for less than 3 months, 

and then programmed back to HFS by their primary neurologist. The other patient was on a 

mixed HFS and LFS protocol at last follow up. Eleven patients were on LFS at last clinical 

follow up. One of these patients was excluded due to unreliable clinical seizure reporting. 

Of the remaining 10 patients, one patient was initially started on LFS and has never been on 

HFS; this patient received promising LFS via temporary trial stimulation during stereo EEG 

evaluation9, 13. Table 1 summarizes patient baseline characteristics and seizure frequencies.

Median seizure frequency at baseline prior to RNS System implantation was 6 seizures per 

month (sz/mo) (IQR 4–8). After a median of 19 mo (IQR 8–49) on HFS, patients (n=9) had 

a median seizure reduction (MSR) of 13% (IQR −67 to 54). Seizure frequency after HFS 

was not significantly different compared to baseline (4 sz/mo, IQR 2–10 vs. 6 sz/mo, IQR 4–

8; p=0.88). Patients were on LFS for a median of 12 mo (IQR 5–28), and patients with LFS 

had significantly fewer seizures (2 sz/mo, IQR 0.4–3) compared to HFS (4 sz/mo, IQR 2–10; 

p=0.02) and baseline (6 sz/mo, IQR 4–8; p=0.006). The MSR associated with LFS when 

compared to baseline and HFS was 76% (IQR 43–91) and 67% (IQR 13–95), respectively. 

LFS had an 80% responder rate compared to baseline, and a 56% responder rate compared 

to HFS (Figure 1). When compared to baseline, LFS had a significantly higher proportion of 

responders than HFS (80% vs. 22%, p=0.02).

Charge density and charge per hour were not significantly different between HFS and 

LFS (2.0 μC/cm2, range 0.5–4.6 vs. 3 μC/cm2, range 1.0–5.5; p=0.07), (0.5 mC/h, range 

0.004–3.4 vs. 4.4 mC/h, range 0.02–24.5; p=0.2), respectively. Time stimulated per day was 

significantly longer with LFS (228 min, range 2–717) compared to HFS (7 min, range 0.4–
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27), p=0.006. Pulses per day were not significantly different between HFS and LFS (76,302 

pulses, range 2,489–161,442 vs. 97,451 pulses, range 1,037–306,578; p=0.8). Therapies 

delivered per day (tpd) were not significantly different between HFS and LFS (1502 tpd, 

IQR 298–2519 vs. 1254 tpd, IQR 151–1978; p=0.7). Figure 1 (panel e) shows a long episode 

ECoG recording from a patient treated with LFS. Typically, 30 sec of detected abnormal 

activity are required to trigger the storage of a long episode (Long Episode Length). Here, 

the Long Episode Length was increased from 30 sec to 60 sec since LFS can provide up to 

50 sec of stimulation per therapy (if two bursts of 5 sec are repeated 5 times). Additionally, 

the length of the Capture Window was increased from 90 sec to 180 sec. The Capture 

Window is divided such that two-thirds is reserved for pre-trigger activity (including the 

abnormal activity required to trigger the long episode storage), and one-third for post-trigger 

activity14. Thus, with a 60-sec Long Episode Length, increasing the Capture Window to 180 

seconds allows for 60 sec to be recorded before the 60 sec long episode and 60 seconds of 

post-trigger activity14. Table 2 shows the HFS and LFS parameters used for each patient. 

There were no LFS-specific adverse effects reported in any of the patients.

Discussion

In this study of 10 DRE patients treated with the RNS System for predominantly bitemporal 

mesial epilepsy, LFS was an effective approach to improve seizure control after using 

standard HFS settings. The time of stimulation per day was significantly longer with LFS 

than HFS. No adverse events related to LFS were reported. These results suggest that LFS 

coupled with longer stimulation times may be effective for cortical intracranial stimulation.

In our study we coupled low frequency stimulation with longer burst durations, effectively 

increasing the time of stimulation per day while maintaining the total amount of charge 

delivered. In other words, stimulation was delivered over a longer period of time but there 

was not a significant difference in the charge delivered per hour; thus, we do not expect 

that LFS will have any significant negative impact of battery longevity (although this has 

not been verified). The number of therapies delivered per day was not significantly different 

between HFS and LFS, suggesting that a change in delivered pulses did not lead to the 

benefit associated with LFS. Similarly, pulses per day were also comparable between HFS 

and LFS. The benefit of LFS may be from increased stimulation time, lower stimulation 

frequency, or a combination of the two. Previous reports suggest that for some anatomical 

structures low frequency may provide a greater6 or lesser15 benefit than high frequency 

stimulation, which suggests the ideal stimulation frequency may depend on stimulation 

location. Another possibility is that some patients benefit from lower stimulation frequencies 

due to characteristics of their epileptic networks5, 16.

A concern regarding the use of LFS is the possibility of seizure exacerbation. However, 

there is evidence suggesting potential benefit from LFS in mesial temporal epilepsy17, 

similar to most patients in this study. LFS during invasive epilepsy monitoring has been 

used for seizure induction to facilitate epileptogenic zone identification, although higher 

frequencies (e.g. 50 Hz) have been noted to induce seizures more readily18. Chronic LFS 

of cortical structures has been safe and effective in epilepsy patients with predominantly 

eloquent seizures onset zones9. Seizure induction through transcranial magnetic stimulation 
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(TMS) has been a safety concern, typically for frequencies of 10 Hz or greater19, although 

mechanisms underlying TMS differ significantly from invasive neurostimulation making 

comparisons difficult. For subcortical structures, the seizure exacerbation potential from 

invasive neurostimulation previously reported by Velasco et al. is restricted to bilateral, high 

voltage centromedian nucleus thalamic deep brain stimulation (6 Hz, 30 V) in generalized 

epilepsy with absence seizures20. Other seizure types, including generalized onset, have 

been treated with thalamic LFS without reported adverse effects11. Prior work suggests that 

anterior thalamic nucleus (ANT) stimulation at 15–45 Hz may increase synchronization 

between hippocampus and ANT3. We excluded one patient stimulated with 40 Hz, who 

noted an 82% seizure reduction compared to baseline and 53% seizure reduction compared 

to HFS (100 Hz) without side effects from stimulation.

One concern of LFS is of a more technical nature: increasing the burst duration increases 

the blanking duration of the amplifier to reduce artifact, making the electrographic activity 

during the seizure more difficult to visualize in the recorded ECoGs. This can be ameliorated 

by increasing the Long Episode Length such that it is greater than the maximum therapy 

time (e.g., at least 50 seconds if two bursts of 5 sec are each delivered 5 times) to record 

only ECoGs of interest. In addition, the Capture Window can be increased, e.g. from 90 sec 

to 180 sec to store more useful ECoGs (see Figure 1, panel e). Our study is limited by its 

retrospective nature that carries risks of inconsistencies related to data documentation in the 

electronic health record, lack of randomized control data and matched cohorts, and selection 

biases.

In conclusion, although HFS is generally effective in DRE patients treated with the RNS 

System, LFS offers a viable alternative approach and may be a beneficial RNS programming 

approach for patients who have not responded to standard high frequency settings. Other 

studies demonstrate that cortical9 and thalamic21 LFS can be effective, thus LFS as well as 

HFS may be effective for reducing seizure frequency.
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Figure 1 –. 
Upper left panel; Individual seizure frequency reduction after LFS compared to HFS (n = 

10) from worse (upper left) to best (upper right). Mid left panel; percentage of responders 

after HFS from baseline, after LFS from HFS, and after LFS from baseline, respectively. 

Upper right panel; comparison of median charge delivered per hour (p=0.197). Mid left 

panel; comparison of time stimulated per day (p=0.004). Bottom panel; visualization of 

an ECoG long episode with LFS after adjusting the ECoG record length from 90secs to 

180secs and increasing the long episode length to exceed the maximum time of therapy. In 

this example above, Burst 1 and Burst 2 are set to 5000ms (5secs), ie, up to 50 seconds of 

stimulation total can be delivered per therapy.
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