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Abstract

Background: Drug resistant epilepsy (DRE) patients not amenable to epilepsy surgery can
benefit from neurostimulation. Few data compare different neuromodulation strategies.

Objective: Compare five invasive neuromodulation strategies for treatment of DRE: anterior
thalamic nuclei deep brain stimulation (ANT-DBS), centromedian thalamic nuclei DBS (CM-
DBS), responsive neurostimulation (RNS), chronic subthreshold stimulation (CSS), and vagus
nerve stimulation (VNS).

Methods: Single center retrospective review and phone survey for patients implanted with
invasive neuromodulation for 2004-2021.
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Results: N=159 (ANT-DBS=38, CM-DBS=19, RNS=30, CSS=32, VNS=40). Total median
seizure reduction (MSR) was 61% for the entire cohort (IQR 5-90) and in descending order: CSS
(85%), CM-DBS (63%), ANT-DBS (52%), RNS (50%), and VNS (50%); p=0.07. Responder rate
was 60% after median follow-up time of 26 months. Seizure severity, life satisfaction and quality
of sleep were improved. Cortical stimulation (RNS and CSS) was associated with improved
seizure reduction compared to subcortical stimulation (ANT-DBS, CM-DBS, and VNS) (67% vs.
52%). Effectiveness was similar for focal epilepsy vs generalized epilepsy, closed loop vs open
loop stimulation, pediatric vs. adult cases, and high frequency (>100 Hz) vs low frequency (<100
Hz) stimulation settings. Delivered charge per hour varied widely across approaches but was not
correlated with improved seizure reduction.

Conclusions: Multiple invasive neuromodulation approaches are available for treatment of DRE
but little evidence compares the approaches. This study used a uniform approach for single center
results and represents an effort to compare neuromodulation approaches.

Keywords

Neurostimulation; deep brain stimulation; responsive neurostimulation; chronic subthreshold
stimulation; vagus nerve stimulation; low frequency stimulation

Introduction

Epilepsy is a highly prevalent disease that affects up to 1.2% of the United States population
[1]. In about one third of cases, two or more appropriately dosed and tolerated anti-seizure
drugs (ASD) fail to attain seizure freedom putting patients at risk of the multitude of
comorbidities associated with drug-resistant epilepsy (DRE) [2, 3]. In these cases, ablative/
resective epilepsy surgery when feasible is the next best step to reach seizure freedom [4].
However, this might not be an option for individuals with generalized epilepsies, diffuse
and/or multifocal seizure onset, eloquent cortex involvement, or per patient preference.
Additionally, some individuals continue to have seizures despite epilepsy surgery.

Neuromodulation provides a palliative approach to DRE cases. The FDA has approved
three neuromodulation strategies for focal DRE in adults. Vagus nerve stimulation (VNS)
provides intermittent delivery of an electrical stimulus through a bipolar lead connecting
the left vagus nerve to an implantable pulse generator (IPG). VNS may exert its effect by
modulating the activity of brainstem nuclei [5, 6]. Responsive neurostimulation (RNS) is

a closed loop system that detects intracranial epileptiform activity arising from one or two
seizure foci and stimulates in response to detected events according to physician-programed
settings [7]. RNS was designed to interrupt ictal discharges as its main mechanism of action;
however, long term indirect neuromodulatory effects likely account for a large proportion
of its benefit [8, 9]. Anterior thalamic nuclei deep brain stimulation (ANT-DBS) involves
open loop stimulation that provides seizure lowering benefits by disrupting epileptogenic
networks. The network theory of DBS suggests this effect is mediated through seizure
network connections with the Papez circuit [10-12].

Other approaches not approved by the FDA may also be helpful. Generalized and posterior
onset epilepsies have distinct connectivity and may benefit more from different thalamic
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nuclei stimulation such as centromedian and pulvinar nuclei [13-15]. Only VNS is FDA
approval for the pediatric population, which limits access [16]. Larger epileptogenic zones
may benefit from broader electrode coverage than allowed by two lead systems[17], such
as via Chronic Subthreshold Stimulation (CSS) [17]. CSS involves open loop stimulation
of cortical areas, at times in conjunction with subcortical targets, with up to 4 leads and 16
electrode contacts; stimulation is provided using FDA-approved hardware on an off-label
basis. The optimal area of stimulation is delimited by invasive EEG, including stereo
electroencephalography (sEEG) or subdural EEG. If the patient is not a surgical resection
candidate, once the seizure onset zone is delineated via the standard of care process of
capturing seizures, the patient undergoes a trial of stimulation using the temporary invasive
EEG leads to help determine the suitability of long-term electrical stimulation [18-20].
This is usually due to eloquent cortex involvement. Response to the stimulation trial is
determined by changes in seizure frequency, any patient-reported symptoms, and changes
in interictal epileptiform activity (IEA). If successful, permanent hardware is subsequently
implanted [21]. CSS has been associated with responder rates as high as 89% [19, 20].

One challenge is the number of neuromodulation treatment options without clear data
to guide decision-making. Our goal is to compare multiple invasive neuromodulation
approaches for pediatrics and adults from our center.

Study methodology

Variables

After Institutional Review Board approval, we performed a retrospective review and
telephone survey of patients implanted with ANT-DBS, centromedian thalamic nuclei deep
brain stimulation (CM-DBS), CSS, RNS, and VNS at Mayo Clinic Rochester from August
2004 to July 2021. For the VNS patient cohort, we included a random sample of 40 patients
from all first-time implants at our center. All patients were diagnosed with DRE epilepsy
according to ILAE criteria prior to implantation [22]. The multiple stimulation approaches
presented from the past 16 years reflect an effort to individualize therapy for patients and
improve outcomes. De-identified data is available upon request.

Through a standardized telephone questionnaire, we assessed seizure frequency, patient-
perceived outcomes, and side effects from stimulation or from the device as has been
used by our group previously [15, 20]. For current seizure frequency and pre-implantation
seizure frequency, patients were instructed to consider only disabling seizures defined as
“seizures that interrupt day-to-day activities” over the past three months and the past
three months prior to implantation. If patients expressed uncertainty about the meaning

of disabling seizures, all seizures were considered. When seizure freedom was reported,
its duration beyond three months was not assessed. Convulsive seizures were defined as
“seizures where both arms and legs stiffen up and shake rhythmically while unconscious”.
The seizure frequency data obtained from the questionnaire was compared to the medical
record to ensure consistency and decrease recall bias. If there was significant discordance,
the case was reviewed (JLAZ, BNL). For patients that did not answer the standardized
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questionnaire, seizure frequency data was obtained from medical records. For one patient
(CSS) there was no disabling seizure frequency data in the medical record and the patient
could not be contacted by telephone. Patient perceived outcomes including seizure severity,
life satisfaction, and quality of sleep were obtained through numeric analog scales ranging
from 1-10. Stimulation related side effects and device related side effects were subclassified
by type and were ascertained by medical record review and standardized questionnaire for
maximal sensitivity. In the case of pediatric patients, documented cognitive impairment,
epileptic encephalopathy, or unreliable tracking of seizure frequency, parents or family
members answered the questionnaire. Deceased patients, patients living internationally, and
those requiring an interpreter were not included in the questionnaire call list. Follow up
time was defined as time from implantation until questionnaire assessment if the device
remained active, or until the last documentation of the device being active in case of
explantation, deactivation or lack of standardized questionnaire data. When costimulation
with VNS was present, the questionnaire focused on the intracranial device. Thalamic DBS
patients implanted with both CM and ANT leads (4-lead system) were grouped with patients
implanted exclusively with CM (2-lead system).

The reported neurostimulation parameters are the last documented set of parameters in the
medical record prior to the cross-sectional assessment. We calculated the charge per hour
per lead reported as millicoulombs per hour (mC/h) to compare between neuromodulation
groups. Stimulation parameter details are available in the supplementary material.

To assess the possible role of ASDs in the perceived benefit we reported ASD change, in
which positive numbers reflect an increase in the total number of prescribed ASDs and
negative numbers correspond to fewer ASDs compared to baseline.

SPSS Version 27.0 (Armonk, NY) and GraphPad Prism V 9.3.1, GraphPad Software (San
Diego, CA) were used for statistical analysis, logistic regression and chart generation.
Continuous and categorical variables are described as median with interquartile range (IQR)
or range and percentages, respectively. The Chi-squared test was used for comparison of
frequencies while Mann-Whitney U, Wilcoxon signed ranks, or Kruskal-Wallis tests were
used for median comparison between groups as appropriate. We used Mann-Whitney U tests
and Chi-Square /Fisher exact tests for pairwise comparisons as a pre-planned secondary step
when comparing across neuromodulation groups or seizure onset groups. The Bonferroni
correction method was used post-hoc to adjust for multiple comparisons regarding seizure
reduction and responder rate and is reported after the unadjusted pairwise comparisons.
Spearman Rho was used for correlation analysis. We explored the relation between clinically
relevant variables and clinical response (=50% seizure frequency reduction) with univariate
logistic regression. Variables with a p value <0.25 were selected to perform a multivariate
logistic regression. The p-value cut off has been previously used as the initial step for
purposeful covariate selection [23]. The area under the receiving operating curve (AUC)
was used as a measure of discrimination power. P values <0.05 were considered statistically
significant.
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Results

Baseline characteristics

A total of 164 patients were initially reviewed for the study and included: ANT-DBS (n=38),
CM-DBS (n=19), CSS (n=32), RNS (n=35) and VNS (n=40). Seven RNS patients had their
initial implant elsewhere, five of whom were excluded and two of whom were included as
they had implant revision with lead repositioning surgery at our center and continued to
follow for programming changes. For our analysis, 159 patients were included (Table 1).

There were significant baseline differences across the different neuromodulation groups.
RNS patients were older at time of implant while CM-DBS and CSS patients were

younger at implant (AH(4)=22.27, p<0.001). ANT-DBS and CM-DBS had tried more ASDs
prior to implant than RNS, CSS, and VNS (A(4)=21.04, p<0.001). Thirty-five patients

had previous epilepsy surgery (22%). Of those, corpus callosotomy, which was present

only in CM-DBS and VNS patients, was significantly more common amongst CM-DBS
patients (X4(4)=24.18, p<0.001). When an epilepsy etiology was identified, structural
abnormalities were the most common cause and were approximately evenly distributed
between ANT-DBS, CSS, RNS and VNS (X2(4)=10.16, p=0.04) while a genetic etiology
was significantly more common in the CM-DBS group (X4(4)=16.23, p=0.003). Seizure
onset varied significantly across neuromodulation groups as well. Temporal onset was
significantly more prevalent in RNS patients (X4(4)=48.92, p<0.001) while paracentral onset
was more common in the CSS group (X4(4)=51.55, p<0.001). ANT-DBS had the highest
prevalence of multifocal/diffuse seizure onset (X4(4)=31.15, p<0.001). As expected, patients
with generalized epilepsy were only present in the CM-DBS and VNS groups, with CM-
DBS having significantly more (X4(4)=37.20, p<0.001). Patients with combined focal and
generalized epilepsy were present in the ANT-DBS, CM-DBS, and VNS groups with CM-
DBS having significantly more (X4(4)=28.19, p<0.001). Figure 1 provides a visualization of
the different approaches and the distribution of seizure onset according to neuromodulation
strategy.

Seizure frequency reduction, responder rate, logistic regression analyses, and patient
perceived outcomes

Table 2 and Figure 2 summarize overall outcomes, including median seizure reduction
(MSR), responder rates (at least 50% seizure reduction), and reported seizure freedom.
Median follow-up time was 26 months (IQR 13-52) and was significantly different across
groups (H(4)=21.97, p<0.001). Patients with VNS had significantly longer follow-up
times than ANT-DBS (p<0.001), RNS (p<0.001), and CSS (p=0.01). Neuromodulation
was associated with a 61% MSR (IQR 5-90) with no significant differences at the

group level (H(4)=8.6, p=0.07). In pairwise comparisons, CSS was associated with higher
seizure reduction than ANT-DBS (52%, IQR 15-86, p=0.01), CM-DBS (63%, IQR 0-
85; p=0.04), RNS (50%, IQR 31-89; p=0.04) and VNS (50%, IQR 0-90; p=0.02).

These findings were not significant after correcting for multiple comparisons (p-values

> 0.005, Bonferroni correction). Responder rate was 60% for the whole cohort and not
significantly different between approaches (X2(4)=6.98, p=0.14). In pairwise comparisons
CSS had a higher frequency of responders (81%, n=25), compared to ANT (55%, n=21;
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p=0.03), RNS (56%, n=17; p=0.04), and VNS (53%, n=21; p=0.01). These findings were
not significant after correcting for multiple comparisons (p-values > 0.005, Bonferroni
correction). Twenty-two patients (14%) reported seizure freedom at last follow up for at
least the three months prior; this was more prevalent in the CSS group (9 patients, 29%;
XZ(4)=10.05, p=0.04). Neuromodulation was associated with a 70% overall reduction in
convulsive seizures (p<0.001). CM-DBS and VNS were not associated with a significant
improvement in convulsive seizure frequency when analyzed on an individual group
basis (p=0.09 and p=0.06, respectively). Perceived seizure severity and life satisfaction
were significantly improved for the whole cohort (p<0.001) and for all neuromodulation
modalities individually (p<0.03). Quality of sleep was improved for the whole cohort
(p<0.001); but on individual group analysis ANT-DBS, RNS and VNS did not show
significant improvement (p=0.17, p=0.11, p=0.05; respectively). The median ASD did not
change at last follow up (Range —3 to 7), and there were no significant differences across
neurostimulation groups (AH(4)=1.23, p=0.87).

Multiple simultaneous stimulation approaches

Eleven CM-DBS patients were also implanted with ANT leads (four-lead system). There
was no difference in MSR for patients with only CM stimulation (65%, IQR 0-82) and
simultaneous CM and ANT stimulation (60%, IQR 0-95; p=0.59). Out of the 119 patients
with an intracranial stimulation modality, 58(49%) had VNS implanted previously and
34(28%) of them continued to have active VNS stimulation at the time of implantation of
the intracranial device. Most were ANT-DBS (n=20, 53%) with the remainder in CM-DBS
(n=5, 26%), RNS (n=7, 23%) and CSS (n=2, 6%).

Further analyses

In general, MSR was similar across location of seizure onset (Figure 3). Seizure onset was
divided into frontal, temporal, paracentral (primary sensory and/or primary motor seizure
onset), posterior onset (parietal/occipital onset), multifocal or diffuse, generalized, and
mixed (implying generalized onset in addition to focal/multifocal onset). MSR was not
significantly different across groups in the one-way comparison (A(6)=0.17, p=0.17). In
pairwise comparisons, frontal onset epilepsies (90%, IQR 57-100) showed an improved
MSR compared to posterior (45%, IQR 0-68; p=0.049) and multifocal onsets (50%, IQR
0-26, p=0.02) but not temporal (59%, IQR 33-87; p=0.1), paracentral (85%, IQR 0-99%,
p=0.29), generalized (50%, IQR 0-98; p=0.05), or mixed onsets (67%, IQR 0-93; p=0.09).
Pairwise comparisons were not significant after correcting for multiple comparisons (p-
values > 0.0024, Bonferroni correction).

For patients with temporal epilepsy (n=43, 27%), neocortical temporal patients (n=9, 6%)
were distributed relatively evenly across the different neuromodulation groups except for
CM-DBS, which had only one temporal epilepsy patient with mesial onset (X(4)=2.07,
p=0.723). Patients with mesial temporal epilepsy (n=34, 21%) were typically implanted
with RNS (n=21, 70% of RNS patients) when compared to other modalities (X4(4)=55.71,
p<0.001). MSR was comparable in the neocortical group vs. the mesial group (59%, IQR
31-88, vs. 59%, IQR 33-87; p=0.92).
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Primarily cortical neurostimulation (CSS, RNS) (67%; IQR 45-99) was associated with
improved seizure frequency than subcortical stimulation (ANT-DBS, CM-DBS, VNS) (52%;
IQR 0-87, p=0.03). MSR of closed loop stimulation (RNS) (50%, IQR 31-89) was not
significantly different than open loop stimulation (ANT-DBS, CM-DBS, CSS, and VNS)
(63%, IQR 0-90; p=0.91). Neurostimulation with only VNS had a similar MSR as patients
with intracranial neurostimulation and ongoing active VNS stimulation (50%, IQR 0-90 vs.
50%, IQR 0-71; p=0.77). For patients treated with subcortical stimulation devices (DBS
and VNS) MSR was not significantly different between those with generalized and mixed
epilepsy (65%, IQR 0-91) vs. focal and multifocal epilepsy (50%, IQR 0-87; p=0.81).
Neurostimulation in pediatric patients (n=37, 23%) was associated with comparable MSR to
adults (n=121, 77%), (67%; IQR 0-93 vs. 60%; IQR 11-89; p=0.96).

Adverse effects and deaths

A total of 127 AEs were reported by 77 patients and were classified as stimulation related
(76 AEs in 51 patients), device related (49 AEs in 37 patients) and implantation surgery
related side effects (6 AEs in 6 patients) (Supplementary table 3). The most common
stimulation related side effect was dysphonia/hoarseness and/or throat discomfort in 14%
of patients and was only reported by VNS patients; VNS was associated with more sided
effects (X4(4)=27.19, p<0.001) than other modalities. The most common device related side
effect was discomfort from leads and was present in 10% of patients. Four patients had
neuropsychiatric AEs and all were part of the ANT-DBS subcohort (11%); three individuals
reported word finding difficulties, and one individual had new onset severe depression that
resolved with change in stimulation frequency.

A total of 16 patients required surgery due to AEs. The overall identified infection rate

for the cohort was 3% (5 patients total). Six patients had immediate postprocedural
complications none of which had lasting deficits. A total of 4 deaths were noted during

the follow-up period. One ANT patient passed away due to SUDEP. None of the deaths
were thought secondary to neurostimulation. A narrative description of the individual cases
requiring surgery due to AEs, implantation related side effects, postprocedural complications
and deaths can be found in the supplementary material.

Stimulation parameters

CM-DBS (63.5 mC/h, Range 1.1-144.7) and ANT-DBS (28.4 mC/h, Range 2.6-468)
delivered more charge per hour than CSS, VNS, and RNS (6.5 mC/h, Range 0.1-835.9;

8.0 mC/h, Range 0.7-33.8; and 0.9 mC/h, Range 0-12.8, respectively)(/(4)=78.44, p<0.05)
(Table 3). In unadjusted pairwise comparisons the only two neuromodulation strategies that
did not show differences between their charge per hour were CSS with VNS (p=0.98). There
was no correlation between MSR and charge per hour (r=-0.08, 95%CI -0.25t0 0.07; p =
0.27). Although DBS and RNS are typically programmed using high frequencies (e.g. 145
Hz), we have tended to trial both low (e.g. 7 Hz) as well as high frequencies in at least

some patients. CSS typically employed lower stimulation frequencies than other approaches,
with a median frequency of 2 Hz. Low frequency stimulation (<100 Hz) was being used

at last follow up in 55% of ANT-DBS patients (n=21), 58% of CM-DBS patients (n=11),
41% of RNS patients (n=12), and 84% of CSS patients (n=27). Patients with VNS were
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only programed with frequencies 15 and 30 Hz. MSR was not significantly different for
those patients with intracranial stimulation on low frequency stimulation (n=71) vs. high
frequency stimulation (n=47) at last follow up (60%, IQR 33-88 vs. 67%, IQR 20-93;
p=0.62)(Figure 3).

Discussion

Our study demonstrates a 61% median seizure reduction and 60% responder rate across
neuromodulation modalities in this single center review. In general, neither the type of
neuromodulation nor the type of seizure onset were associated with clearly improved seizure
reduction or responder rates. In unadjusted pairwise comparisons MSR was improved for
CSS compared to the other devices, while other approaches (ANT-DBS, CM-DBS, RNS,
and VNS) were not statistically different from each other. Similarly, relatively improved
MSR was reported for frontal onset seizures compared to posterior and multifocal onset
seizures, while other locations were not significantly different in unadjusted pairwise
comparisons. Cortical stimulation (RNS and CSS) was associated with an improved MSR
compared to subcortical stimulation (ANT-DBS, CM, and VNS). The amount of charge
delivered per hour varied widely between approaches but was not correlated with seizure
reduction. Pediatric patients had a similar MSR to adults. Adverse events are consistent
with previous literature. Seizure onset clustered with specific neuromodulation strategies:
the RNS group was mostly comprised of patients with temporal epilepsy (78%) and most of
them had mesial onset (70%); CSS had the highest number of paracentral epilepsy patients
(50%); ANT-DBS was mostly comprised of patient with multifocal/diffuse onset (55%);
generalized and mixed epilepsy patients were mostly distributed amongst CM-DBS and
VNS.

When considering individual approaches, ANT-DBS in our cohort had a MSR of 52% at

23 months that is comparable with the 56% MSR at 2 years in the open label phase of

the SANTE trial [24]. CM-DBS patients reported a MSR of 63% over a median of 27
months. The literature on CM-DBS efficacy is more heterogeneous. A recent meta-analysis
concluded that CM-DBS was associated with a 73% mean seizure frequency reduction
ranging from 44% to 80% [25], comparable with our findings. Another important point is
that patients with CM-DBS had the largest disabling seizure burden and largest number

of ASDs trialed prior to implant highlighting the severity of the epilepsies treated by this
modality at our center. Regarding RNS, the 50% MSR over a median of 19 months was
similar to the two-year 53% MSR reported by the open label extension phase from the
pivotal RNS trial [26]. CSS was the stimulation modality with the most patients reporting

at least 3 months of seizure freedom at the time of the assessment. Potential reasons are the
highly selective process for CSS patient implantation that includes trial stimulation during
invasive monitoring (intracranial EEG) for epilepsy surgery with temporarily implanted
hardware prior to permanent hardware placement [21]. Additionally, CSS was used for

the majority of paracentral epilepsy cases, which could respond particularly well to focal
stimulation[27][28, 29]. Finally, the broader stimulation fields allowed by 4 leads and up to
16 electrodes, may impart increased benefits, especially for larger epileptogenic foci such as
in frontal lobe epilepsies. Our VNS subcohort reported 50% MSR after a median follow up
period of 50 months. In comparison to other approaches in our cohort, the 50-month median
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follow-up time is significantly longer. This may artificially improve VNS outcomes in
comparison to the other approaches as the efficacy of neurostimulation in general improves
over time [9, 12, 30].

Additional analyses showed that closed loop stimulation (RNS) was not associated with
better MSR when compared to open loop stimulation, and cortical stimulation had
significantly better MSR when compared to subcortical stimulation. This supports the notion
that it is perhaps not the intermittent interruption of ictal discharges that provides benefit but
rather the long-term plasticity of epileptogenic brain and the networks generating seizures
[8, 20, 31]. Patients with intracranial neuromodulation devices in addition to active VNS
therapy had similar rates of MSR as those with only VNS neurostimulation. In a previous
study, our group did not see any difference in seizure reduction across ANT-DBS patients
who also had been previously implanted with VNS that was inactive, those who had active
VNS stimulation at the time of ANT-DBS implant, and patients who had ANT-DBS without
previously having VNS [32]. This suggests that patients can benefit from a second device

if there is unsatisfactory seizure control with VNS alone. VNS and DBS devices were
implanted for patients with generalized epilepsy as well as focal epilepsy; there was not

a significant difference in seizure frequency reduction between these two groups. VNS is
considered effective for generalized seizures [5, 33]. The largest double blinded randomized
trial for CM-DBS in generalized epilepsy was restricted to Lennox-Gastaut patients and did
not demonstrate a significant clinical seizure frequency reduction between treatment and
control groups after 3 months. However, there was a significant difference in electrographic
seizures, and a 47% MSR after a subsequent 3-month unblinded period [34]. Similarly,

our data suggest generalized epilepsy can respond well to neuromodulation. Despite the
absence of FDA approved neuromodulation strategies for pediatric patients, several studies
have demonstrated its benefit int this population [16]. In our cohort, children and adolescents
treated with invasive neurostimulation seem to benefit equally from neuromodulation when
compared to adults further supporting this notion.

Overall, the incidence of serious AEs (leading to a repeat surgery) in our cohort was 10%
with only 16 patients requiring an unexpected surgical procedure due to AEs. Specifically
pertaining to infection, four patients (3%) required hardware removal or lavage surgery
for system related infection. This is comparable to the 4.5% of patients requiring explant
surgery in the SANTE trial [24], the 4.1% infection rate per device implant noted for the
RNS system [9] and the 2.6% infection rate reported for VNS [35]. All neuropsychiatric
AEs noted in our cohort were restricted to ANT-DBS; although we report a smaller
prevalence of 11% in our cohort vs. 30-40% in the long-term arm of SANTE [12]. This
may be related to shorter follow-up times or differences in programming [36]. Although
VNS had the most side effects when compared to other strategies, most were hoarseness and
dysphonia, which are mild and well-known to be common[37].

Regarding the overall amount of charge per lead delivered per unit time, modalities

with open loop stimulation programmed with higher frequencies delivered more current
than modalities programmed with lower frequencies and/or duty cycle stimulation, i.e.,
CM>ANT>CSS>VNS. As expected, RNS had the smallest charge per hour given the
intermittent nature of stimulation. For example, DBS delivered approximately 30 times more
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charge per hour than RNS our cohort. Regardless, there was no correlation between MSR
and the amount of delivered current, which suggests a complex interplay between delivered
current and benefit. Finally, low frequency stimulation was used in approximately half of
our patients with ANT-DBS, CM-DBS and RNS patients and in 85% of CSS patients at
last follow up. The MRS for these patients was not significantly different to those with high
frequency stimulation. Despite concerns about its safety[38] and possible seizure-inducing
properties[39]; our data indicates that low frequency stimulation can be effective across
multiple neurostimulation devices without significant risk. Low frequency stimulation can
be an alternative approach when high frequency stimulation is not as effective as desired.

Aligned with our results, other groups have retrospectively compared different
neuromodulation strategies. No differences in efficacy have been reported when comparing
VNS vs. RNS in temporal lobe epilepsy [40], VNS vs. RNS in patients with focal

impaired awareness seizures [41], or ANT-DBS vs. RNS in temporal lobe epilepsy [42].
No prospective comparisons between neuromodulation strategies have been reported.

Despite our efforts to assess these different modalities uniformly, this retrospective review

is limited by inconsistencies related to health record documentation, lack of control data

and matched cohorts, and selection biases driven by individual patient characteristics and
physicians’ preferences. Any comparison between approaches is therefore limited. Our study
used a pragmatic approach of assessing seizure severity, life satisfaction, and quality of

sleep through 1-10 point scales with the goal of decreasing survey fatigue. We acknowledge
that these evaluations are limited in comparison to comprehensive formal evaluations for
such outcomes like the Liverpool Seizure Severity Scale (LSSS), or the Quality of Life in
Epilepsy Inventories (QOLIE). Our cohort is representative of the clinical preferences and
biases of one tertiary epilepsy center.

Conclusions

This study represents an effort to directly compare five invasive neuromodulation
approaches while acknowledging that individual patient characteristics may drive the
decision of a specific strategy versus the other. Median seizure reduction and responder rates
were overall similar across groups. When feasible, cortical stimulation of the epileptogenic
zone, especially for frontal and paracentral onset epilepsies, may be preferable relative

to subcortical stimulation. Closed loop stimulation performed similarly to open loop
stimulation. Patients implanted with DBS or VNS with generalized epilepsy had comparable
benefits to those with focal epilepsy. Pediatric patients derived similar benefit from
neuromodulation as adults. Low frequency stimulation was used in approximately half of
patients with DBS, RNS or CSS and had comparable results to high frequency stimulation,
potentially representing an effective alternative approach.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Different Modalities of Invasive Brain Stimulation and Distribution of Patients by
Seizure Onset across Neurostimulation Modalities —

(a) Visual representation of the invasive neuromodulation strategies included in the present
study. The top left panel represents deep brain stimulation (DBS) of either the anterior
thalamic nuclei, centromedian nuclei or both. The top right panel represents responsive
neurostimulation (RNS) with a depth lead and a subcortical lead (8 contacts total). The
bottom left panel represents vagus nerve stimulation (VNS). The bottom right panel
represents chronic subthreshold stimulation (CSS) with two depth electrodes and two
subdural strips (16 contacts total). DBS, VNS and CSS are connected to an implantable
pulse generator (IPG) placed in the chest while RNS has cranial-mounted IPG. (b)
Paracentral epilepsy reflects primary sensory and/or primary motor seizure onset. Posterior
epilepsy reflects patients with parietal/occipital onset. Mixed epilepsy signifies generalized
epilepsy in combination with focal/multifocal epilepsy.
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ANT-DBS, anterior thalamic nuclei deep brain stimulation; CM-DBS, centromedian
thalamic nuclei deep brain stimulation; CSS, chronic subthreshold stimulation; RNS,
responsive neurostimulation; VNS, vagus nerve stimulation.
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Figure 2: Individual Seizure Frequency Reduction and Responder Rate —
(a) Individual seizure frequency reduction (n7 = 159) from worse (upper left) to best (upper

right). Each bar is color coded by neuromodulation strategy. The segment with no bars
represents patients who had no change in seizure frequency (6 ANT-DBS patients, 5 CM-
DBS patients, 2 RNS patients, 2 CSS patients and 7 VNS patients). (b) MSR was not
different across neuromodulation strategies at the group level, although CSS was associated
with an improved MSR compared to ANT-DBS, CM-DBS, RNS, and VNS in pairwise
comparisons (* indicates p values < 0.05, unadjusted). (c) Responder rates and seizure
freedom over past 3 months.

ANT-DBS, anterior thalamic nuclei deep brain stimulation; CM-DBS, centromedian
thalamic nuclei deep brain stimulation; CSS, chronic subthreshold stimulation; RNS,
responsive neurostimulation; VNS, vagus nerve stimulation
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Figure 3: Seizure Reduction by Seizure Onset Location and Other Characteristics —
(a) MSR was not different across seizure onset groups. In pairwise comparions, frontal onset

epilepsy patients (n=15) showed improved MSR compared to posterior (n=6) and multifocal
patients (n=37) (* = p values < 0.05, unadjusted); but not compared to temporal (n=43),
paracentral (n=20), generalized (n=15) and mixed (n=23) onsets. (b) Cortical stimulation
(RNS and CSS, n=62) compared to subcortical stimulation (DBS and VNS, n=97) showed
improved outcomes (* p = 0.03, unadjusted). (c) There was no difference in outcomes for
active VNS device at the time of implantation with intracranial neurostimulation (DBS,
RNS, CSS, n=34) vs. patients with only VNS stimulation (n=40). (d) There was no
difference between closed loop stimulation (RNS) and open loop stimulation (DBS, CSS,
VNS). (e) In patients implanted with subcortical stimulation devices (ANT-DBS, CM-DBS
and VNS) seizure reduction was non significantly different in patients with generalized and
mixed epilepsies (n=38) compared to focal and multifocal epilepsies (n=59). (f) There was
no difference in MSR for pediatric patients (<18 years old at the time of implantation,
n=37) vs. adults (=18 years old at the time of implantation, n=122). (g) DBS, RNS and CSS
patients with low frequency stimulation (<100 Hz) at last follow up (n=72) had comparable
MSR than those with high frequency stimulation at last follow-up (n=47).
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Table 1:
Baseline Characteristics
Variable Total, ANT-DBS CM-DBS RNS CSS VNS P value
n=159 n=38 n=19 n=30 n=32 N=40
Age, y; median (Range) 25 (6-71) 30 (15-71) 19 (6-51) 39 (14-65) 22 (6-57) 27 (6-69) <0.001
Female sex; % (n) 54 (86) 50 (19) 63 (12) 63 (19) 50 (16) 48 (19) 0.59
Epilepsy duration, y; median 15 (1-53) 18 (2-53) 15 (5-50) 18 (5-51) 12 (1-50) 12 (5-24) 0.07
(Range)
Median disabling seizure 10 (4-38) 8.5 (4.5-285) 30 (6-105) 7.3(3.9-12.4) 20(4-131.3) 16 (2.6-42.3) 0.15
frequency, sz/mo; median (IQR)
Median convulsive seizure n=95 n=24 n=14 n=18 n=20 n=19 0.004
frequency, sz/y; median (IQR) *  4(0-36) 0(0-1.5) 20.3(1.5-102) 2.3(0-34.5) 21(0.5-34.5) 18 (0.5-52)
Median ASDs tried prior to 5(0-22)  6(1-16) 8 (2-16) 4(1-9) 4 (0-11) 4(0-22) <0.001
implant; median (Range) -
Median ASDs taken at time of 3(1-7) 3(1-5) 3(1-7) 2 (1-4) 3(1-6) 3(1-5) 0.06
implant; median (Range)
Prior epilepsy surgery; % (n)
Anterior temporal lobectomy 8 (13) 11 (4) 11(2) 13 (4) 0(0) 13 (5) 0.69
Neocortical resection 9 (15) 16 (6) 0 (0) 0 (0) 9(3) 15 (6) 0.08
Corpus callosotomy 3(5) 0(0) 21 (4) 0 (0) 0(0) 3(1) <0.001
Subpial transection 1(1) 0(0) 0 (0) 0 (0) 0(0) 3(1) 0.56
Other 1(2) 0(0) 0(0) 7() 0(0) 0(0) 0.07
Epilepsy etiology; % (n)
Structural 46 (76) 58 (22) 16 (3) 51 (18) 50 (16) 43 (17) 0.04
Genetic 2(4) 0(0) 16 (3) 0 (0) 0(0) 3(1) 0.003
Infectious 6 (9) 11 (4) 11(2) 3(1) 3(1) 3(1) 0.41
Immune 4(6) 3(1) 0(0) 6 (2) 3(1) 5(2) 0.89
Mixed 4(7) 0(0) 0(0) 3() 6(2) 10 (4) 0.08
Unknown 38 (62) 29 (11) 58 (11) 37 (13) 38 (12) 38 (15) 0.34
Localization of seizure onset; % (n)
Frontal 9 (15) 5(2) 0(0) 10 (3) 22(7) 8(3) 0.07
Temporal 27 (43) 18 (7) 5 (1) 78 (23) 9(3) 23(9) <0.001
Paracentral 13 (20) 3(1) 0 (0) 6 (2) 50 (16) 2(1) <0.001
Posterior 4.(6) 8(3) 5(1) 0(0) 3(1) 2(1) 0.51
Diffuse/Multifocal 23 (37) 55 (21) 5(1) 6 (2) 16 (5) 20 (8) <0.001
Generalized 9(15) 0(0) 42 (8) 0(0) 0(0) 18 (7) <0.001
Mixed” 15 (23) 11 (4) 42 (8) 0 (0) 0 (0) 27 (11) <0.001
Invasive EEG; % (n) 52 (82) 55 (21) 16 (3) 63 (19) 100 (32) 18 (7) <0.001

ANT-DBS, anterior thalamic nuclei deep brain stimulation; ASDs, anti-seizure drugs; CM-DBS, centromedian thalamic nuclei deep brain
stimulation; CSS, chronic subthreshold stimulation; IQR, interquartile range; RNS, responsive neurostimulation; sz/mo, seizures per month; sz/y,
seizures per year; VNS, vagus nerve stimulation; y, years.

*
Information not available/applicable for all patients
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Excluding medications already taken by patient at time of implant

fGeneraIized onset with another onset
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Table 2:
Summary of Results
Result Total ANT-DBS CM-DBS RNS CSS VNS P value
Median Seizure Frequency ~ 61 (IQR5-90) 52 (1IQR15- 63 (IQRO- 50 (IQR31- 85 (IQR57- 50 (IQR 0- 0,07
Reduction % (IQR) § 86) 85) 89) 100)7 90) :
Responder Rate % (n) 60 (95) 55 (21) 58 (11) 56 (17) 81 (25) 53 (21) 0.14
Seizure freedom for at least
3 mo at last FU 9% (n) 14 (22) 11 (4) 17 (5) 29 (9) 10 (4) 0.04
Median Convulsive Seizure
Frequency Reduction % 70 (0_97)§ 95 (25-100) 63 (0_95)¢ 63 (40-100) 75 (30-100) 54 (0_94)¢ 0.57
(IQR)
Seizure Severity § 2(-3t07) 2(-3t07) 2(-4t07) 3(-3t08) 3(-3t09) 051
Improvement (Range) * 2(-4109) '
Life Satisfaction
§ _ — _ _ -
Improvement (I0R) ™ 2(-7109) 1(-71t06) 2 (-6106) 2 (-610 6) 3(-5108) 2(-61t09) 0.58
Quality of Sleep § + _ + . +
Improvement (IQR) ™™ 1(-61009) 1(-4t05) 0(-1t09) 1(-5t08) 2(-6108) 1(-3t07) 0.14
Follow-up Time mo (IQR) 26 (13-52) 23 (11-28) 27(17-81)  19(10-30)  32(9-59) 50 (26-73) <0.001

ANT-DBS, anterior thalamic nuclei deep brain stimulation; CM-DBS, centromedian thalamic nuclei deep brain stimulation; CSS, chronic

subthreshold stimulation; IQR, interquartile range; mo, months; RNS, responsive neurostimulation; VNS, vagus nerve stimulation.

*
Pre-implantation value minus post-implantation value, higher numbers indicate a decrease in seizure severity, expressed as mean value with range.

*:

mean values with ranges.
§

p<0.001 Wilcoxon signed rank test compared to a median of 0

*
Post-implantation value minus pre-implantation value, higher numbers indicate an increase in life satisfaction and quality of sleep, expressed as

fSignificantIy different in unadjusted pairwise comparisons (Mann-Whitney U) with ANT-DBS (p=0.01), CM-DBS (p=0.04), RNS (0.04) and

VNS (p=0.02)

’tNot statistically significant on individual group test between pre and post implantation values (Wilcoxon signed-rank test)
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