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Abstract

Objective: Responsive neurostimulation is an effective therapy for patients with refractory mesial
temporal lobe epilepsy. However, clinical outcomes are variable, few patients become seizure-free,
and the optimal stimulation location is currently undefined. The aim of this study was to quantify
responsive neurostimulation in the mesial temporal lobe, identify stimulation-dependent networks
associated with seizure reduction, and determine if stimulation location or stimulation-dependent
networks inform outcomes.

Methods: We modeled patient-specific volumes of tissue activated and created probabilistic
stimulation maps of local regions of stimulation across a retrospective cohort of 22 patients
with mesial temporal lobe epilepsy. We then mapped the network stimulation effects by seeding
tractography from the volume of tissue activated with both patient-specific and normative
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diffusion-weighted imaging. We identified networks associated with seizure reduction across
patients using the patient-specific tractography maps and then predicted seizure reduction across
the cohort.

Results: Patient-specific stimulation-dependent connectivity was correlated with responsive
neurostimulation effectiveness after cross-validation (£=0.03); however, normative connectivity
derived from healthy subjects was not (£=0.44). Increased connectivity from the volume of tissue
activated to the medial prefrontal cortex, cingulate cortex, and precuneus was associated with
greater seizure reduction.

Significance: Overall, our results suggest that the therapeutic effect of responsive
neurostimulation may be mediated by specific networks connected to the volume of tissue
activated. Additionally, patient-specific tractography was required to identify structural networks
correlated with outcomes. It is therefore likely that altered connectivity in epilepsy patients may
be associated with the therapeutic effect and utilizing patient-specific imaging could be important
for future studies. The structural networks identified here may be utilized to target stimulation

in the mesial temporal lobe and improve seizure reduction for patients treated with responsive
neurostimulation.

Keywords
tractography; volume of tissue activated; connectivity

Introduction

Neuromodulation is an effective adjunctive therapy for patients with intractable epilepsy
who may not be suitable resection candidates. The responsive neurostimulation (RNS®)
System (NeuroPace, Mountain View, CA) has been approved by the United States Food and
Drug Administration to treat adults with disabling refractory focal seizures. The closed-loop
RNS System electrically stimulates seizure foci through two intracranial depth or subdural
strip leads in response to patient-specific detection of electrographic epileptic activity. Three
clinical trials—an open-label feasibility study, a double-blinded randomized controlled
pivotal study,! and a 7-year open-label long-term treatment study?~4—have demonstrated

an increase in median seizure reduction over time: 44% at year one, improving progressively
to 75% at year nine.* However, the clinical response to RNS is variable across patients.
Approximately 27% of patients are non-responders with less than 50% seizure reduction,
and only 28% of patients experience long-term periods of seizure freedom.34

The variability in seizure reduction across patients has not been explained by clinical
features such as the age at epilepsy onset or intervention,* seizure onset location,*-8
presence of a lesion,*6 prior surgical intervention,~7 or by stimulation features such as the
charge density delivered.8 Although the ideal stimulation parameters remain unspecified,

a general approach has been suggested for the RNS system.® The guidelines recommend

a pulse width of 160 s, frequency of 200 Hz, and burst duration of 100 ms. The main
parameter adjusted is charge density; the guidelines suggest an initial low charge density
of 0.5 pC/cm? be increased by 0.5 uC/cm? steps at subsequent programming visits if the
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clinical response is unsatisfactory. However, currently, little evidence supports a relationship
between charge density and seizure outcomes.®

Recent work has suggested that the variability in seizure outcomes may be explained by
more complex phenomena, such as pre-implant network synchronizability,10 the interaction
between high and low excitatory brain states and stimulation parameters,1! or long-term
neuromodulatory effects resulting in brain-network reorganization.1213 The mechanism

by which neurostimulation reduces seizure frequency is poorly understood, and the ideal
stimulation parameters, frequency of stimulation programming, and stimulation location that
result in seizure freedom are still unknown.

The RNS System is often used as a therapy for temporal lobe epilepsy, the most

common type of refractory epilepsy.14:15 Of the patients in the RNS feasibility and

pivotal clinical trials, 43% had mesial temporal lobe seizure onset.# For these cases,

RNS depth electrodes are typically implanted along the long axis of mesial temporal
structures such as the hippocampus and amygdala.3:® However, whether stimulation of
specific mesial temporal regions or their associated networks improves seizure reduction

is currently unknown. Previous work has found no correlation between the location of
stimulation in the hippocampus and seizure outcomes.®16 Mesial temporal lobe epilepsy is a
network disorder involving nodes of the limbic circuit, including the amygdala, hippocampal
complex, entorhinal cortex, cingulate cortex, thalamus, and hypothalamus.17-21 Widespread
alterations in these networks in patients with epilepsy have been reported.?2-27 However,
few studies have investigated the structural networks modulated with mesial temporal

RNS and their associated seizure outcomes.28 Stimulation location has been reported as

an important predictor of response for other disorders treated with neurostimulation, but
currently no consensus has been reached concerning the optimal target within the mesial
temporal lobe or which networks need to be modulated to reduce seizures.

The objectives of this study were to quantify how RNS System therapy is applied in

the mesial temporal lobe and to identify specific regions or networks correlated with
seizure reduction to better predict clinical outcomes. In this retrospective study, we
determined the patient-specific volume of tissue activated and the associated networks
across a cohort of patients implanted with mesial temporal RNS depth electrodes. We
hypothesized that modulation of distributed brain networks, rather than specific nuclei,

may predict seizure reduction for mesial temporal lobe epilepsy. Additionally, given the
network reorganization experienced in epilepsy, we hypothesized that structural connectivity
derived from patient-specific diffusion imaging—and not connectivity derived from healthy
subjects—is associated with seizure outcomes. The findings of this study have the potential
to identify network targets to guide future applications of RNS for mesial temporal lobe

epilepsy.

Materials and methods

Patient cohort

We collected retrospective data from patients with mesial temporal lobe epilepsy implanted
with the RNS System between 2016 and 2021 at the University of Utah. All patients
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were reviewed in a multidisciplinary epilepsy case conference before deciding to move
forward with implantation of the RNS System. Patients were implanted with two leads (a
combination of depth leads with 3.5 mm or 10 mm interelectrode spacing or cortical strip
arrays with 10 mm interelectrode spacing, NeuroPace Inc, Mountain View, CA) placed
stereotactically with a CRW frame (Integra LifeSciences, Princeton, NJ). Patients were
included in this study if they were implanted with at least one depth electrode in the
mesial temporal lobe, had been implanted for at least five months, stimulation was on for
at least four months, and clinical preoperative MRI and postoperative CT were available.
Board-certified epileptologists, BJN, AYP, and AMA, reported preoperative baseline and
most recent follow-up seizure frequencies based on patient-reported seizure diaries and
clinical notes. Patients with concurrent psychogenic non-epileptic seizures were excluded to
ensure accurate seizure reporting. Retrospective data collection and analysis was approved
by the University of Utah Institutional Review Board.

Preprocessing of patient imaging

Electrode reconstruction and tissue segmentation—We reconstructed electrode
locations by linearly coregistering each patient’s preoperative MRI and postoperative CT
and identifying the electrodes from the CT artifact with the LeGUI software package
(Localize Electrodes GUI, https://github.com/Rolston-Lab/LeGUI).2? Interelectrode spacing
was corrected using the electrode alignment algorithm in LeGUI to enforce interelectrode
distances of 3.5 mm or 10 mm, based on lead geometry. A patient-specific surface mesh

of each lead was then created. We generated segmentations of the skull, cerebrospinal fluid
(CSF), gray matter, white matter, and ventricles using the output of the SImNIBS pipeline
(https://simnibs.github.io/simnibs),3% which generates nonoverlapping triangular surface
meshes from FreeSurfer (http://surfer.nmr.mgh.harvard.edu/) segmentations. Additional
mesh corrections were necessary to ensure the hippocampal regions were included in the
gray matter segmentation, as these regions were frequently excluded in the automated
SimNIBS pipeline. We then performed a nonlinear registration of each patient’s skull-
stripped preoperative MRI to the Montreal Neurological Institute (MNI) 2009b Nonlinear
Asymmetric Atlas, implemented with Advanced Normalization Tools software (https://
github.com/ANTsX/ANTSs).31 We used the resulting transformations to warp each patient’s
contact location and simulation results to the MNI atlas space to compare stimulation across
the cohort.

Diffusion preprocessing—Diffusion-weighted imaging (DW]1), acquired as part of
standard clinical practice, was processed using the FMRIB Software Library (FSL)
pipeline.32 Given that the clinical DWI acquisition parameters have improved in recent
years, our cohort had a range of imaging quality: b-values ranged from 10 directions at b =
1000 S/mm? to multi-shell data at b = 1000 S/mm?2 and b = 2000 S/mm? in 64 directions
each. Eddy correction was completed in FSL, and the probabilistic diffusion model was

run on corrected data through the probtractx function in FSL. A DWI-derived scalar

image calculated via the anisotropic power metric (DIPY python package) was nonlinearly
registered to the preoperative MRI space using the Advanced Normalization Tools SyN
algorithm.33:34 Ultimately, probabilistic maps generated in diffusion space were nonlinearly
warped into patient-space and then MNI space using the respective transformation matrices.
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Patient-specific models of neural activation—We calculated the volume of tissue
activated (VTA) to estimate of the spatial extent of neural activation. We implemented

a sophisticated patient-specific VTA modeling approach to accurately model the effects

of stimulation. These models were based on each patient’s stimulation waveform, lead
geometry and location, and tissue geometry, additionally incorporating patient-specific
anisotropy from DWI when available.3® Anisotropic conductivity improves the accuracy of
the VTA model by producing a non-uniform voltage distribution dependent on the patient-
specific diffusion properties near the electrode.35-37

We first generated a tetrahedral finite element mesh for each patient with the TetGen38
module in SCIRun5 (www.scirun.org); each mesh was approximately 17 million elements.
The tissue compartments were defined by the skull, CSF, gray matter, and ventricle tissue
surfaces acquired from the SImNIBS pipeline and the patient-specific lead model described
above. Including the ventricles in our bioelectric field models was critical due to the
proximity of the RNS leads to the lateral ventricle. We set isotropic conductivities to the
skull (0.0064 S/m3%) and CSF/ventricle (1.79 S/m*0) tissue compartments. For patients with
preoperative DWI, anisotropic conductivities were set to the mesh elements representing
the brain tissue using the volume-normalization approach, as described in Anderson et al.*1
An isotropic brain tissue conductivity (0.2 S/m) was used for patients without DWI|.42:43
The lead shaft was modeled as a perfect insulator by clipping the inside of the lead out

of the volumetric mesh. The contacts were modeled as perfect conductors. The bioelectric
field solution was solved for each lead at the patient’s current amplitude at the most recent
follow-up with Dirichlet boundary conditions (0 V) on the nodes in the top 5% of the skull,
representing the cranially implanted pulse generator, and Neumann boundary conditions at
the mesh boundary.

To model the extent of neural activation, we used the Hessian matrix of second derivatives
of the electric potential. > Of the many models of the VTA, we selected the Hessian-based
VTA for several reasons: it is unbiased to fiber orientation, it is computationally faster than
2D axon models, especially when incorporating anisotropic tissue conductivities; and unlike
the electric field norm, it is based on a biophysical model of neural activation, the cable
model.#44> The Hessian of the electric potential was calculated with 0.4 mm resolution on
a 30 x 80 x 30 mm grid. The VTA was then defined by thresholding the max eigenvalue of
the Hessian with an activating function threshold based on multi-compartment axon models
specific to the lead geometry, stimulation amplitude, stimulation frequency, and pulse width
simulated with a symmetric biphasic waveform in NEURON.4145:46 The \VTAs were clipped
by the ventricle segmentation to ensure no estimation of neural activation occurred within
the ventricles. The VTA for each lead was then nonlinearly transformed to MNI space using
the previously described transformations. All VTASs were then warped to a single (left)
hemisphere of MNI space and treated independently for all further analysis.

Probabilistic stimulation maps (PSMs)—We next generated probabilistic stimulation
maps (PSMs) to quantify the variability of stimulation across the cohort and associated
stimulation location with seizure outcomes.#”~49 VVTA surfaces were resampled onto a (0.5 x
0.5 x 0.5 mm) grid in MNI space, representing binary voxels of neural activation. To identify
regions frequently stimulated, we generated a map of the voxelwise sum of the overlapping
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VTA, referred to as the N-map. To evaluate whether seizure reduction was associated with
stimulation of a voxel, we created PSMs using a two-sample £test.50 At each voxel, the two
samples consisted of seizure-reduction scores for patients stimulated at that voxel and for
patients not stimulated at that voxel. The resulting PSMs were the £statistic and p-values

at each voxel. The PSMs were masked for N-map values greater than two. The £statistic
PSM was visualized to identify regions associated with greater seizure reduction (positive
Estatistic) or less seizure reduction (negative #statistic) if stimulated at that voxel.

Structural networks connected to the VTA

Normative tract probability maps—Normative connectomes average brain connectivity
values from diffusion-weighted imaging over a large cohort of subjects. Using normative
connectomes to estimate connectivity is advantageous because they use high-quality, high-
resolution imaging that is not routinely acquired for clinical applications and can be

used when no patient-specific DWI is acquired clinically.>! Normative connectomes have
previously been used to identify networks predictive of clinical outcomes for deep brain
stimulation.52-55 We created a normative tract probability map for each VTA using methods
previously described.>3 Briefly, each VTA was resampled onto a 1 mm3/voxel volume, and
used as the seed for probabilistic tractography in 40 Human Connectome Project (HCP)
patients.>® To control for VTA size, each HCP tract probability map was normalized by

the total number of generated fibers meeting tracking criteria. For each VTA, a single tract
probability map was generated by averaging across the 40 normalized HCP tract probability
maps.

Patient-specific tract probability maps—Although normative connectomes have
proven to be useful when DWI is not acquired, patient-specific imaging remains the

goal when moving toward personalized brain stimulation.>” Normative connectivity is
based on healthy subjects and may not capture disease-specific structural reorganization
important to identifying therapeutic networks associated with stimulation.52 We, therefore,
generated tract probability maps for the subset of patients for whom preoperative DWI was
acquired. Patient-specific VTAs were warped to diffusion space and seeded for probabilistic
tractography using the same parameters used for the normative approach. Tract probability
maps were normalized by the total number of generated fibers that met the tracking criteria
and then warped to MNI space.

Statistical analysis

Statistical analysis of cohort characteristics—The Pearson correlation was used
to test for significant relationships between continuous clinical characteristics and seizure
reduction. The Welch’s two-sample t-test was used to test for statistical seizure reduction
differences between two groups. The threshold for statistical significance was p < 0.05 for
all analyses.

VTA-based correlation with seizure reduction—To associate seizure outcomes with
the VTA, a linear model was generated based on the spatial overlap of the patient-specific
VTA with a PSM using the procedure described by Reich et al.>% We multiplied the sign

of the tstatistic with the P-value at each voxel, creating a signed ~-map PSM, to quantify
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both the deviation of the distribution from the mean and the direction of deviation. The
frequency distribution of the signed ~-map values that overlapped with the VTA were used
as the independent variables in a multivariate linear model to predict seizure reduction. The
linear model was trained on all the VTAs, and the predicted seizure reduction was compared
to the clinically measured seizure reduction using a Pearson correlation. We then performed
a leave-one-out cross-validation, where 7 linear models were generated for 7=22 patients,
to determine if the model was generalizable to out-of-sample data. For each iteration in the
leave-one-out cross-validation, all VTAs for a single patient were removed from the training
set, a new signed P-map was created without that patient’s data, and a new linear model
was used to predict the left out VTA’s (one for unilateral patients, two for bilateral patients)
corresponding seizure reduction. To determine the model’s generalizability to independent
data, we computed the correlation coefficient between the measured and predicted seizure
reductions resulting from cross-validation.

Network-based correlation with seizure reduction—To identify networks associated
with seizure reduction, a voxelwise correlation of tract probability and the corresponding
seizure reduction was performed across all VTAs, referred to as an /-map. Due to different
DWI acquisition qualities, only voxels with greater than five positive tract probabilities
were included in the voxelwise correlation. The resulting /-map was used to create an
“ideal’ connectivity map using methods described in Johnson et al.53 Briefly, the positively
correlated voxels were assigned the maximum voxelwise tract probability value, and the
negatively correlated voxels were assigned the minimum voxelwise tract probability. The
tract probability map from each VTA was then correlated to the ideal connectivity map,
resulting in a single connectivity correlation coefficient. This connectivity correlation
coefficient was then correlated with the respective patient’s seizure reduction to determine
whether the similarity between the individual tract probability and the ideal connectivity
map correlated with seizure reduction. We validated this model using the same leave-one-
out cross-validation as the signed A-map prediction. The ideal connectivity map was
recalculated, leaving out the test patient’s tract probability map, and new connectivity
correlation values were calculated. To assess the model’s predictive performance, we
calculated the correlation coefficient between the cross-validation connectivity correlations
and their associated seizure reduction score.

To interpret and visualize the structural networks that were associated with seizure
reduction, we set the threshold of the A-map for voxels with large effect sizes (R > 0.5
or R < -0.5).58 We then parcellated the brain using the cortical and subcortical areas
from the Brainnetome atlas®® and the cerebellum, brainstem, and basal forebrain from
the Mindboggle atlas®9. The top ten positively correlated regions and top ten negatively
correlated regions were identified based on the percentage of positively or negatively
correlated voxels in each parcellated region.

Data availability

The data that support the findings in this study are available on request from the
corresponding author.
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Cohort characteristics

We studied 22 patients implanted with the RNS System in the mesial temporal lobe (7=15
with bilateral depth leads in the mesial temporal lobe, 7=7 with a unilateral depth lead

in the mesial temporal lobe, and a cortical strip lead on the temporal lobe). All patients
implanted with bilateral depth leads had evidence for bilateral independent seizure foci
during presurgical evaluation; /7=4 patients with unilateral leads were presumed to have
mesial foci and /=3 patients were presumed to have neocortical foci. The study design and
the methodological overview are shown in Fig. 1, and cohort characteristics are available
in Supplementary Table 1. Median stimulation duration at follow-up was 23 months (range
4-50 months), and median seizure reduction from baseline was 58.6% (range —62.5-100%).
However, seizure reduction was variable across the cohort: 7=6 were super responders
(seizure reduction > 90%), /=7 were intermediate responders (seizure reduction between
50% and 90%), and /=9 were nonresponders (seizure reduction < 50%) (Fig. 2B). Seizure
outcomes were not significantly different between patients with bilateral depth leads and
unilateral depth and strip leads (£0.22, £=0.83), with invasive monitoring (7=17, =1.06,
P=0.33), or with mesial temporal pathology (/=5, £=-0.88, £=0.40). The median age at last
follow-up was 41 years old (range 21-64 years), and the median epilepsy duration was
16.5 years (range 3—-43 years). Age (R=0.06, P=0.78), epilepsy duration (/#=0.02, P=0.91),
and baseline seizure frequency (/=0.06, P=0.78) were not significantly correlated with
seizure reduction. Response to RNS is reported to improve over time; however, we found
no significant correlation between seizure reduction and duration of stimulation (~/=0.06,
P=0.78) (Fig. 2C).

We next investigated whether stimulation programming features were associated with
seizure reduction. The centroid locations of the active mesial temporal lobe depth contacts
(=148 contacts, i.e., four contacts on each of 37 leads) are shown in Fig. 2A. We

found a significant correlation between stimulation duration and charge density (#=0.83,
F£<0.0001) (Fig. 2D). This relationship is likely because the cohort was programmed using
the recommended stimulation guidelines, which suggest an increase in current density

at subsequent programming visits if a satisfactory seizure reduction was not achieved.
Strikingly, although these are the current best practices for stimulation programming, we
found no significant correlation between charge density and seizure reduction (~R=-0.03,
P=0.86) (Fig. 2E). We also found no statistically significant difference in seizure outcomes
for leads programmed with monopolar (all four contacts are anodes or cathodes) versus
bipolar stimulation (two contacts are anodes and two contacts are cathodes) (t=0.74,
P=0.74).

Probabilistic stimulation maps

Since clinical and stimulation features did not explain the variability in seizure outcomes,
we hypothesized that stimulation location in the mesial temporal lobe may explain this
variability. We used the Hessian-based VTA model to estimate neural activation by
incorporating patient-specific stimulation parameters, lead locations, and geometries. Due
to the large interelectrode spacing (10 mm for 7=35 and 3.5 mm for /7=2 leads), VTAs
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were characterized by four sphere-like volumes centered at each contact. When comparing
stimulation across the cohort in MNI template space, the regions most frequently stimulated
across patients (/7=22 patients, 37 VTAs) were the lateral amygdala and hippocampus (Fig.
3) with a maximum of 12/37 overlapping VTAs. There was a large amount of variability in
VTA location throughout the mesial temporal lobe, extending beyond the mesial temporal
structures.

We then created PSMs associating VTA location with seizure reduction (Fig. 4A). We
observed interspersed clusters associated with better seizure reduction scores (red) and
worse seizure reduction scores (blue). These clusters were spaced around 10 mm apart, the
interelectrode distance, and likely appeared due to minimal overlap at a voxel. Although no
clear topographical patterns were observed, the PSM showed a trend where stimulation in
the amygdala was associated with reduced efficacy.

We next asked whether the VTA location was associated with seizure reduction using the
linear model based on VTA overlap with the PSM. Across the entire cohort (7=37 VTAs, 22
patients), we found a strong correlation between predicted and measured seizure reduction
(R=0.80, A<0.0001) (Fig. 4B). However, the linear model was not robust to cross-validation
(R=-0.05, P=0.76) (Fig. 4C).

Structural networks associated with seizure reduction

Normative structural connectivity correlated with seizure reduction—\We next
examined whether stimulation-dependent connectivity was associated with seizure reduction
using normative structural connectivity. To directly compare the normative analysis to the
patient-specific connectivity analysis, we first report the results for the subset of patients
with DWI (/=26 VTAS, 16 patients). The similarity between a VTA’s normative tract
probability map and the ideal map was significantly correlated with seizure reduction across
the entire cohort (R=0.46, P=0.02) (Fig. 5B). However, this relationship was not robust

to leave-one-out cross-validation (R=-0.16, £=0.44) (Fig. 5C). Maps of the voxelwise
regression correlation coefficient of normative connectivity and seizure reduction showed
widespread weak positive correlations in cortical and subcortical regions and weak negative
correlations in cerebellar and brainstem regions (Fig. 5A). Thus, we were not able to
identify specific anatomical regions associated with seizure reduction since correlation maps
were uniform within the cortex, cerebellum, and brainstem. We additionally performed the
normative analysis across the entire cohort (/=37 VTAS, 22 patients). The connectivity
correlation was not significantly correlated to seizure reduction across the entire cohort
(R=0.28, P=0.09).

Patient-specific structural connectivity correlated with seizure reduction—The
normative analysis may average out patient-specific or disease-specific connectivity patterns
associated with the therapeutic response. Therefore, we performed the same connectivity
analysis with patient-specific tract probability maps (/=26 VTAS, 16 patients). Maps of

the voxelwise regression correlation coefficients are shown in Fig. 6A. The connectivity
correlation between the patient-specific tract probability maps and ideal connectivity maps
was significantly correlated to seizure reduction across the cohort (/#=0.74, £<0.0001) (Fig
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6B). Additionally, this model was robust to leave-one-out cross-validation, with a significant
correlation between connectivity correlation and seizure reduction (~=0.42, P=0.03) (Fig
6C). Two patients had prior resections years before RNS therapy. Excluding these patients
from the network analysis still resulted in significant correlations across the cohort

(R=0.81, A<0.0001) and after cross-validation (~=0.47, P=0.03). The top brain regions with
stimulation-dependent connectivity associated with seizure reduction are visualized in Fig.
6D. Connectivity to the following regions was positively correlated with seizure reduction:
the medial prefrontal regions both ipsilateral and contralateral to stimulation, the ipsilateral
anterior cingulate, and the contralateral precuneus. In contrast, negative correlations were
observed for connectivity to the ipsilateral lateral inferior temporal regions, the ipsilateral
temporal agranular insular cortex (area TI), the ipsilateral amygdala, the ipsilateral thalamus,
the ipsilateral lateral prefrontal region, and the contralateral cuneus.

Discussion

Our study provides evidence that patient-specific structural connectivity to the VTA is
correlated with seizure reduction for mesial temporal RNS. Stimulation-dependent structural
networks involving the medial prefrontal areas, the anterior cingulate, and the precuneus
may mediate the therapeutic response to RNS. Interestingly, normative connectivity to

the VTA was significantly correlated, although less strongly than the patient-specific
analysis, but was not robust to leave-one-out cross-validation or useful for identifying
specific anatomical regions associated with clinical response. This finding suggests that
patient-specific imaging may be necessary to identify associations between RNS therapy
and clinical outcomes. Overall, we found the clinical response to RNS was associated with
network-level effects based on patient-specific connectivity to the VTA and not the local
region of stimulation alone.

Efficacy of RNS for mesial temporal lobe epilepsy

RNS has proven to be an effective adjunctive therapy for refractory focal epilepsy; however,
clinical outcomes are variable and patients rarely become seizure-free.2 The RNS patient
population is heterogeneous, and, to date, no clinical features have explained the variance

in clinical outcomes. In accordance with previous work, we found no statistically significant
relationship between seizure outcome and clinical features including lead type, age, epilepsy
duration, baseline seizure frequency, charge density, or polarity of stimulation.4-8

Although we did not find a statistically significant relationship between charge density

and seizure outcomes, we did find a significant correlation between time since implant

and charge density (Fig. 2D). This relationship was not surprising, based on the current
generalized stimulation programming approach, where most stimulation parameters are held
constant (pulse width, burst duration, and frequency) and current density is slowly increased
over months to years. We currently lack data-driven approaches to programming stimulation
for epilepsy, likely because there is no immediate readout of efficacy during the clinical
programming session. Moreover, it may take up to four months to observe the effect of
stimulation adjustments.® There is increasing evidence of a long-term neuromodulatory
mechanism of seizure reduction for RNS, further complicating the decision of how
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frequently stimulation parameters should be adjusted.12:13 A previous study has shown that
the efficacy of stimulation parameters may depend on the current seizure risk state; higher
charge densities were associated with improved seizure outcomes in both high- and low-risk
seizure states, but stimulation frequency depended on the initial seizure risk state.1! Little

is known about optimal stimulation strategies for RNS, motivating us to investigate whether
stimulation of specific mesial temporal regions or their associated networks was associated
with seizure reduction.

Stimulation location in the mesial temporal lobe

To our knowledge, our results are the first to quantify stimulation in the mesial temporal
lobe using sophisticated patient-specific models of the VTA. The VTA location, dependent
on electrode location and stimulation parameters, was variable throughout and extended
beyond the mesial temporal structures across the cohort (Fig. 3). The VTA location was
correlated with seizure reduction in our cohort but did not generalize to out-of-sample

data; thus, its predictive power is limited. These results are consistent with previous studies
on deep brain stimulation of the hippocampus that found stimulation location was not
significantly correlated with seizure reduction.®:16 The current study improves on these
previous studies by quantifying stimulation with sophisticated patient-specific models of the
VTA that incorporate more detail than using contact location® or more simplified models of
the VTA (i.e., a sphere with a single radius).16

Networks associated with seizure reduction

Structural and functional changes to distributed brain networks have been associated with
mesial temporal lobe epilepsy.51-63 We therefore hypothesized that the networks modulated
with RNS were associated with seizure reduction rather than stimulation location alone. We
found that patient-specific connectivity to the VTA was correlated with seizure reduction
(Fig. 6), but normative connectivity was not (Fig. 5). Our results suggest that seizure
reduction may be mediated by stimulation of regions connected to the medial prefrontal
cortex, ipsilateral anterior cingulate, and contralateral precuneus (Fig. 6D).

These results are the first to report structural networks correlated with seizure reduction

for RNS in the mesial temporal lobe. A previous study investigating anterior nucleus

of the thalamus (ANT) stimulation-dependent functional connectivity identified increased
connectivity to the default mode network in responders compared to non-responders.54
Specifically, they found a positive correlation between responders and increased connectivity
to the posterior cingulate, medial prefrontal cortex, inferior parietal lobule, and precuneus.
The top positively correlated regions in our study, including the medial prefrontal regions,
cingulate cortex, and the precuneus, overlap largely with those in the ANT study. Moreover,
structural and functional network involvement of these regions was predictive of seizure
outcome postsurgery in temporal lobe epilepsy.5%:66 These results may provide support for a
common therapeutic mechanism between hippocampal and ANT stimulation for refractory
focal epilepsy.

Based on this evidence, we propose that modulation of hippocampal regions connected
to medial prefrontal regions, cingulate cortex, and the precuneus may underpin the
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therapeutic mechanism of RNS and could be targeted in future studies. Structural and
functional connections of the hippocampus may help us further identify an optimal target
for hippocampal RNS based on hippocampal regions connected to the networks positively
correlated with seizure reduction. A functional connectivity study of the hippocampus
identified two main resting-state networks associated with the anterior and posterior region
of the hippocampus.8” The posterior network was associated with the default mode network
and aligns with the positively correlated regions identified in the current study. Interestingly,
regions in the second network, associated with the anterior hippocampus, correspond with
somatomotor networks and the negatively correlated regions in the present study, including
the amygdala, lateral temporal regions, and the cuneus. This finding suggests that the
posterior hippocampal RNS contacts may be responsible for modulating the default mode
network and the anterior contacts may be associated with modulation of the negatively
correlated somatomotor network. This may also explain why the VTA voxels in the
amygdala trended toward reduced benefit. Further investigation of anterior versus posterior
hippocampal RNS would be necessary to differentiate these effects. In addition, RNS of
temporal stem white matter has been an effective therapy for temporal lobe epilepsy and
could be further explored as a network target for mesial temporal RNS.58

Baseline structural changes are known to be present in mesial temporal lobe epilepsy,
including connectivity increases to the ipsilateral temporal lobe and decreases to the
frontal lobes.2® Incorporating these baseline changes by utilizing patient-specific DWI was
necessary to identify connectivity to specific regions associated with clinical outcomes

in this study. This finding has important implications for future studies examining the
networks associated with the therapeutic response to stimulation, and we recommend
acquiring patient-specific DWI. Baseline connectivity, before RNS, may also be associated
with clinical outcomes following RNS. Baseline connectivity has previously been associated
with epilepsy severity and postsurgical outcomes. For example, increased hippocampal
connectivity may indicate more refractory epilepsy,%9 and connectivity distance features

to the hippocampus were predictive of postsurgical seizure outcome.2% However, the
relationship between baseline connectivity and RNS outcomes is currently unknown.

Methodological considerations

These results should be interpreted with caution because this is a retrospective study with
a sample size of 22 patients, and only a subset of our patients (7=16) had whole-brain
DWI. Additionally, we analyzed the outcome and stimulation setting at the latest clinical
follow-up to maximize the time of stimulation analyzed for this retrospective dataset. A
prospective study of a larger cohort at multiple time points will be needed to confirm the
networks identified in the present study. However, this study is a first step to characterizing
stimulation in the mesial temporal lobe and identifying structural networks that may
underlie the therapeutic mechanism of RNS for mesial temporal lobe epilepsy. Moreover, we
implemented a cross-validation approach suitable for small sample sizes, leave-one-out, to
determine if our model was robust to out-of-sample data. Cross-validation with data from
another center in a future study would further ensure the generalizability of our model.
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Another limitation of our study is the uncertainty of patient-reported outcomes. Seizure
diaries are currently the gold standard for outcomes in epilepsy studies; however, this
approach has many inherent limitations, such as underreporting due to postictal amnesia,
sleep-associated seizures, and noncompliance.’%-72 We excluded patients with concurrent
psychogenic non-epileptic seizures to maintain accurate clinical outcomes. The future of
continuous closed-loop stimulation devices shows promise for electrographic counts of
seizures that do not rely on patient reporting.’3

An additional limitation of this cohort is the redundancy in stimulation programming across
patients. For our probabilistic approach, large variance in contact position and seizure
reduction was necessary. However, the seizure reduction score was mapped to the entire
VTA (i.e., all four volumes for a single depth lead and eight volumes for two depth

leads). This mapping may average out the regional effect for voxels that may not have
been associated with the therapeutic response. Additionally, patients with worse outcomes
were more likely to be stimulated with a higher current density, based on recommended
programming strategies. This method of programming would result in a larger VTA for
non-responders and may mask regional effects when VVTAs of non-responders overlap with
responder VTA. Additionally, the clusters of variable clinical outcomes (Fig. 4A) may

be the result of low sampling, as the maximum VTA overlap was 12, and the clusters

were generally spaced 10 mm apart (i.e., the interelectrode spacing). Future studies with
larger cohorts and more variable stimulation settings (e.g., fewer active contacts, different
frequencies, pulse widths, or burst durations) would improve VTA sampling and may
identify a statistically significant region associated with seizure reduction.

Furthermore, this study investigated only the local and network effects of RNS from depth
electrodes implanted in the mesial temporal lobe and not the effects of strip electrodes

on the surface of the temporal lobe. Identifying the lead or interaction of leads that are
responsible for the therapeutic effect remains a significant challenge for RNS research.

For patients implanted with both a depth electrode and a strip electrode, stimulation from
the strip electrode may be responsible for aspects of the therapeutic effect. However, we
found no significant difference in clinical outcomes for patients with bilateral depth leads
versus those with a depth lead and a strip lead. We determined the lead (depth or strip)
where the majority of detections occurred for the unilateral patients. For the six patients
included in the patient-specific connectivity analysis, four had a majority of detections on
the depth lead. This suggests that, even if the strip lead plays a role, the depth lead is at
least equally involved in network activation associated with seizure reduction. Moreover,
all VTAs were treated independently for patients with bilateral hippocampal stimulation.
The network analysis was advantageous to the VTA analysis because it no longer required
overlapping sampling of VTAs. Instead, connectivity values were sampled across the entire
brain. Our network model accounted for only some of the variance in seizure reduction, and
a multitude of other factors and interaction of factors likely contribute to seizure reduction
over time such as detection settings, stimulation settings, brain-state, neuroplasticity, and
epilepsy subtype.
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Implications for future improvements to RNS

We report novel patient-specific networks associated with seizure reduction for patients
with mesial temporal lobe epilepsy following RNS. Future models could utilize our “ideal’
connectivity map to optimize lead placement or stimulation parameters that maximize
stimulation of the positively correlated networks. A framework that currently exists

to model distant cortical activation based on white matter tracts for RNS’4 could be
combined with deep brain stimulation optimization algorithms.41:"> Optimizing stimulation
to specific networks may provide a data-driven framework for patient-specific stimulation
programming that could be advantageous to the current general programming approach. This
optimization approach would potentially benefit the quarter of patients who do not respond
to RNS therapy and may decrease the time to response by reaching effective stimulation
parameters sooner.*

We additionally identified stimulation-dependent connectivity to specific brain regions we
posit may be associated with the therapeutic mechanism of stimulation for epilepsy. These
regions are part of the default mode network (e.g., medial prefrontal cortex, cingulate cortex,
and precuneus) and have additionally been associated with the therapeutic mechanism for
ANT stimulation for epilepsy.54 Physiological measures of network modulation due to RNS
are necessary to confirm that functional changes are present in the structural networks and
connected brain regions identified here.”® Next generation epilepsy systems are interfacing
with both the ANT and the hippocampus.’3:77:78 Measuring evoked potentials from the ANT
to the hippocampus could help identify specific regions of the hippocampus (e.g., anterior or
posterior contacts) that modulate the default mode network and tailor stimulation parameters
to modulate the default mode network. The methods laid out in this study could additionally
be used to investigate the networks associated with other targets for deep brain stimulation
for epilepsy such as ANT, centromedian thalamus, and cerebellum.”9-82

Beyond identifying an optimal stimulation location, exploring stimulation parameters (e.g.,
frequency, pulse width, burst duration, and current density) is another challenge toward
improving RNS therapy. Until a biomarker is identified that provides an immediate
readout of stimulation efficacy in a clinical visit, stimulation parameters could be explored
through evoked potentials or fMRI studies. Prospective fMRI acquired in Parkinson’s
disease patients receiving deep brain stimulation was used to predict ‘optimal’ deep brain
stimulation parameters that preferentially engaged the motor circuit.83 Our results suggest
that increasing charge density does not correspond to improved seizure reduction, and
contemporary practice shows a more gradual increase of the current density compared to
early clinical trials data.> We suggest that exploring changes to stimulation parameters other
than charge density may better inform optimal stimulation in the future.

Conclusion

Patient-specific stimulation-dependent structural connectivity was correlated with seizure
reduction following RNS. These results shed light on the networks that may mediate the
therapeutic response to RNS and highlight the importance of acquiring patient-specific
imaging to rigorously study the effects of neurostimulation for epilepsy. Identification of
these structural networks represents a step toward a better understanding of the mechanism
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of action of RNS in the mesial temporal lobe. A data-driven approach could be used to
explore lead locations and stimulation parameters that maximize activation of these regions
in order to improve seizure reduction for patients with mesial temporal lobe epilepsy.
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Key Points:

Patient-specific connectivity to the volume of tissue activated is correlated
with seizure reduction after mesial temporal responsive neurostimulation.

The local region of stimulation and normative connectivity to the volume of
tissue activated are not predictive of seizure reduction.

Acquisition of patient-specific diffusion-weighted imaging is suggested
for future studies associating connectivity and clinical outcomes of
neuromodulation for epilepsy.
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Implanted in the mesial temporal lobe (n=36)
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¢ Resection during RNS therapy (n=1)

s Stimulation off or stimulated < 4 months (n=11)
» Psychogenic non-epileptic seizures (n=2)
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Figure 1. Study design and workflow of the local stimulation and network stimulation analysis.
(A) Flow diagram for the retrospective study and analysis. (B) We coregistered each

patient’s preoperative MRI and postoperative CT and localized the RNS leads using the
LeGUI software package. We then created patient-specific finite element models using

each patient’s anatomy and lead locations and incorporated anisotropic conductivities when
available. A Hessian-based VTA (yellow) was calculated for each lead using patient-specific
stimulation parameters. VTAs were characterized by a sphere-like volume on each of the
four contacts per lead. For the local stimulation analysis, all VTAs (/=37) were nonlinearly
warped from patient-space to a single hemisphere in MNI atlas space. The aggregated

VTA for the entire cohort is shown in yellow. Statistical analysis was then performed

on the aggregated data by incorporating clinical outcomes and identifying local regions
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corresponding to improved (red) or worsened (blue) seizure reduction, if stimulated at

that region. Here we show a representative axial slice through the amygdala in pink and
hippocampus in gray. For the network stimulation analysis, VTAS (/7=26) were used to
generate probabilistic tractography maps in both patient-space and an average tractography
map across 40 HCP subjects (normative). Then a voxelwise regression of connectivity

and seizure reduction was performed across all VTAs. Positively correlated voxels (orange/
yellow) and negatively correlated voxels (blue) were used to predict seizure reduction based
on their similarity with each patient’s connectivity map.
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Figure 2. Clinical features of the mesial temporal lobe epilepsy cohort.
(A) A superior view of active RNS contact locations mapped to a single hemisphere.

The amygdala is shown in pink and the hippocampus in gray. Each lead has four active
contacts (/=37 leads, 148 contacts). Contacts are colored by the responder type shown in
the legend and in (B). (B) Seizure reduction at last clinical follow-up was variable across
the cohort. Super-responders (seizure reduction between 90 and 100%) are shown in blue,
intermediate responders (seizure reduction between 90 and 50%) are shown in orange,

and non-responders (seizure reduction less than 50%) are shown in green. (C) Seizure
reduction was not significantly correlated with duration of stimulation. (D) Charge density
was strongly correlated with stimulation duration, demonstrating an increase in delivered
current over the duration of therapy. (E) Although charge density was strongly correlated
with stimulation duration, an increase in charge density did not correspond to improved
seizure reduction. (C-E) Black lines show the linear regression fit line, and the gray shading
represents the 95% confidence interval.
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Y=-35

Figure 3. Local regions of stimulation across the cohort.
The total number of overlapping VTAs (77=37) at each voxel are shown in a single

hemisphere of MNI atlas space. Stimulation was variable across the mesial temporal
structures with a maximum overlap of 12 VTAS in the inferior amygdala and medial
hippocampus. Four coronal slices are visualized relative to the amygdala in pink and
hippocampus in gray in the top right and segmentation outlines in the slice views.

Epilepsia. Author manuscript; available in PMC 2024 July 23.

Page 24

Number of overlapping VTA



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Charlebois et al.

A

100
75
50

Measured Seizure Reduction, %

o
Average Seizure
Reduction Difference, %

C Cross-validation
. 100 - oo 00 ® e ® °
- S 75 i
=
- 5 04 B P, & ®
= ° @ )
o
7 8 255 °
3
. 5 0 ® %o
v
- E -25 =
3
v
] ¢ 50 7 ™ ®
. R=0.80 P<0.0001 = ®  R=-0.05P=0.76
T T T T 1 -75 T T T T 1
-50 0 50 100 150 -50 0 50 100 150
Predicted Seizure Reduction, % Predicted Seizure Reduction, %

Figure 4. Local stimulation in the mesial temporal lobe was associated with seizure reduction but
not predictive.

(A) A probabilistic stimulation map of average seizure reduction difference between patients
stimulated at that voxel and patients not stimulated at that voxel in a single hemisphere of
MNI cohort space. Regions in red correspond to greater seizure reduction if stimulated at
that voxel, whereas regions in blue correspond to less seizure reduction if stimulated at that
voxel. Clusters of improved (red) and worsening (blue) clinical outcomes are interspersed
along the long axis of the hippocampus, with no clear topographic pattern. Overall, regions
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within the amygdala trended toward worse seizure reduction. PSMs are masked for voxels
with greater than two overlapping VTASs. The visualized sagittal slices are shown in the
top right relative to the amygdala in pink and hippocampus in gray; segmentation outlines
are additionally shown in the slice views. (B) Across the entire cohort, the predicted
seizure-reduction score based on VTA overlap with the PSM was significantly correlated
with the measured seizure reduction. (C) This relationship was not robust to leave-one-out
cross-validation. (B-C) Black lines show the linear regression fit line, and the gray shading
represents the 95% confidence interval.
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Figure 5. Normative stimulation-dependent connectivity to structural networks are not
predictive of seizure reduction.

(A) Across patients (V= 16), cortical regions were weakly positively correlated with seizure
reduction and cerebellar and brainstem regions were weakly negatively correlated with
seizure reduction. The color map shows the correlation coefficient from the voxelwise
regression of normative connectivity averaged across 40 HCP subjects and seizure reduction
across VTAs (n= 26 VTAs, 16 patients). Regions ipsilateral to stimulation are shown

on the left and contralateral regions on the right. (B) The correlation of each VTA’s
connectivity map to the ‘ideal’ map was significantly correlated with seizure reduction.

(C) This relationship was not robust to leave-one-out cross-validation.
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Figure 6. Patient-specific stimulation-dependent connectivity to structural networks is predictive

of seizure reduction.

(A) The correlation coefficient from the voxelwise regression of patient-specific connectivity
and seizure reduction across VTAs (/=26 VTAS, 16 patients). Regions ipsilateral to
stimulation are shown on the left and contralateral regions on the right. (B) The correlation
of each VTA’s connectivity map to the ideal map was significantly correlated with seizure
reduction. (C) This relationship was robust to leave-one-out cross-validation and resulted in
a significant correlation between patient and ideal connectivity and seizure reduction. (D)
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The ten regions with the greatest percentage of positively correlated voxels (R > 0.5) and
the ten regions with the greatest percentage of negatively correlated voxels (R < —0.5) are
shown in light red and light blue respectively. The voxels with R > 0.5 are overlaid across
the entire brain in dark red and R < —0.5 in dark blue. Connectivity to the ipsilateral and
contralateral medial prefrontal areas, the ipsilateral anterior cingulate, and the contralateral
precuneus were associated with improved seizure reduction. Connectivity to the ipsilateral
lateral inferior temporal regions, the ipsilateral amygdala, ipsilateral thalamus, the ipsilateral
lateral prefrontal region, and the contralateral cuneus were associated with worse seizure
reduction. Regions ipsilateral to stimulation are shown on the left and contralateral regions
on the right. (B-C) Black lines show the linear regression fit line, and the gray shading
represents the 95% confidence interval.
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