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HIGHLIGHTS

« Periventricular nodular heterotopia (PVNH) can actively participate in epileptogenic networks.
« Low voltage fast activity was the prominent seizure onset pattern in PVNH patients.
o RNS® System therapy reduced clinical seizures by 86% in medically-intractable epilepsy with PVNH.

ABSTRACT

Objectives: Describe changes in clinical seizure frequency and electrophysiological data recorded in
patients with medically-intractable seizures and periventricular nodular heterotopias (PVNH) treated
with the RNS® System (NeuroPace, Inc., Mountain View, CA).

Methods: Clinical seizures from eight patients (mean follow-up of 10.1 years) were analyzed pre- and
post-treatment. Chronic ambulatory electrocorticograms (ECoGs) recorded from PVNHs, hippocampus
and neocortex were evaluated to identify the earliest electrographic seizure onset type, pattern of spread,
and interictal characteristics.

Results: Mean reduction in disabling seizures was 85.7 % (n = 8); seven patients had >50% seizure reduc-
tion and two were seizure-free in the final year of analysis. Seizure rate showed a progressive reduction
over the course of the study with the highest rate of improvement in the first two to three years after
implantation. Four of seven patients with one PVNH lead and a second lead in the hippocampus or neo-
cortex had some electrographic seizures first recorded at either lead location, suggesting two foci or sei-
zure propagation patterns. Low voltage fast type activity was the prominent seizure onset pattern.
Interictal ECoG power was lower in PVNH than hippocampus.

Conclusions: RNS® System treatment substantially reduced clinical seizure frequency in patients with
PVNH. Analysis of ictal ECoG records suggests PVNH may be involved in seizure generation.
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Significance: Chronic ECoG recordings suggest PVNH tissue can actively participate in epileptogenic net-
works. Direct brain-responsive neurostimulation is a safe and effective treatment option in such patients,
progressively reducing seizure rate over a period of years.
© 2019 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Periventricular nodular heterotopia (PVNH) is a type of neu-
ronal migration disorder in which heterotopic groups of neurons
are located in the subependymal region. PVNHs may be focal,
hemispheric, or bilateral, most often affecting the peri-trigonal
region (Battaglia et al., 1997). PVNHs may coexist with other
migrational disorders or developmental abnormalities including
nodular heterotopias within the white matter and dysplasia of
the overlying cortex, suggesting they may share a common cause
(Meroni et al., 2009; Tassi et al., 2005). Diffuse PVNHs may be
caused by genetic mutations, while focal PVNHs may be due to
ischemic injury early in development (Battaglia et al., 1997;
Guerrini and Filippi, 2005). PVNHs within the temporal lobes have
been associated with mesial temporal sclerosis (Raymond et al.,
1994).

PVNHs most often present with medically-intractable epilepsy
(Battaglia et al., 1997; Dubeau et al., 1995). However, the specific
role of PVNHs in generating seizures and the optimal treatment
of such epilepsy has been debated. Several factors obfuscate the
role of PVNHs in epileptic circuits, including the high degree of
heterogeneity in their distribution, associated structural abnormal-
ities, the sampling error inherent in intracranial EEG, the limited
time periods over which intracranial EEG is obtained, and the small
number of subjects reported in most studies.

PVNH nodules are clumps of projecting pyramidal neurons,
inhibitory interneurons and glial cells in an irregular, non-
laminar organization (Meroni et al., 2009). Some PVNHs appear
to have reciprocal connections with overlying neocortex as evi-
denced by photic driving responses with occipital PVNHs or syn-
chronous spikes in the PNVH and overlying cortex (Aghakhani
et al., 2005; Tassi et al., 2005). PVNHs appear able to generate
interictal discharges but seizures involving PVNHs most often start
in synchrony with the overlying cortex (Thompson et al., 2016) and
the calculated Epileptogenicity Index (EI) is often higher in associ-
ated cortex than in the PVNH (Pizzo et al., 2017). A few case reports
have documented PVNHs that generate independent seizures and
whose resection is curative (Scherer et al., 2005).

Surgical interventions for medically-intractable epilepsy involv-
ing PVNHs have yielded mixed results. PVNHs are often multifocal,
deep, and form complex epileptic circuits with associated struc-
tures, limiting surgical efficacy. In a case series of nine patients
with PVNHs and apparent temporal lobe epilepsy based on video
EEG monitoring with sphenoidal electrodes as well as intracranial
depth electrode studies in six of the nine patients, none were sei-
zure free at 12 months after temporal lobe surgeries (anterior tem-
poral lobectomy in six, selective amygdalohippocampectomy in
one, and anterior temporal lobectomy plus resection of heterotopic
tissue in two (Li et al., 1997)). These results may be due to the fact
that in most patients the heterotopia(s) were not resected. A series
using stereoencephalography (SEEG) to localize the seizure onset
zone in order to resect the involved PVNH and neocortical areas
or mesial temporal structures produced better results, with three
of six patients becoming free of disabling seizures (Aghakhani
et al, 2005). Another surgical case series showed excellent
responses to resective surgery in all seven patients who had unilat-
eral PVNHs but poorer outcomes in three patients with bilateral

heterotopias (Tassi et al., 2005). One of the largest such studies
included 14 patients with unilateral PVNH or subcortical nodular
heterotopias, of whom 71% (10/14) became free of disabling sei-
zures after surgical resection (Meroni et al., 2009). Newer thera-
peutic modalities, including MRI-guided interstitial laser thermal
therapy, provide the option to lesion multiple epileptogenic
heterotopias in some cases, sparing patients the risks of open cran-
iotomies, but their utility may be limited when associated struc-
tural abnormalities are extensive (Thompson et al., 2016).
Radiofrequency ablation has the added benefit of using the same
diagnostic electrodes to lesion tissue, but similar to thermal abla-
tion, the outcomes were modest when the heterotopias were asso-
ciated with other malformations of cortical development (Cossu
et al., 2018). Areview of 17 cases of PVNH-related epilepsy treated
with radiofrequency ablation at one center produced a seizure-free
rate of 76% (13/17) at a mean follow-up of 50 month (Mirandola
et al., 2017) but other reviews have not demonstrated as much suc-
cess with this technique (Pizzo et al., 2017).

The RNS® System uses direct brain-responsive neurostimula-
tion to treat focal epilepsy. Eight adult patients with PVNHs partic-
ipated in prospective RNS® System clinical trials. Leads were
chronically implanted to record electrocorticograms (ECoGs),
detect epileptiform activity and provide responsive neurostimula-
tion to the seizure foci. In this case series, neurostimulation
reduced clinical seizure frequency in patients with PVNHs despite
a variety of treatment approaches. In addition, the chronic ambula-
tory ECoG data obtained over 10 years provided information on the
ictal and interictal electrophysiological characteristics of PVNHs.

2. Methods

All patients in this case series were treated with direct brain-
responsive neurostimulation in clinical trials that led to U.S. FDA
approval of the RNS® System (NeuroPace, Inc., Mountain View,
CA) as an adjunctive treatment for adults with medically intract-
able focal onset seizures arising from one or two seizure foci. Of
256 patients included in the original multi-center randomized con-
trolled trials, eight patients were diagnosed as having PVNH and
are described in this study. Details of the trial designs and results
can be found in Morrell et al., 2011 (Morrell, 2011) and Bergey
etal., 2015 (Bergey et al., 2015). Electrophysiological data obtained
by the RNS Neurostimulator were retrospectively analyzed.

Localization of the seizure foci and targeting of leads were per-
formed as per individual treating physicians and local institutional
protocols. Lead placement was confirmed according to local epi-
lepsy center protocols (typically post-implant CT) and individual
lead contacts were defined as sampling PVNH tissue, hippocampus,
or neocortex.

The RNS® System includes a cranially-implanted programmable
neurostimulator connected to two four-contact depth or subdural
strip leads placed at the seizure foci. Four differential amplifiers
receive input, typically from a pair of adjacent electrodes (1-2 or
3-4), resulting in two ECoG channels from each lead. The neu-
rostimulator is programmed to detect specific EEG activity and to
provide direct brain-responsive neurostimulation. Up to six min-
utes of 4-channel ECoG data can be stored in the neurostimulator
at any one time. Stored ECoG records are typically 90 seconds in
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duration, and the physician determines whether ECoG storage is
triggered by detection of prespecified electrographic patterns, neu-
rostimulation, or according to time of day (scheduled ECoG
records). ECoG records are wirelessly uploaded from the neu-
rostimulator to a physician-used programmer or home-use remote
monitor and then transferred via the internet to a secure data
repository. Data files containing 4-channel ECoG data are termed
“ECoG records”. “ECoG-channel” or “patient-channel” refer to indi-
vidual channel data within ECoG records and patients, respectively.
All saved records were included in this study. None were consid-
ered to be so compromised by artifact so as to be excluded. Ampli-
fier saturations occurred during some larger seizures preventing
recording for some time but none occurred during the first 10 sec-
onds of the seizures and for that reason did not affect seizure onset
analysis. Episodes of amplifier saturation and detection of pro-
longed epileptiform discharges or seizures would automatically
be flagged as such event types and would not be considered sched-
uled recordings which were used for the feature extraction analysis
described below.

The neurostimulator is programmed by the physician to provide
up to five electrical stimulation therapies after detection has
occurred. Each therapy has one or two bursts of stimulation. Stim-
ulation parameters (stimulation pathway, amplitude, pulse width,
frequency and burst duration) are programmed independently for
each stimulation burst. Electrical stimulation artifact prevented
recording typically for less than 1 second with delivery of each
therapy. These occurred during some recordings following detec-
tion of epileptiform discharges but occurred infrequently during
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the scheduled ECoGs used for the feature extraction analysis,
affecting a very small percentage of the overall recording time.
When they occurred during the first 10 seconds of seizures used
for the onset morphology analysis, only records in which the same
seizure pattern clearly occurred before and after stimulation were
selected for inclusion.

2.1. Seizure onset analysis

Two neurologists with fellowship training in epilepsy and EEG
(authors GN and BR) reviewed ECoG recordings of all event types
stored in the Neuropace PDMS database over the mean follow-up
time of 10.1 years. Each of the two reviewers scanned four subjects
(for a total of 8 subjects included in this study) at various time
points in follow-up to select approximately 30 records which sat-
isfied electrographic seizure criteria for at least 10 seconds. A mean
of 29.4 (range 27-31) electrographic seizure ECoG records from
each of the eight patients were included in this analysis. Only
records that both reviewers agreed constituted seizures were ana-
lyzed. The two reviewers independently identified the channel(s)
involved at the onset of the electrographic seizure, the channels
to which seizures spread, seizure onset time, and the electro-
graphic pattern at seizure onset in each of the selected ECoG
records for all eight patients. As part of the expert review of the
electrographic seizure ECoG records, seizure onset morphology
was categorized for the channel on which ictal activity was
detected earliest or, in cases with synchronous seizure onsets
across multiple channels, was most prominent.
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Fig. 1. (A) An example of ECoG channel data with the different types of ictal onsets. The activity indicated by the red lines is an example of baseline electrographic activity
transitioning into electrographic seizure for each onset type. Responsive stimulation, seen as flat segments followed by amplifier recovery artifact, was delivered during some
of these events. Note that example ECoG data were taken from PVNH and non-PVNH patients. (B) ECoG channel data with red underlines in Panel A zoomed in to show

seizure onset time, indicated with a red arrow.
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Electrographic seizures were classified by onset type according
to criteria derived from Lee et al., 2000, Spencer et al., 1992, and
Perucca et al., 2014. Example electrographic patterns for each of
the eight predefined electrographic seizure onset categories are
shown in Fig. 1. Definitions of the electrographic seizure onset cat-
egories are described in Table S1 of the Supplementary Materials.
An electrographic seizure onset pattern had to (a) last at least
one second, (b) be a clear change from baseline activity, (c) consist
of activity >3 Hz, and (d) evolve into electrographic seizure activity
lasting more than 10 seconds. The seizure onset lead was identified
as the lead with the channels containing the earliest ictal onset. In
cases of synchronous onsets across multiple contacts, the lead with
the highest frequency or amplitude was selected for description. If
there was disagreement in any of the reviewed categories, consen-
sus was reached by discussion.

2.2. Feature extraction from scheduled ECoG records

Baseline ECoG records triggered by time of day, called sched-
uled ECoG records, were used to quantify ECoG features including
spike rate (spikes/sec), total spectral power and power in different
frequency bands. Scheduled ECoG records are different from elec-
trographic seizure ECoG records whose storage was triggered by
prespecified abnormal electrographic patterns. The devices were
set to record daily ECoGs but typically storage priority was given
to the detection of pre-specified abnormal electrographic patterns
(typically electrographic seizures or increase in the prevalence of
epileptiform discharges), amplifier saturations, or maget swipes
over the device. The rules for prioritizing storage of each recording
type varied according to treating physician decision-making. The
devices could store four 90-second ECoG recordings and therefore
the transfer to PDMS (online database) and availability of records
for analysis was also determined by how often the other types of
events occurred and by the frequency as well as timing with which
subjects interrogated their devices. For example, if the subject
interrogated the device soon after the set time of scheduled record-
ing it would be more likely to be transferred for storage in PDMS.
However, if the subject interrogated it much later in the day after
the set time of the scheduled recording and had multiple other
event detections with higher storage priority the scheduled record-
ings may be overwritten. The number of scheduled ECoG records
analyzed from the eight patients was 9530 from the PVNH; 5169
from neocortical channels and 9236 from hippocampal channels.
The availability of a large number of scheduled ECoG recordings
is reassuring that they are adequately sampling each type of tissue
over long periods of time. Methods for extracting features from
scheduled ECoG records have been previously published (Sun
et al.,, 2018). Briefly, interictal spikes were defined as peaks in ECoG
waveforms with absolute values exceeding 7.5 times the ECoG
standard deviation, computed using methods by Quiroga et al.,
2004 (Quiroga et al., 2004). Total power and power in different
bands were calculated using the Welch method in MATLAB. ECoG
features were computed for each channel in scheduled ECoG
records from each patient.

To compare scheduled ECoG features between PVNH, neocorti-
cal, and hippocampal channels, median values of ECoG features
were computed from ECoGs collected per patient and channel
(note that each patient can have up to four channels of ECoG data)
from every year since implant, and then the mean and standard
deviation of these median ECoG features were computed across
all patient channels for each type of brain area. Patient years with
fewer than four scheduled ECoGs were excluded from analysis.
Tests for statistical significance between the three groups were
computed using Wilcoxon’s rank-sum test on median ECoG fea-
tures of the PVNH, hippocampal, and neocortical channels with
each patient-channel treated independently.

2.3. Clinical outcomes of direct brain-responsive neurostimulation

The clinical results of treatment with the RNS® System were
assessed using patient-reported seizure diary information for dis-
abling seizures, defined (using the standard terminology at that
time) as simple partial motor (SPM), complex partial (CP), general-
ized tonic-clonic (GTC), atonic, and tonic seizures. Clinical results
were measured as the percent change in total disabling seizures
relative to a three-month pre-implant baseline. The percent change
in clinical seizure rate was calculated in each three-month epoch
prior to a data cutoff of 01-Oct-2017. Clinical results are reported
for individual patients and also across the entire group. For all
analyses in this paper, a month is defined as 28 days and conse-
quently a year is defined as 336 days. Adverse event data was col-
lected prospectively for the entire length of follow-up according to
protocols established for the larger randomized controlled
prospective trials.

3. Results
3.1. Demographic and clinical data

Eight of 256 patients in the RNS® System clinical trials had a
diagnosis of PVNH. Patient characteristics are provided in
Table 1A. Patients had high baseline seizure frequencies, had failed
to respond adequately to multiple antiepileptic medications, and
one each was previously treated with resective surgery or vagus
nerve stimulation. Identification of the seizure focus or foci was
performed according to the individual epilepsy center’s localiza-
tion protocol. Seizure focus/foci localization was based on imaging
and scalp EEG monitoring in four patients and also included
intracranial EEG monitoring in the other four patients. Medications
remained unchanged during the blinded evaluation period of the
randomized control trials but were subsequently allowed to
change according to individual treating physician judgement dur-
ing the long-term follow-up phase of the study.

3.1.1. PVNH location and RNS® System lead implantation strategy

Treatment was aimed at the region(s) suspected to be involved
in the seizure focus or foci. A variety of lead placement strategies
were employed. Six patients had one lead implanted in PVNH
and one lead implanted in the hippocampus or neocortex. One
patient had leads implanted symmetrically so that the deepest
two contacts sampled hippocampus while the two more proximal
contacts targeted peritrigonal PVNH; another patient had both
leads implanted in or on the neocortex. Table 1B provides details
of the lead locations.

3.1.2. Stimulation parameters

Table 2 displays the most recent set of RNS® System stimulation
parameters for the eight patients. Stimulation pathway shows
cathodal or anodal configurations for each of the four electrodes
on the two leads connected to the neurostimulator. Electrodes
and leads in the PVNH are highlighted. Epoch length indicates
the number of days each patient was programmed with the dis-
played stimulation parameters. In most cases, stimulation was
delivered to both the PVNH and non-PVNH channels.

3.2. Clinical outcomes and adverse events

The mean duration of follow-up was 10.1years (range
9.3-12.3 years). Fig. 2 describes the clinical seizure frequency
outcome results for the eight individual patients (Panel A) and
the mean percent change in the clinical seizure rate across the
whole group over the entire duration of follow-up (Panel B). The
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Table 1

Demographic, clinical characteristics and lead implantation strategy of patients with PVNHs (N = 8).
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(A) Demographic and clinical characteristics

Characteristic

Mean + SD (min-max) or % (n)

Age at enrollment (years)
Age of epilepsy onset (years)
Duration of epilepsy (years)

Female

Seizure frequency during pre-implant period (seizures/month) + SD (range)
Number of current antiepileptic medications + SD (range)
Prior cortical resection

Prior vagus nerve stimulation
Prior EEG monitoring with intracranial electrodes

(B) Electroclinical data and lead implantation strategy

45.5+10.4 (33-66)
19.4+7.5 (15-37)
15.1 £ 6 (5-20)
50% (4)

18.1+23.1 (3-67)
2.3+09 (1-4)
12.5% (1)

12.5% (1)

50% (4)

Patient Age Predominant PVNH location and other MRI Seizure onset Seizure onset Lead 1 type and location  Lead 2 type and location
(years) clinical abnormalities location’ confirmed with

seizure types Phase II

1 49 SPM (8.9%) Bilateral extensive; Left Left occipito- Yes (PVNH not  Left PVNH depth Left posterior temporal
CP (91.1%) temporal closed-lip temporal sampled) neocortex strip
GTC (0.0%) schizencephaly

2 35 SPM (0.3%) Bilateral temporo-occipital Bilateral temporo- Yes Left temporo-occipital Right temporo-occipital
CPS (99.5%) occipital PVNH depth neocortex strip
GTC (0.2%)

3 48 SPM (0.0%) Bilateral most prominent in Left parietal Yes Left hippocampus depth Left parietal PVNH depth
CP (100%) trigonal areas; Left mesial
GTC (0.0%) temporal dysplasia

4 33 SPM (0.0%) Bilateral; Other developmental Left (non-mesial)  No Left temporo-occipital Left hippocampus depth
CP (88.1%) abnormalities temporal PVNH depth
GTC (11.9%)

5 39 SPM (0.0%) Bilateral temporo-occipital Right occipital; No Right hippocampus depth  Right temporo-occipital
CP (99.9%) Right (non- PVNH depth
GTC (0.1%) mesial) temporal

6 45 SPM (0.0%) Right temporo-occipital Right (non- No Right hippocampus depth  Right occipital PVNH
CP (98.5%) mesial) temporal; depth
GTC (1.5%) Right occipital

7 49 SPM (82.7%) Bilateral temporo-occipital Bilateral (mesial) No Left posterior Right posterior
CP (15.9%) temporal hippocampus depth; hippocampus depth;
GTC (1.4%) Occipital horn PVNH Occipital horn PVNH depth

depth
8 66 SPM (0.0%) Left temporo-occipital Left frontal; Left Yes Left lateral temporal Left orbitofrontal

CP (97.3%)
GTC (2.7%)

lateral temporal

neocortex strip

neocortex strip

SPM = simple partial motor seizure; CP = complex partial seizure; GTC = secondarily generalized tonic-clonic seizure.

f Based on localization testing prior to treatment with the RNS® System.

Table 2

Summary of most recent stimulation settings for each patient (first stimulation to be delivered). Leads and electrodes delivering therapy to PVNHs are highlighted.

Patient | Stimulation Pathway (lead1) Charge Density (uc/cm?/  Current Pulse Width Freq-uency Burst Dura-tion Epoch Length
Burst  (lead2) (can) phase) (mA) (uS) (Hz) (ms) (days)

1 1 (++00)(0000)(—) 6.1 6.0 160 200 100 3201
2 (00++)(0000)(—) 6.1 6.0 160 200 100

2 1 (++00)(———-)(0) 4.4 35 200 100 100 387
2 (+-00)(0000)(0) 3.0 1.0 240 100 100

3 1 (——-0)(0000)(+) 4.1 6.0 160 200 100 595
2 (0000)(+-00)(0) 4.1 2.0 160 200 100

4 1 (0000)(+—+-)(0) 2.5 2.5 160 200 100 2847
2 (0000)(+—+-)(0) 2.5 2.5 160 200 100

5 1 (———=)(++++)(0) 1.6 6.5 80 200 150 99
2 (++++)(———=)(0) 1.6 6.5 80 200 150

6 1 (++++)(———=)(0) 0.6 1.0 200 125 100 183
2 (+—+=)(+—+=)(0) 0.6 1.0 200 125 100

7 1 (=—00)(——00)(+) 0 0 0 0 0 149
2 (++00)(++00)( ) 1.5 3.0 160 333 120

8 1 (++++)(00++)(—) 1.0 3.0 160 100 100 2036
2 (0000)(00++)(—) 1.0 1.0 160 100 100

T Burst: Each electrical stimulation therapy delivered by the neurostimulator contains two bursts. The physician can program the neurostimulator to deliver up to five

therapies when detectors are triggered. Shown in this table are the stimulation settings for therapy one.
" Stimulation Pathway: += anode, —=cathode, the last parenthesis refers to programming of the neurostimulator case.

mean reduction in seizures in three-month bins ranged from 80.2%
to 88.1% (mean 85.7%) over the last 12 months for which clinical
data was available for all patients (bins 34-37 in Fig. 2B). Individ-
ual patient seizure reductions ranged from 43.5% to 100%

compared to baseline in the last 12 month follow-up (bins 34-37
in Fig. 2B). The seizure rate progressively improved over the first
two to three years of therapy, with more modest improvement
thereafter.
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There were no serious surgery-related adverse events and no
adverse events due to PVNH stimulation. One patient had dural
pain with hippocampal stimulation but it resolved with adjust-
ment of the stimulation current.

3.3. Electrophysiological data

3.3.1. Electrographic seizure onset analysis

The characteristics of electrographic seizures in this group
seven patients who had at least one lead in a PVNH and one patient
in the neocortex or hippocampus were highly heterogeneous. Rep-
resentative examples of structural imaging, lead locations, and
electrographic seizures from two patients are displayed in
Fig. 3A. Table 3A shows the distribution of expert-scored seizures
between the PVNH and non-PVNH leads in patients one through
seven. The eight patient had a diagnosis of PVNH but this was
not sampled by the RNS device. On average, 81.6% of all electro-
graphic seizures involved both the PVNH and the non-PVNH leads
at some point during the ECoG record. However, three patients had
some electrographic seizures that were isolated to the PVNH
channels.

An analysis to determine which channels (PVNH or non-PVNH)
had the earliest detected electrographic seizure activity is dis-
played in the right half of Table 3A. Electrographic seizures that
started synchronously in PVNH and non-PVNH channels were
observed in six of the seven patients. Three patients had syn-
chronous onsets in at least 30% of electrographic seizures that were
scored. Four patients had at least one electrographic seizure start-
ing earliest over each of the two leads, suggesting two independent
seizure generators or variable propagation patterns.

In both PVNH and non-PVNH channels, the most common elec-
trographic seizure onset pattern was low voltage fast activity
(50%). This was followed, in order of occurrence, by multiple,
semi-rhythmic beta, rhythmic theta, rhythmic alpha, rhythmic
delta and attenuation. Hypersynchronous onsets were not
observed. The percentage of the electrographic seizure onset pat-
terns in PVNH and non-PVNH areas for each patient and averaged
across patients are provided in Table 3B.

3.3.2. Interictal electrographic data analysis

Spectral power (total spectral power and power in classic fre-
quency bands) computed from scheduled (baseline) ECoG record-
ings were assessed for PVNH, neocortical, and hippocampal
channels during each year post-implant (see Fig. 3B). Total power
and power within the different frequency bands was consistently
and significantly lower (p < 0.05) on the PVNH channels compared
to hippocampal channels at all time points after implantation.
However, neocortical channels demonstrated significantly higher
(p <0.05) total power and power only in the alpha through delta
frequency bands than PVNH channels in the first 2-4 years of treat-
ment. As treatment continued, it appeared that low frequency
power in the neocortical channels waned and a significant differ-
ence could no longer be detected. The interictal spike rate was
not significantly different between the PVNH, neocortical, or hip-
pocampal channels and did not clearly change over time, except

over the first three years in the hippocampal channels where a
decreasing trend in interictal spike rate was seen.

In order to verify that adequate ECoG sampling was performed
from each patient over long periods of time, we also plotted the
number of ECoG records stored over follow-up time (Supplemen-
tary Fig. S1). It is apparent that a much higher number of records
are stored in the first several months after implantation. This is
often due to patients downloading data more frequently during
this time period as the neuromodulation treatment is optimized
and the fact that with time less seizures are detected. Blue shading
indicates scheduled ECoG records while the gray indicates all other
ECoG records. This demonstrates that most patient had sufficient
sampling for this analysis. As noted in the methods section, patient
years with less than 4 ECoG records were not included in the
analysis.

4. Discussion

PVNHs most often present clinically with medically-intractable
epilepsy. Surgical treatments to resect the heterotopic lesion(s)
have yielded mixed results and may be limited because of the risk
for functional deficits from resecting eloquent cortex and the often
multifocal or diffuse nature of PVNH. Newer treatments, including
radio-frequency ablation and MRI-guided laser ablation, allow the
lesioning of multiple areas in order to disrupt epileptogenic net-
works but may be of limited utility when PVNHs are associated
with larger epileptogenic structural abnormalities or are closely
associated with eloquent cortex. We present a case series of eight
patients with severe medically intractable epilepsy due to PVNHs
who were treated with direct brain-responsive neurostimulation.

The patients with PVNH treated with neurostimulation experi-
enced a mean clinical seizure reduction of 85.7% and only one
patient had a <50% reduction in disabling seizures. These excellent
outcomes suggest that patients with PVNH can respond to targeted
direct brain-responsive neurostimulation. Favorable clinical
responses occurred whether the seizure localization was based
on scalp EEG monitoring (four patients) or intracranial EEG moni-
toring (four patients). This response rate is comparable to the 75%
median seizure reduction observed in the larger RNS long-term
cohort at nine years follow-up although the small number of
patients precludes a clear comparison of response by causes of epi-
lepsy (Nair et al,, 2018). The reductions in clinical seizure fre-
quency with neurostimulation continued to improve over time as
has been found with clinical trials of other neuromodulation
devices (Salanova et al., 2015). In part this could be related to
improvements in selection of detection and stimulation parame-
ters as experience with this therapy increased but this phe-
nomenon also suggests that neuromodulation has slow, long-
term effects on the underlying epileptic network. Future research
will be needed to elucidate the mechanisms by which neuromod-
ulation exerts acute and chronic antiepileptic effects.

One of the perceived advantages of RNS over resective or lesion-
ing procedures is the lower risk of cognitive or neurologic decline.
Indeed, this treatment is frequently used in cases of focal eloquent
cortex epilepsy. While stimulation parameters are generally set so
as not to be subjectively sensed and cognition appears to improve

<

Fig. 2. (A) Change in clinical seizure rates compared to baseline for each of the 8 PVNH patients (P1 - P8). Red dotted line indicates the baseline seizure rate for each patients
and the green plot line shows the mean seizure reduction in 28 day moving average bins (window length was 28 days and window was moved by 1 day for computing
moving averages). +1 on the y-axis indicated a 100% increase in clinical seizures and —1 indicates 100% reduction in clinical seizures compared to baseline. Vertical black lines
in each plot show timing of device programming changes for each patient. Most patients had higher frequency of programming changes in the first few months after implant
with the frequency of programming decreasing as patient’s clinical seizure rates improved. (B) Mean * standard deviation change (median change is shown with red dots) in
clinical seizure rate in eight patients with PVNH, broken into four three-month bins for each year since implant, compared to a three month baseline period. —1 on the y-axis
indicates 100% reduction in clinical seizures with respect to baseline. All 8 patients had clinical seizure rate information available up to thirty-seven (37) 3-month bins after

implant.



G. Nune et al./Clinical Neurophysiology 130 (2019) 1196-1207 1203

| A AL A

| " AN
100,PVNH lead

1

,,uw)w-./” ] \»‘ ey v 'N\'JIMMWWJ?‘U“MWM-\‘

non PVNH
Ly L]

‘v N u’v.wvm AV \,M J\w«wuwn

PVNH lead

1000M10N-PVNH lead
)

W.amx?~«Mwmfw~r~mmmmmw i
m‘ﬁ\mw/ Mponpdwihl U‘,‘M“"Nv/‘;‘#‘(«VﬁMﬂWA\J Wﬁ‘] fufl

non -PVNH lead

POVVNTITN m»m,,-\,m iy A A AR AN Al
B R

—

P O P

(R O 1 S fca Yl A ol
PVNH lead
Lk A L | | W (T TR IO Y Lod
mono‘n-PVNH lead )
et st At (3 A e
041 8000
—#—PVNH
B 03l spike rate Neocortical 6000 - total spectral power
—&—MTL N
Q I
$ 021 & 4000
7 T T
g -
2 017 2 2000
: /\% 3|8 !
0 b o T LI I = 1
*
l * % T 7 ¥ i L D
01 . : . ; . ' 2000 . . . ! .
0 2 4 6 8 10 2 4 6 8 10 12
1500 b 2000 theta 1000 alpha _
b 1000
T 500 TT -
500 /l hd | P = ;\,/
o} m—d—m—= l__A%l 0:.; 0%}‘ ::%'L_J’:lL J_l
* & P4 F oo FYrsy
<1000 -500
- (] 2 4 6 8 10 12 0 2 4 6 8 10 12 2 4 6 8 10 12
T .
& 3000 400 low gamma 150 high gamma
T
5 2000 100
g 200 ll
S 1000 ; 50 i/l/
0 B L = | | S Y Y ¢
0 T**lll IR !
-1000 -200 -50
0 0 2 4 6 8 10 12 0 2 4 6 8 10 12
ears since implant
y P + significant differences between PVNH and MTL groups
YEAR since 1 |23 |lals |67 s |s [120]12]12]| = significantdifferences between PVNH and MTL groups,
implant and PVNH and neocortical groups
PUNH (120 |9 |8 |20 10|12 |12 120|228 [4 |2
N | N0 [a |a|a |6 |6 |8 |6 |6 |8 [a|a]2
MTL 10 10 8 8 8 8 8 8 8 4 1] 1]



1204

Table 3A

Distribution of electrographic seizures between PVNH and non-PVNH leads.

G. Nune et al./Clinical Neurophysiology 130 (2019) 1196-1207

Patient  # of electro-graphic seizures

sampled

Electrographic Seizures

Earliest Electrographic Seizure Onset

PVNH Non- PVNH Both PVNH and Non- PVNH Non-PVNH  Synchronous PVNH and Non-
Only Only PVNH PVNH
1 27 6 0 21 12 (44.4%) 0 (0%) 15 (55.6%)
2 30 5 0 25 29 (96.7%) 0 (0%) 1(3.3%)
3 30 0 11 19 0 (0%) 21 (70%) 9 (30%)
4 31 0 0 31 3(9.7%) 22 (71%) 6 (19.4%)
5 28 15 1 12 11(39.3%) 17 (60.7%) 0 (0%)
6 30 0 0 30 17 (56.7%) 8 (26.7%) 5(16.7%)
7 30 0 0 30 1(3.3%) 3 (10%) 26 (86.7%)
mean 294 3.7 1.7 24 104 10.1 8.9 (30.1%)
(35.4%) (34.4%)

" On each lead, two electrodes (one recording channel) were in PVNH and two electrodes were in non-PVNH areas.

Table 3B
Classification of electrographic seizure onsets in PVNH and non-PVNH structures.
. ) Most prom- ’ . . . Semi-
Patients Seizure Chan{lel inent seizure Low.\oltage Hypersynchr Attenuation | Multiple Rhythmic | Rhythmic | Rhythmic rhyth-mic
ECoGs Location fast onous delta theta alpha
onsets beta
11 0 0 3 1 11 1 0
AR 2 (41%) (0%) (0%) (11%) (4%) (41%) (4%) (0%)
1 27
non-PVNH 0 0 0 0 0 0 0 0 0
(Neo) (0%) (0%) (0%) (0%) (0%) (0%) (0%) (0%)
7 0 0 9 1 2 2 9
PVNH %0 (23%) (0%) (0%) (30%) (3%) (7%) (7%) (30%)
2 30
non-PVNH 0 0 0 0 0 0 0 0 0
(Neo) (0%) (0%) (0%) (0%) (0%) (0%) (0%) (0%)
0 0 0 0 0 0 0 0
FYNH 0 ©0%) ©0%) ©0%) %) | ©%) % | 0% | ©%
3 30
non-PVNH 50 15 0 2 2 0 0 4 7
(Hipp) (50%) (0%) (7%) (7%) (0%) (0%) (13%) (23%)
0 0 0 1 1 0 1 1
LPVRLS! % (0%) (0%) (0%) 25%) (25%) (0%) (25%) (25%)
4 31
non-PVNH P 6 0 0 14 0 1 3 4
(Hipp) (22%) (0%) (0%) (52%) (0%) (4%) (11%) (15%)
11 0 0 0 0 0 0 0
LPRLE] Z (100%) (0%) (0%) (0%) (0%) (0%) (0%) (0%)
5 28
non-PVNH - 1 0 0 0 0 1 9 6
(Hipp) (6%) (0%) (0%) (0%) (0%) (6%) (53%) (35%)
17 0 0 0 0 0 1 3
VAL 2 (81%) (0%) (0%) (0%) (0%) (0%) (5%) (14%)
6 30
non-PVNH 9 1 0 0 5 0 0 0 3
(Hipp) 11%) (0%) (0%) (56%) (0%) (0%) (0%) (33%)
2 0 0 0 0 1 0 0
ANVl 3 (67%) 0%) %) ©0%) 0%) (33%) %) %)
7% 30
non-PVNH P 25 0 0 1 0 1 0 0
(Hipp) 93%) (0%) (0%) (4%) (0%) (4%) 0%) (0%)
PVNH - - - - o - - - -
8 * 29
non-PVNH 29 21 0 0 3 2 1 2 0
(Neo) (72%) (0%) (0%) (10%) (7%) (3%) (7%) (0%)
Across all patients PVNH 50% 0% 0% 14% 3% 15% 5% 14%

Rows describing PVNH channels are colored gray, rows with, hippocampal channels are colored green and rows with neocortical
channels are colored blue.

1On each lead, two channels were in the PVNH and two channels in non-PVNH areas.

*Both leads were in non-PVNH areas.

<

Fig. 3. (A) Pre-implant MRI images and RNS® System ECoG records from Patient 4 (top) and Patient 5 (bottom). MRI and scout X-ray from Patient 4 showing a depth lead
placed by a temporo-occipital PVNH on the floor of the left lateral ventricle and a second depth lead in the left hippocampal structures. Note that MRIs are displayed as per
surgical planning convention with the left brain on the left side of the image. The left images consist of the spectrogram and waveform of a representative 90-second ECoG
record showing a seizure beginning in the hippocampal (non-PVNH) channels at approximately 35 seconds and subsequently spreading to the PVNH channels. On the right is
the expanded time scale ECoG record demonstrating a semi-rhythmic beta type seizure onset (red underlined portion of left image). MRI images from Patient 5 showing
bilateral temporo-occipital PVNHs and scout X-ray showing depth leads in the right hippocampus and the right temporo-occipital PVNH. ECoG records and spectrogram
showing a low-voltage fast type seizure onset in the PVNH channels at approximately nine seconds and subsequently spreading to the hippocampal channels. (B)
Electrographic features from scheduled ECoGs (spike rate, total power, delta power, theta power, alpha power, beta power, low gamma power and high gamma power) on
PVNH, hippocampal and neocortical ECoG channels over time. *signifies statistical difference between the two groups PVNH and hippocampal, and PVNH and neocortical
channels (p < 0.05 using the Wilcoxon rank-sum test). fsignifies statistical difference on PVNH and hippocampal ECoG channels. Number of ECoG channels with scheduled

ECoGs recorded at each year since implant is shown in the table.
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with treatment (Loring et al., 2015), there are surgical risks associ-
ated with implantation and generator replacements. At nine years
of follow-up, six of 256 patients suffered intra-cranial hemorrhages
not due to trauma, with four of these being asymptomatic, and
there was a 3.9 % rate of infection per procedure. All but one infec-
tions were of soft tissue (Nair et al., 2018). None of the patients
described in this study suffered any serious surgery related adverse
events.

RNS® System implantation strategy as well as neuromodulation
approaches differed across patients. Given the small sample size of
this study, further investigation will be required to identify optimal
implantation targeting as well as detection and stimulation param-
eters. Physicians typically designed an initial treatment plan based
on the lead location, electrographic seizure activity, and standard-
ized starting stimulation parameters. Five of the seven patients
who had leads in both PVNH and non-PVNH structures received
stimulation to both. However, in Patient 1, stimulation was only
provided to the PVNH, which appeared to be the primary seizure
generator, and Patient 7 received stimulation only to the hip-
pocampus. It is generally recommended that the initial detection
and stimulation settings be adjusted slowly, systematically, and
ideally one at a time in order to optimize the reduction in clinical
seizures or detected epileptiform discharges. This iterative
approach allows for patient specific optimization of parameters.
Stimulation parameter epoch lengths of approximately three to
9.5 years with average of 3.5 years for the last programmed stimu-
lation settings suggest that parameters were changed infrequently
towards the end of the treatment period. The most recent param-
eters used for each patient are displayed in Table 2. Ultimately, a
wide variety of stimulation parameters were employed and pro-
duced a positive clinical response.

The RNS® System provides chronic ECoG sampling and tracks
interictal markers and electrographic seizures over time. It can
take several months for ECoG features and electrographic seizures
to stabilize after procedures to implant intracranial electrodes (the
implant effect) (King-Stephens et al., 2015; Sun et al., 2018). This
could impact the reliability of electrophysiological data collected
over typically short inpatient video-EEG monitoring evaluations,
including assessments with SEEG. Long-term ambulatory ECoG
data from the RNS® System provides the opportunity to view each
patient’s background, interictal and ictal electrophysiology over
years.

The results from this study suggest that PVNHs can generate sei-
zures or be involved with the early propagation of seizures. The ear-
liest seizure onsets could be seen in the PVNH channels, the non-
PVNH channels (neocortex or hippocampus), or synchronously in
the two. Some seizures were isolated to the PVNH channels only.
These results are consistent with the findings of SEEG case series
(Pizzo et al., 2017; Thompson et al., 2016). Synchronous onsets in
PVNH and non-PVNH leads could indicate either a broad epilepto-
genic network with strong connections between the structures or
secondary spread to both structures from a third location. Some
patients demonstrated variability in seizure onset locations with
some seizures appearing to start in the PVNH channels and others
with earliest onset in the non-PVNH channels, arguing for at least
two independent seizure foci (assuming stereotyped patterns of sei-
zure progression), or at least two nodes in one epileptogenic net-
work. The conclusion that PVNHs can generate seizures or, at the
very least, can be part of the epileptogenic circuit, is further sup-
ported by the reduction in seizures in patients receiving brain-
responsive stimulation to the PVNH.

Electrographic seizure onset patterns were similar in both
PVNH and non-PVNH ECoG channels. The most common type of
onset was low voltage fast with gamma or beta frequency activity
at onset. This is consistent with a previous case series of five
patients with PVNH (Aghakhani et al., 2005). Despite the fact that

five of the eight patients in this study (patients 3, 4, 5, 6 and 7) had
a lead in the hippocampus and all five had at least some seizures
beginning earliest in the hippocampal channels, hypersynchronous
patterns were not seen. This suggests a different epileptogenic pro-
cess than typically seen in mesial temporal lobe epilepsy.

A limitation of the assessment of seizure reduction due to RNS
neurostimulation therapy in treating partial seizures in patients
with PVNH is that antiseizure medication doses were not con-
trolled after the initial blinded period. However, an analysis of data
from the 191 patients in the randomized controlled RNS® System
pivotal trial demonstrated that there was not a correlation
between the change in clinical seizure frequency and whether
the antiseizure medication dosage was increased, decreased or
unchanged (Heck et al., 2014).

Other limitations of this analysis include that seizures foci may
not have been adequately localized and implanted. The RNS® Sys-
tem records from a maximum of two 4-contact containing leads
and seizure focus localization was performed differently among
the treating epilepsy centers, raising concern that the leads may
not have been optimally placed in the epileptogenic foci to detect
the earliest electrographic seizure onset. If this is the case, then the
recordings could represent propagated signals or secondary sei-
zure spread. Furthermore, it is possible that not all relevant sei-
zures were detected and stored. However, these patients were
treated at experienced comprehensive epilepsy centers that can
be presumed to have accurately localized the epileptogenic foci
and programmed detection settings appropriately. The large num-
ber of analyzed ECoG records is reassuring that the sufficient sam-
pling was obtained.

It should be noted that electrographic seizures do not necessar-
ily represent clinical seizures. An abstract analyzing RNS® System
data showed that there is a good correlation between recorded
electrographic seizures and clinically reported seizures but electro-
graphic seizures occur much more frequently than clinically
reported seizures (Spencer et al., 2018). This is likely due to the fact
that if too short or involving only a small area of the brain, such sei-
zures may not produce easily detectable clinical symptoms. It is
difficult to judge the extent of clinical symptom based on the elec-
trographic seizure appearance alone. Furthermore, memory is
often affected by seizures and patients significantly under-report
their clinical seizures in diary data as demonstrated in a study
within the setting of the epilepsy monitoring unit (Blum et al.,
1996). While not all the recorded electrograhic seizures likely pro-
duced easily detectable clinical symptoms, the subjects likely had
more clinical events than reported in diaries. Clinicians typically
correlate which elecrographic events represent the patient’s typi-
cal clinical events based on reported seizure diary data or by
instructing patient to trigger storage of ECoG recordings by swip-
ing a magnet over the neurostimulator during or immediately after
a seizure. Although not all patients are able to use the magnet,
these approaches allow the treating physician to optimize seizure
detection for the electrographic seizures which also produce clini-
cal events. Approximately 30 electrographic seizures per patient
were surveyed so as to judge consistency and accurately sample
at least some of a patient’s typical clinical events.

In acute SEEG recordings during EMU monitoring, power in a
PVNH appears to be lower than in non-PVNH areas (Battaglia
et al., 2006; Battaglia et al., 1997). This was also observed in these
long-term ambulatory ECoG recordings. Quantitative analyses of
scheduled ECoG records containing baseline interictal activity aver-
aged across all patients and ECoG channels showed that spectral
power in classic frequency bands was significantly lower in PVNH
channels than in channels recording from the hippocampus. The
hippocampal channels showed higher power in all frequency bands
over the entire length of follow-up. Neocortical channels sampled
showed significantly higher power at alpha and lower frequencies
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over the first 2-4 years after implant, which appeared to wane over
time. Note however that the number of neocortical channels sam-
pled is low, especially in the first few years after implant.

In conclusion, direct brain-responsive neurostimulation was
associated with reductions in clinical seizures of more than 85% in
patients with medically refractory focal onset seizures and PVNHs.
Electrophysiological data suggests that electrographic seizures can
arise in the PVNH, from neocortex or hippocampus, or both. Electro-
graphic seizures often showed near simultaneous onsets, suggesting
strong interconnectivity between the PVNH and neocortex or hip-
pocampus. Some patient’s had some electrographic seizures that
started earliest in the PVNH, and other seizures that stared earliest
in the neocortical or hippocampal lead, raising the possibility of
two independent seizure generators or variable propagation pat-
terns. Most prominent electrographic seizure patterns were similar
in the PVNH as in neocortex or hippocampus.

As an alternative to surgical resection, the RNS® System pro-
vides a safe and effective therapy that is reversible, modifiable
and nondestructive to brain tissue, and provides long-term ambu-
latory electrophysiological data that may help to better define the
seizure focus or network. Based on this small experience, consider-
ation should be given to lead implant strategies that target the
PVNH and the neocortical or hippocampal regions that are impli-
cated in the seizure onset or propagation. This will increase the
likelihood of an early detection of an electrographic seizure so that
stimulation can be provided quickly to the seizure focus/foci, and
to the seizure propagation pathway.

Acknowledgements

We would like to thank the patients and families, for participating
in the RNS” System clinical trials.

We also thank the following: Columbia University Medical Cen-
ter: Carl W Bazil, MD, PhD, Hyunmi Choi, MD, MS, Derek ] Chong,
MD, Daniel Friedman, MD, Robert Rf2017.

Goodman, MD, PhD, Steven C Karceski, MD, Guy M McKhann,
MD, and Anil Mendiratta, MD; Johns Hopkins School of Medicine:
William S Anderson, MD, PhD, George I Jallo, MD, Eric H Kossoff,
MD, Frederick A Lenz, MD, PhD, and Eva Katharina Ritzl, MD;
University of Texas Southwestern Medical Center: Sachin Dave, MD,
Ramon Diaz-Arrastia, MD, PhD, Puneet K Gupta, MD, MSE, Ryan
Hays, MD, Bradley Lega, MD, Christopher ] Madden, MD, Pradeep
N Modur, MD, MS, and Louis Anthony Whitworth, MD; University
of Wisconsin Hospital and Clinics: Azam S Ahmed, MD, Mustafa K
Baskaya, MD, Brad R Beinlich, MD, Rahul Dewan, MD, Victor
Diaz-Cotrina, MD, John C Jones, MD, Lincoln F Ramirez, MD, PhD,
Edgar A Samaniego, MD, MS, Raj D Sheth, MD, Karl A Sillay, MD,
and Evelyn C Tunnell, MD; Via Christi Epilepsy Center: Kore K Liow,
MD, Andrew D Massey, MD, and Nazih Moufarrij, MD; Yale Univer-
sity School of Medicine: Robert B Duckrow, MD, Pue Farooque, DO,
Evan ] Fertig, MD, Jason L Gerrard, MD, PhD, Alexander M Papanas-
tassiou, MD, Dennis D Spencer, MD, and Kenneth P Vives, MD.
Susan S Spencer, MD in memoriam.

No funding was provided for this research. NeuroPace was the
study sponsor. The study sponsor was involved in analyses and
interpretation of data, and in the writing of the manuscript. The
sponsor was not directly involved with data collection, however
monitored study data for completeness and accuracy against
source documents (source data verification/review).

Ethical Publication Statement

We confirm that we have read the Journal’s position on issues
involved in ethical publication and affirm that this report is consis-
tent with those guidelines.

Disclosure of Conflicts of Interest

Author George Nune, MD has received research study support
from NeuroPace for the RNS® System long-term treatment and
post-approval studies.

Author Sharanya Arcot Desai, PhD certifies that she has equity
ownership/stock options with NeuroPace and is an employee of
NeuroPace.

Author Mark A Agostini, MD has received research study sup-
port from NeuroPace for the RNS® System long-term treatment
and post-approval studies.

Author Gregory K Bergey, MD has received support as Associate
Editor for Neurotherapeutics.

Author Aamr A Herekar, MD has received support from Suno-
vion, Eisai and UCB for serving on their speaker bureau.

Author Lawrence ] Hirsch, MD has received support from, and/
or has served as a paid consultant for Adamas, Aquestive, Ceribell,
Eisai, Monteris, NeuroPace, and Upsher-Smith Laboratories.

Author Paul A Rutecki, MD has received research study support
from the U.S. Department of Veterans Affairs, CURE, and NeuroPace
during the RNS® System pivotal trial.

Author Shraddha Srinivasan, MD has received research study
support from NeuroPace for the RNS® System long-term treatment
trial.

Author Paul C Van Ness, MD has received support from Neuro-
Pace for speaking and JAMA Neurology for serving on the editorial
board, and has received research study support from an NIH grant
for traumatic brain injury and spreading depression at Baylor Col-
lege of Medicine.

Author Thomas K Tcheng, PhD certifies that he has equity own-
ership/stock options with NeuroPace and is an employee of
NeuroPace.

Author Martha ] Morrell, MD certifies that she has equity own-
ership/stock options with NeuroPace and is an employee of
NeuroPace.

The remaining authors have no conflict of interest.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.clinph.2019.04.706.

References

Aghakhani Y, Kinay D, Gotman ], Soualmi L, Andermann F, Olivier A, et al. The role of
periventricular nodular heterotopia in epileptogenesis. Brain 2005;128:641-51.

Battaglia G, Chiapparini L, Franceschetti S, Freri E, Tassi L, Bassanini S, et al.
Periventricular nodular heterotopia: classification, epileptic history, and genesis
of epileptic discharges. Epilepsia 2006;47:86-97.

Battaglia G, Granata T, Farina L, D’Incerti L, Franceschetti S, Avanzini G.
Periventricular nodular heterotopia: epileptogenic findings. Epilepsia
1997;38:1173-82.

Bergey GK, Morrell MJ, Mizrahi EM, Goldman A, King-Stephens D, Nair D, et al.
Long-term treatment with responsive brain stimulation in adults with
refractory partial seizures. Neurology 2015;84:810-7.

Blum DE, Eskola ], Bortz JJ, Fisher RS. Patient awareness of seizures. Neurology
1996;47:260-4.

Cossu M, Mirandola L, Tassi L. RF-ablation in periventricular heterotopia-related
epilepsy. Epilepsy Res 2018;142:121-5.

Dubeau F, Tampieri D, Lee N, Andermann E, Carpenter S, Leblanc R, et al.
Periventricular and subcortical nodular heterotopia. A study of 33 patients.
Brain 1995;118(Pt 5):1273-87.

Guerrini R, Filippi T. Neuronal migration disorders, genetics, and epileptogenesis. ]
Child Neurol 2005;20:287-99.

Heck CN, King-Stephens D, Massey AD, Nair DR, Jobst BC, Barkley GL, et al. Two-year
seizure reduction in adults with medically intractable partial onset epilepsy
treated with responsive neurostimulation: final results of the RNS System
Pivotal trial. Epilepsia 2014;55:432-41.

King-Stephens D, Mirro E, Weber PB, Laxer KD, Van Ness PC, Salanova V, et al.
Lateralization of mesial temporal lobe epilepsy with chronic ambulatory
electrocorticography. Epilepsia 2015;56:959-67.


https://doi.org/10.1016/j.clinph.2019.04.706
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0005
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0005
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0010
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0010
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0010
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0015
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0015
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0015
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0020
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0020
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0020
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0025
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0025
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0030
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0030
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0035
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0035
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0035
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0040
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0040
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0045
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0045
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0045
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0045
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0050
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0050
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0050

G. Nune et al./Clinical Neurophysiology 130 (2019) 1196-1207 1207

Lee SA, Spencer DD, Spencer SS. Intracranial EEG seizure-onset patterns in
neocortical epilepsy. Epilepsia 2000;41:297-307.

Li LM, Dubeau F, Andermann F, Fish DR, Watson C, Cascino GD, et al. Periventricular
nodular heterotopia and intractable temporal lobe epilepsy: poor outcome after
temporal lobe resection. Ann Neurol 1997;41:662-8.

Loring DW, Kapur R, Meador K], Morrell MJ. Differential neuropsychological
outcomes following targeted responsive neurostimulation for partial-onset
epilepsy. Epilepsia 2015;56(11):1836-44.

Meroni A, Galli C, Bramerio M, Tassi L, Colombo N, Cossu M, et al. Nodular
heterotopia: a neuropathological study of 24 patients undergoing surgery for
drug-resistant epilepsy. Epilepsia 2009;50:116-24.

Mirandola L, Mai RF, Francione S, Pelliccia V, Gozzo F, Sartori I, et al. Stereo-EEG:
Diagnostic and therapeutic tool for periventricular nodular heterotopia
epilepsies. Epilepsia 2017;58:1962-71.

Morrell M]. Responsive cortical stimulation for the treatment of medically
intractable partial epilepsy. Neurology 2011;77:1295-304.

Nair DR. RNS System Investigators. In: Morrell MJ, editor. Nine-year prospective
safety and effectiveness outcomes from the long-term treatment trial fo the
RNS® System. American Epilepsy Society Meeting 2018 Abstract 2.075.

Perucca P, Dubeau F, Gotman ]. Intracranial electroencephalographic seizure-onset
patterns: effect of underlying pathology. Brain 2014;137:183-96.

Pizzo F, Roehri N, Catenoix H, Medina S, McGonigal A, Giusiano B, et al. Epileptogenic
networks in nodular heterotopia: a stereoelectroencephalography study.
Epilepsia 2017;58:2112-23.

Quiroga RQ, Nadasdy Z, Ben-Shaul Y. Unsupervised spike detection and sorting with
wavelets and superparamagnetic clustering. Neural Comput 2004;16:1661-87.

Raymond AA, Fish DR, Stevens JM, Cook M], Sisodiya SM, Shorvon SD. Association of
hippocampal sclerosis with cortical dysgenesis in patients with epilepsy.
Neurology 1994;44:1841-5.

Salanova V, Witt T, Worth R, Henry TR, Gross RE, Nazzaro JM, et al. Long-term
efficacy and safety of thalamic stimulation for drug-resistant partial epilepsy.
Neurology 2015;84:1017-25.

Scherer C, Schuele S, Minotti L, Chabardes S, Hoffmann D, Kahane P. Intrinsic
epileptogenicity of an isolated periventricular nodular heterotopia. Neurology
2005;65:495-6.

Spencer DC, Quigg MS, Fountain NB, Jarosiewicz B, Skarpaas TL, Morrell M].
Electrographic events recorded by a Responsive Neurostimulator May provice
an objective assessment of clinical seizure burden. American Epilepsy Society
Meeting 2018 Abstract 3.092, 2018.

Spencer SS, Guimaraes P, Katz A, Kim ], Spencer D. Morphological patterns of
seizures recorded intracranially. Epilepsia 1992;33:537-45.

Sun FT, Arcot Desai S, Tcheng TK, Morrell M]. Changes in the electrocorticogram
after implantation of intracranial electrodes in humans: the implant effect. Clin
Neurophysiol 2018;129:676-86.

Tassi L, Colombo N, Cossu M, Mai R, Francione S, Lo RG, et al. Electroclinical, MRI and
neuropathological study of 10 patients with nodular heterotopia, with surgical
outcomes. Brain 2005;128:321-37.

Thompson SA, Kalamangalam GP, Tandon N. Intracranial evaluation and laser
ablation for epilepsy with periventricular nodular heterotopia. Seizure
2016;41:211-6.


http://refhub.elsevier.com/S1388-2457(19)30847-8/h0055
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0055
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0060
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0060
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0060
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0065
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0065
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0065
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0070
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0070
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0070
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0075
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0075
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0075
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0080
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0080
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0085
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0085
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0085
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0085
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0090
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0090
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0095
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0095
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0095
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0100
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0100
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0105
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0105
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0105
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0110
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0110
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0110
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0115
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0115
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0115
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0120
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0120
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0120
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0120
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0125
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0125
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0130
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0130
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0130
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0135
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0135
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0135
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0140
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0140
http://refhub.elsevier.com/S1388-2457(19)30847-8/h0140

	Treatment of drug-resistant epilepsy in patients with periventricular nodular heterotopia using RNS® System: Efficacy and description of chronic electrophysiological recordings
	Introduction
	Methods
	Seizure onset analysis
	Feature extraction from scheduled ECoG records
	Clinical outcomes of direct brain-responsive neurostimulation

	Results
	Demographic and clinical data
	PVNH location and RNS® System lead implantation strategy
	Stimulation parameters

	Clinical outcomes and adverse events
	Electrophysiological data
	Electrographic seizure onset analysis
	Interictal electrographic data analysis


	Discussion
	ack16
	Acknowledgements
	Ethical Publication Statement
	Disclosure of Conflicts of Interest
	Supplementary material
	References


