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e Sub-scalp EEG (ssEEG) is a promising next-generation technology for investigating human
neurophysiology.

« It enables ultra-long-term EEG recording to improve diagnostic yield in epilepsy.

« Different ssEEG devices have been developed with unique strengths and limitations.
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Sub-scalp electroencephalography (ssEEG) is emerging as a promising technology in ultra-long-term
electroencephalography (EEG) recordings. Given the diversity of devices available in this nascent field,
uncertainty persists about its utility in epilepsy evaluation. This review critically dissects the many pro-
posed utilities of ssEEG devices including (1) seizure quantification, (2) seizure characterization, (3) sei-
zure lateralization, (4) seizure localization, (5) seizure alarms, (6) seizure forecasting, (7) biomarker
discovery, (8) sleep medicine, and (9) responsive stimulation. The different ssEEG devices in development
have individual design philosophies with unique strengths and limitations. There are devices offering pri-
marily unilateral recordings (24/7 EEG™ SubQ, Neuroview™, Soenia® UltimateEEG™), bilateral record-
ings (Minder™, Epios™), and even those with responsive stimulation capability (EASEE®). We
synthesize the current knowledge of these ssEEG systems. We review the (1) ssEEG devices, (2) use case

scenarios, (3) challenges and (4) suggest a roadmap for ideal ssEEG designs.
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1. Introduction

Epilepsy is the second most common chronic brain disease
worldwide, affecting approximately 3.4 million people (1.2% of
the population) in the United States (US) (Zack and Kobau, 2017).
Persons with epilepsy (PWE) experience substantial premature
mortality and several medical comorbidities (Devinsky et al.,
2016), and seizure-related variables including seizure frequency
and the burden of antiseizure medications (ASM) impact the over-
all quality of life (Spencer et al., 2007). Technologies that improve
our ability to accurately identify and quantify seizures are an
essential component of data-driven medical and/or device-
related management strategies for PWE. Current practice almost
exclusively rely on self-reported seizure counts or electronic sei-
zure diaries (Fisher et al., 2012), which are notoriously unreliable
and, in some patients, may miss up to half of all seizures
(Blachut et al., 2017), mostly due to lack of awareness that a sei-
zure has occurred (Elger and Hoppe, 2018), leading to sub-
optimal seizure management.

Approximately one-third of PWE have drug-resistant epilepsy
(DRE) and are candidates for epilepsy surgery evaluation which
requires precise seizure localization (in cases of focal onset sei-
zures) (Brodie et al., 2012; Englot et al., 2017). However, the
presurgical evaluation does not always provide enough informa-
tion to localize or lateralize seizures (Chan et al., 2018). Even with
video electroencephalography (EEG) in an epilepsy monitoring unit
(EMU) evaluation, definitive lateralization, and localization may
prove elusive due to limitations in recording duration (Moseley
et al, 2015), often leading to under-sampling and mis-
localization of seizures that may be multifocal or bilateral in onset
(King-Stephens et al,, 2015; Smart et al.,, 2013). In chronic bi-
hippocampal ambulatory electrocorticography recordings in sus-
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pected bitemporal epilepsy, we know that about a third of patients
require at least a month before electrographic onsets can be
recorded from both hemispheres (King-Stephens et al., 2015).
Existing approaches to overcome these limitations have their
own constraints. Ambulatory video-EEG provides high-quality
recordings at home but is limited by short recording durations
(2-3 days) and the need for trained EEG technologists for the setup,
removal, and troubleshooting (Brunnhuber et al., 2020; Gonzalez
Otarula et al, 2021). Wearable technologies such as skin-
adherent EEG (Lehmkuhle et al., 2015), behind-the-ear EEG
(Bleichner and Debener, 2017; Swinnen et al., 2021), and intra-
auricular EEG (Kappel et al., 2019) suffer from inconsistent signal
quality, the need for regular maintenance, and the inability to
record over longer time periods. The inevitable trade-off in mobile
EEG technologies appears to be quality/need for electrode care vs.
duration of recordings. Long-term intracranial EEG recording is
possible using the responsive neurostimulation (RNS) system, but
they are mainly built for neuromodulation for very particular indi-
cations and are too invasive for routine diagnostic applications
(Duun-Henriksen et al., 2020).

These technical gaps have led to the development of sub-scalp
EEG devices (ssEEG, also sometimes called subcutaneous, sub-
galeal, subdermal, epicranial, epiosteal, or subcutaneous EEG),
where a subcutaneous recording electrode is implanted between
the scalp and the skull. This approach may provide transformative
advances in clinical epilepsy care, with superior signal quality by
avoiding the typical artifacts of scalp EEG and prolonged recording
durations without the need for recurrent electrode care. ssEEG
devices may help improve diagnostic yield by capturing habitual
seizures in a home environment without the need for ASM with-
drawal and provocative maneuvers. Additional benefits include
convenience, as it avoids EMU-related school/work disruptions,
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Table 1
Details of subscalp encephalography (ssEEG) devices in development.
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Illustrative Image | Device details Approvall/ other notes

lllustrative Image Device details Approvall/ other notes

24/7 EEG™ SubQ (UNEEG, Alleroed, Denmark)

° Channels: 1 lead with 3
contacts

° Sampling: EEG 207 Hz

° Battery: External, 24 h
rechargeable

° Wearable companion: Yes

° Raw data: available

¢ Incision: ~3 cm, LA

° Typical implant location
is unilateral temporal.

° Orientation can be
changed.

° Multimodal recordings-
EEG, 3-axis acc.

Neuroview™ (Englewood, NJ. USA)

° Channels:1 lead with 3 ° Subscalp EEG
contacts electrodes can be

° Sampling: EEG 256 Hz placed at the cranial

° Battery: Internal, 3 years vertex or anywhere.

° Wearable companion: No  ° Low-power, on-board

° Raw data: available algorithms identify

° Incision: ~2 cm, LA epochs suspicious for
seizures and patient-
identified events.

° Multimodal recordings-

EEG, 3-axis acc.

Minder® (Epi-Minder, Melbourne, Australia)

° Channels: 1 lead with 4
contacts

° Sampling: EEG 250 Hz

° Battery: External, 24 h
rechargeable

° Wearable companion: Yes

° Raw data: available

° Incision: unspecified, GA

° Bilateral scalp
coverage achieved by
tunneling a very long
multi-channel
electrode to
contralateral head.

Epios™ (Wyss Center, Geneva, Switzerland)

° Channels: Each trident-
shaped lead has 8
contacts. Total up to 4
leads (32 contacts)

° Sampling: EEG 250 Hz,

° Battery: External, 24 h
rechargeable

° Wearable companion: Yes

° Raw data: available

° Incision: 2-4 incisions each
<1.cm, LA, or GA

° Full head coverage
(10-20 montages) can
be placed under GA.

° EEG data transferred
wirelessly to headpiece
and body-worn unit for
power and storage.

° Multimodal recordings -
EEG, audio, 3-axis
acc., and ECG

Soenia® UltimateEEG™ (BrainCare Oy, Finland)

° Channels: 1 lead with up
to 8 contacts

° Sampling: EEG 1000 Hz

° Battery: External, 24-48 h

° Wearable companion: Yes

° Raw data: available

¢ Incision: ~2-3 cm, LA

° Platinum on silicon
electrodes,
customizable electrode
number (up to 8), size,
and inter-electrode
distance.

EASEE® (Precisis, Heidelberg, Germany)

° Channels: 5 platelet ° Placed over epileptic

contacts focus
° Sampling: EEG 250 Hz ° Diagnostic and
° Battery: Internal, >3 years responsive
° Wearable companion: No neurostimulation
° Raw data: planned planned

° Electrode design
based on Laplacian
montage.

° Incision: ~7 cm, GA

Data and image representations are compiled/created by authors based on publicly available information and with input from development teams wherever
possible. Final production details/ design may be different. Color schema for images: implanted device (cyan), electrodes (green), external transceiver, and

wires (black).

Abbreviations: Acc- Accelerometry, CE- Conformité Européenne, cm-centimeter, EASEE- Epicranial Application of Stimulation Electrodes for Epilepsy, US FDA-
United States Food and Drug Administration, GA- General anesthesia, h- hours, Hz-Hertz, LA-local anesthesia, NJ-New Jersey, ®-Registered, temp-temporal,

ssEEG-subscalp electroencephalography, TM-Trade Mark.

and cost savings from repeated EMU evaluations to capture infre-
quent seizures- a single 4-5 day EMU study may cost up to $35-
40,000 in hospital costs alone (Agrawal et al., 2015).

Several ssEEG systems have been developed by independent
research groups around the world with different design philoso-
phies rendering unique strengths and limitations. These devices
vary in many ways, including the number of leads, degree of inva-
siveness, and primary intended purpose (seizure identification,
quantification, lateralization, localization, and/or therapeutic stim-
ulation). Despite publications about individual devices (Viana
et al., 2021a; Weisdorf et al., 2018, 2019) and focused reviews
(Duun-Henriksen et al., 2020; Pathmanathan et al., 2021), uncer-
tainties persist among epilepsy specialists about their utility in epi-
lepsy evaluations. Here, we review this literature to synthesize
existing viewpoints about the utility of ssEEG and their potential
roles in addressing the unmet needs of the epilepsy community.
We discuss ideal case scenarios that may benefit from these cur-
rently emerging devices and suggest a roadmap for ssEEG imple-
mentation in future epilepsy care.

2. ssEEG: A paradigm shift in epilepsy diagnostics
2.1. Motivation for ssEEG, and current EEG recording systems

The motivation to develop ssEEG devices arises from an unmet
clinical need in recording ultra-long term (months to years) high-
quality EEG to provide accurate seizure quantification. Such
devices may offer many advantages and solutions for personalized
epilepsy management in the context of infrequent seizures (Chan
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et al.,, 2018), identifying multidien (multi-day) rhythms of seizure
risk (Baud et al., 2018; Karoly et al., 2016; Stirling et al., 2021)
and for prioritizing resective or neuromodulatory treatments in
patients with two or more seizure onset zones (Hirsch et al,
2020; King-Stephens et al., 2015).

Two main recording approaches are prevalent for the diagnostic
evaluation of seizures- scalp (surface) EEG and intracranial EEG.
Scalp EEG is easy to set up and record, and has good spatial (whole
head) coverage, but is limited by lower spatial resolution and
unstable scalp contact necessitating greater involvement by EEG
technologists. On the other extreme, high-fidelity, high-
resolution, recordings are possible using implanted intracranial
EEG. However, this is not feasible in most patients with epilepsy
as they are invasive, require specialized neurosurgical support,
and suffer from low spatial coverage. Both modalities are typically
limited to recording over relatively short periods of time (1-
2 weeks) and are performed in the hospital environment. sSEEG
represents a compromise between these two extremes by enabling
less noisy recordings than scalp EEG and by not requiring frequent
technologist intervention to maintain EEG quality. They are also
minimally invasive, thus making it possible to be used in a wider
population than intracranial EEG. The ability to perform ultra-
long-term recordings over weeks-months in a home environment
is an additional theoretical advantage of ssEEG systems.

2.2. Technical aspects of sSEEG

Long-term ssEEG devices are new to the epilepsy diagnostic
landscape (Table 1 and Fig. 1). The general design of these devices
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Images reproduced with permissions from (A) 24/7 EEG™ SubQ: Birgitte Gert Nielsen, Head of Product Management, UNEEG Medical
Team, (B) Minder™: adapted from Stirling et al, Frontiers in Neurology, 202127 (CC-BY 4 license) (C) Epios™: Eric Chanie, Entrepreneur in
residence, Wyss Center for Bio and Neuroengineering (D) Soenia® UltimateEEG ™: Katrina Wendel-Mitorajm Ph.D., CEO & Founder
SOENIA® by BrainCare Oy, and (E) EASEE®: Michael Tittelbach, Chief Technology Officer, Precisis and Giinter Kraemer, MD

UltimateEEG™ %

Fig. 1. Design renderings of the different subscalp-electroencephalography (ssEEG) systems - see description/images in Table 1 and text for details. Abbreviations: EEG-
Electroencephalography, EASEE- Epicranial Application of Stimulation Electrodes for Epilepsy, ®-Registered, TM-Trade Mark.

includes leads with a range of sizes and contact numbers, which
are tunneled subcutaneously under the scalp and attached to a
recorder. Internalized electrodes, of varying designs, connect with
an external unit necessary for power, data storage, and transmis-
sion, and may contain additional sensors to record audio,
accelerometry, or photoplethysmography signals. In the following
sections, we summarize our knowledge of current ssEEG systems
aggregated from the literature and publicly available information,
supplemented by personal communication with the development
teams.

2.3. Current ssEEG systems

2.3.1. 24/7 EEG™ SubQ (UNEEG Medical, Alleroed, Denmark)

This is the sole device that is currently approved for clinical use
with a Conformité Européenne (CE)-mark for Europe, and pending
US Food and Drug Administration (FDA) approval (24/7 EEG™
SubQ, 2022, p. 7; Weisdorf et al., 2019, 2018). This system was
originally developed for the detection of hypoglycemia in persons
suffering from diabetes (Juhl et al., 2010), however, later obtained
approval for use in epilepsy management (Table 2). The single
implanted lead has three contacts creating two bipolar channels
(the middle contact is a reference). The implant is inserted in a
minimally invasive procedure under a local anesthesia
(Pathmanathan et al., 2021), typically in a unilateral temporal loca-
tion. However, a device may be implanted on both sides of the
head and thereby bitemporal recording may be achieved (Table 3).
An implanted lead connects to an external storage unit that also
powers the implant through an inductive link. The housing is
placed behind the ear and the lead can be inserted in various direc-

Table 2
The original purpose and stage of clinical development.

tions. This system features a complete data infrastructure enabling
the daily transfer of data from the patient to the hospital and ded-
icated software for automatic seizure detection and ssEEG visual-
ization. The external unit is attached to clothing with the disc
placed on the skin overlying the device housing (Fig. 1). The exter-
nal device requires daily charging, and patients are instructed to
alternate between two external storage units. The external device
features a pushbutton for patients to annotate their seizures. The
device supports three-axis accelerometry data recording as well.

Real-world recordings have reported overall good signal qual-
ity, safety, tolerability, and a high adherence rate in home-
monitoring up to three months (Duun-Henriksen et al., 2015;
Weisdorf et al., 2019). A single case report described the longest
period of ssEEG monitoring to date in a 35-year-old patient
(230 days), which captured 22 patient-reported seizures and an
additional 32 seizures identified with direct ssEEG review (Viana
et al., 2021a). In another case series, three out of nine patients
under-reported seizures compared to device detected seizures
(Weisdorf et al., 2019). A similar number of over-reporting was
also present, although this may represent missed seizures due to
limited spatial EEG coverage. The spectral characteristics of sSEEG
recordings with 24/7 EEG™ SubQ are similar to scalp EEG and signal
quality is stationary, suggesting suitability for chronic implanta-
tion in various scenarios from seizure detection and forecasting
to brain-computer interfaces (Viana et al., 2021b).

2.3.2. Minder™ (Epi-Minder, Melbourne, Australia)

This device has an implanted lead with four contacts (Cook, M,
Personal Communication, 2022) and a telemetry unit (Stirling
et al.,, 2021). Bilateral scalp coverage is achieved by tunneling a

Original purpose

Stage of clinical development

24/7 EEG™ SubQ
Minder ®

Neuroview™

Soenia® UltimateEEG™

n/a
Seizure quantification

Epios™ Seizure detection

EASEE ©

The detection of hypoglycemia in diabetes, O

Monitoring for drug-resistant epilepsy

Treatment of focal drug-resistant epilepsy O

CE-marked April 2019
O Clinical trial ongoing
O Clinical trial ongoing
O Clinical trial ongoing
Pending CE approval
Surface electrode version CE-marked.
O Clinical trial ongoing
Pending CE approval
US FDA- breakthrough device designation
Clinical trials ongoing, primary endpoints reported

Abbreviations: CE- Conformité Européenne, EASEE- Epicranial Application of Stimulation Electrodes for Epilepsy, n/a- not available, US FDA-United States Food and Drug

Administration.
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Table 3
Advantages, disadvantages, and likely clinical use of the various ssEEG systems.
24/7 EEG™ SubQ Minder ® Neuroview™ Soenia ® UltimateEEG™ Epios™ EASEE ©
Advantages
Requires only local anesthesia + + +
Raw data availability + + + + + +*
Bilateral recording capacity +/— + +/— +/— +
Seizure localization (dense EEG coverage) +
Seizure lateralization +[- + +[- +[- +
Therapeutic capacity +
Long-term battery (>3 years) + +
On-board algorithms to identify seizures + +*
Customizable contact number/size + +
High sampling rate (1000 Hz) +
Multimodal recording capacity
3-axis acc + + +
ECG +
Audio +
Disadvantages
May require general anesthesia + + +
Short-term battery (24-48 hours) + + +
Requires several scalp incisions +
External power/ wearable component + + + +
Likely clinical use
Diagnostic + + + + +*
Seizure quantification + + + + + +*
Therapeutic +

Abbreviations: acc-Acceleterometry, sSEEG-Subscalp EEG, EASEE- Epicranial Application of Stimulation Electrodes for Epilepsy.

+/— indicates the devices that may provide bilateral recording with a bilateral implant.

" Next-generation/clinical phase pending.

very long multi-channel lead to the contralateral sub-scalp region.
It is powered by an external device placed behind the ear which
communicates with a nearby paired phone. A custom mobile appli-
cation permits the uploading of captured EEG data to a secure
cloud where it can be reviewed by clinical staff. The application
also captures synchronized audio and accelerometer data from
the mobile hardware. Minder™ was reported to be safe and tolera-
ble in a study with five patients with refractory epilepsy (Stirling
et al., 2021) - a clinical trial ongoing to assess the safety of record-
ing epileptic seizures.

2.3.3. Neuroview™ (Neuroview Technology Inc., Englewood, New
Jersey, USA)

Neuroview™ is a fully implantable ssEEG recording device pri-
marily intended to quantify seizures (Neuroview Technology Inc,
2022). A unique feature of the device is that it can record EEG data
for up to three years without recharging. This device is completely
subcutaneous and features one lead (each with three contacts
including one reference contact) that is internally powered, with
an onboard seizure detection algorithm and a cloud-based
machine-learning platform. The device records three-axis
accelerometry data as well. The lead can be placed in the desired
orientations including across the vertex to provide limited bilateral
recordings. Raw EEG data is uploaded to the cloud using an
encrypted algorithm via a smart device (phone or tablet). The
device can also be programmed to record EEG epochs at pre-
determined times and durations. In a study of 21 patients undergo-
ing intracranial EEG evaluations for up to 13 days, concomitant
ssEEG electrodes (placed at or near the cranial vertex) displayed
a 98% sensitivity and 99% specificity for seizure detection com-
pared to simultaneous intracranial recordings (Pacia et al., 2022).
This device is currently being tested in a naturally occurring canine
epilepsy before a human pilot study.

2.3.4. Soenia® UltimateEEG™ (BrainCare Oy, Tampere, Finland)
The UltimateEEG™ device has leads that resemble subdural
strips used in intracranial EEG. Each device features up to 8 bio-
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silicon contacts that can be geometrically customized to map sei-
zure propagation. The planar design is believed to result in a low
noise recording (BrainCare - Long-term epilepsy monitoring,
2022). The device is implanted beneath the skin under local anes-
thesia through an incision about 2-3 centimeters long with leads
directionally focused toward the electrical source (Duun-
Henriksen et al., 2020). If necessary, several strips can be used.
These patented leads have been designed to survive extraction
after years of implantation under local anesthesia. The external
transceiver device wirelessly captures, and uploads data recorded
by the implant to the cloud, negating the need for any external
cable wires. The leads have appropriate approvals and Finnish
Medical Device Authority permission for surgical implantation
and clinical trials. The surface recording versions of the electrodes
are CE-marked and available for use (UltimateEEG™, 2022).
Patients can use a companion app (Soenia® Medical Diary) to
report symptoms such as seizures.

2.3.5. Epios™ (Wyss Center, Geneva, Switzerland)

The Epios™ system comprises a series of thin leads incorporat-
ing sensing electrodes and a miniature implant that can be inserted
under either local anesthesia or general anesthesia (depending on
the extension of the incision and size of electrode coverage)
through two to four small incisions (<1 centimeter) (Epios™,
2022). Each lead has a stem and three branches in a “trident” con-
figuration containing a total of eight contacts. The electrode layout
system in Epios™ offers a flexible configuration: one trident for uni-
lateral monitoring, two tridents for bilateral, and four tridents for
whole-brain coverage. A full system can provide full head coverage
using up to four such tridents (i.e., 32 contacts in total) covering
both temporal lobes, frontal, and occipital lobes (Fig. 1). ssEEG sig-
nals are wirelessly transferred to an external headpiece positioned
on the skin directly over the implant with a magnet, and/or onto a
body-worn unit for power and temporary storage (Epios™, 2022).
The body-worn unit supports multimodal co-registration for elec-
trocardiography, audio, and accelerometry data. The data acquired
can be conveyed to the wearable data processor and is finally



Z. Haneef, K. Yang, S.A. Sheth et al.

securely stored in the cloud where long-term data visualization
and analysis are supported. Clinical trials are currently underway
to assess the feasibility of electrode insertion, adverse events
related to the study device, and the capability of the EEG signal
recording (Early Feasibility Study on Epios Leads, 2022).

2.3.6. EASEE® (Precisis, Heidelberg, Germany)

Epicranial Application of Stimulation Electrodes for Epilepsy
(EASEE®) is the only ssEEG system reviewed that allows for thera-
peutic transcranial neurostimulation and will add diagnostic EEG
recording capability to realize individualized closed-loop setting
for focal epilepsy (About EASEE®, 2022). The device comprises an
array of five sub-scalp “platelet” (disc electrode) contacts, four
smaller and one larger contact in the middle (Fig. 1), which are
positioned over the putative seizure onset zone (About EASEE®,
2022). The device is primarily developed for focal transcranial cor-
tical stimulation and the contact layout is designed based on the
surface Laplacian concept to improve stimulation depth by gener-
ating fields and current flows vertical to the contact plane. The
EASEE® lead is fixed on the skull surface after the removal of the
periosteum by a neurosurgeon, with the central contact being
placed over the pre-determined epileptogenic brain area and con-
nected subcutaneously to a pulse generator on the trunk (Kravalis
and Schulze-Bonhage, 2020). Two stimulation modes are used: (1)
For acute anti-seizure effects, a focal high frequency, short pulse,
short-duration burst (100 Hz, 160 us, 0.5 seconds) of alternating
current is applied every 2 minutes; (2) For long-term neuroplastic
changes, a DC-like stimulation (DLS) consisting of a very long
cathodal pulse (2000 ps) followed by a charge equalization pulse
with a fifth of the amplitude of the active pulse is delivered for
20 minutes once a day (Kraemer G, Personal communication
2022; Schulze-Bonhage et al., 2022). As the sup-periosteal space
is thought to be more sparsely innervated, stimulation is not pain-
ful or even perceivable by the patient (About EASEE®, 2022). If the
patient can perceive stimulation, the electrical parameters can be
adapted as needed to be below the patient’s individual perception
threshold.

There are two ongoing prospective multicenter pilot studies
(Patient Individualized Modulation and Intervention by Epicranial
Stimulation [PIMIDES] trial and the EASEE II trial, both University
Medical Center in Freiburg, Germany) to assess the safety, feasibil-
ity, and performance of focal transcranial cortical stimulation
including patient-controlled closed-loop neurostimulation with
the first generation EASEE® system to treat medically refractory
focal epilepsy (Kravalis and Schulze-Bonhage, 2020). Preliminary
results showed that 17 out of 33 recipients experienced at least a
50% reduction in epileptic seizures after six months compared to
their pre-implantation baseline (responder rate 53%) (Schulze-
Bonhage et al., 2022). The EASEE® device is currently under review
for the CE-marking and is expected to be available commercially in
Europe soon. The US FDA recently granted EASEE® a breakthrough
device designation (Minimally Invasive Epilepsy Treatment EASEE
Receives FDA Breakthrough Device Designation, 2022; Precisis’
EASEE Epilepsy Treatment Receives FDA Breakthrough Device
Designation, 2022). Next-generation EASEE® System will include
EEG recording and seizure detection means.

3. Use case scenarios
3.1. Seizure quantification

Patient-reported seizures are often inaccurate and underesti-
mate the seizure burden. This results from several reasons includ-
ing amnesia from hippocampal seizures, seizure occurrence in
sleep, cognitive impairments impairing communication, and sub-
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clinical seizures. By some estimates, self-reporting of seizures
misses almost half of all seizures, and nocturnal seizure reports
may be reported only in around 14% (Hoppe et al, 2007;
Swinnen et al., 2021). Underreporting of seizures can lead to inad-
equate treatment. Efforts to improve seizure quantification include
wearable and home-based devices such as wristbands (Empatica
Embrace®, EpiHunter®), bed seizure monitors (MedPage®), or a sei-
zure movement monitor (Emfit®) (Bruno et al., 2020; Onorati et al.,
2017). Although these devices are approved for detecting tonic-
clonic seizures, their ability to recognize seizures without major
motor features remains suboptimal (Bruno et al., 2020). Long-
term EEG recordings are more likely to provide a more reliable sei-
zure burden quantification (Viana et al., 2021a). In a study assess-
ing the use of behind-the-ear EEG, a patient-specific seizure
detection algorithm could detect more seizures automatically than
what patients typically reported (Vandecasteele et al., 2020).
Another benefit of long-term monitoring is the accurate assess-
ment of treatment efficacy (Weisdorf et al., 2020). More accurate
seizure quantification and assessment of treatment efficacy may
potentially be of use in clinical trials rather than relying on seizure
diaries as being practiced currently.

3.2. Seizure characterization

EMU monitoring is the gold standard for characterizing seizures
and distinguishing epileptic seizures from conditions that mimic
seizures such as syncope, hypoglycemia, paroxysmal movement
disorders, transient ischemic attack, migraines with aura, and tran-
sitory global amnesia (Benbadis, 2009; Eddy and Cavanna, 2014).
However, the diagnostic yield of EMU is limited by the duration
of the monitoring (Faulkner et al., 2012; Moseley et al., 2015). A
7-day hospital stay has a >75% likelihood of capturing seizures
with a baseline frequency of >1/week and drops to 50% with a fre-
quency of once/2 weeks. Less frequent seizures would require
weeks to months for similar diagnostic yields (Duun-Henriksen
et al.,, 2020). Ideally, 2-3 events are needed to adequately charac-
terize seizures, which is not always possible in a hospital setting.
Furthermore, habitual seizures are more likely to happen at home
without hospital-based variables including environmental stres-
sors, ASM withdrawal, and altered sleep-wake cycles. Long-term
ssEEG can improve the diagnostic yield in this scenario by ultra-
long-term recordings. One limitation is that if seizures are not from
the site of ssEEG implant, they may be mischaracterized as non-
epileptic events. Additionally, focal seizures of deep origin may
be under-sampled and undetected by ssEEG devices. Thus, the
ssEEG devices should be used primarily for ruling in seizures, not
ruling them out. As such, an a priori hypothesis is essential, per-
haps by a preliminary EMU evaluation, before planning ssEEG for
seizure characterization. To overcome some of these challenges,
the combined use of wearable multimodal devices and ssEEG
devices may help increase the sensitivity and specificity of seizure
detection and characterization.

3.3. Seizure lateralization

For some patients, particularly patients with mesial temporal
lobe epilepsy, a standard 4-7 day EEG monitoring may not be ade-
quate to precisely establish the seizure laterality (King-Stephens
et al,, 2015). In a study of patients with bilateral hippocampal
RNS implantations, some patients suspected to have bilateral sei-
zures were found to display strictly unilateral electrographic
onsets and vice versa (King-Stephens et al., 2015). Similar to RNS,
ssEEG is not ideal for initial seizure localization due to limited cov-
erage compared to conventional 10-20 EEG coverage but has the
advantages of ultra-long-term recordings to quantify between a
few high yield locations (King-Stephens et al., 2015). Basing surgi-
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cal planning and decision-making on dozens or even hundreds of
seizures rather than a handful of seizures is a promising possibility
with the advent of ssEEG devices.

3.4. Seizure localization

The ability to record brain activity over months to years with
ssEEG that offers broad head electrode coverage can help localize
seizures without reducing medications. Devices designed to offer
broader coverage may have an advantage in this scenario- for
instance, Epios™ provides a full 10-20 coverage, and Minder™ pro-
vides bilateral, albeit more localized, coverage.

3.5. Seizure alarms

Epilepsy may be associated with various injuries (e.g., burns,
cranial and dental injuries, drowning) and impaired quality of life
(e.g., feeling of stigmatization, lower esteem, higher level of anxi-
ety and depression, and social isolation), especially in patients with
higher seizure frequency (Duun-Henriksen et al., 2020; Taylor
et al., 2011). Seizure alarms may provide a greater sense of control
for patients and boost resilience. sSEEG devices can communicate
with an external device (e.g., a smartphone) that can activate an
alarm. All the devices we reviewed except two (Neuroview™ and
EASEE®) specifically note a companion wearable device. Even
though an alarm system would not prevent seizures from happen-
ing, it may allow timely intervention to prevent injuries, severe sei-
zures or status epilepticus, and sudden unexpected death in
epilepsy (SUDEP) (van Westrhenen et al., 2022). Most patients
and caregivers desire some form of seizure detection method to
feel safer and have peace of mind (Van de Vel et al., 2016). Mean-
ingful implementation of such systems, however, can be gained
when the alarm device meets the user’s needs and is successfully
implemented in the care setting (van Westrhenen et al., 2022).
For instance, with children, parental preferences for seizure alarm
systems reported include “introduction to use”, “personalization”,
“interaction”, “alert” and “interface” capacity (van Westrhenen
et al., 2022).

3.6. Seizure forecasting

The random and unexpected nature of seizure occurrence is one
of the most debilitating aspects of epilepsy, particularly for people
who experience less frequent seizures (monthly or yearly)
(Dumanis et al., 2017; Taylor et al., 2011). The ability to anticipate
seizure occurrence would revolutionize epilepsy management,
leading to a dramatic change in the quality of life of PWE, and
would enable preventative treatment strategies. It would provide
PWE with a timely warning for their seizure and allow epilepsy
providers to manage therapies accordingly to prevent impending
seizures. Long-term patterns in seizure occurrence have long been
described, and recently quantified revealing multidien and cluster
organization (Baud et al., 2018). In a study involving 37 subjects
with an implanted brain stimulation device, it was shown that
interictal epileptiform activity and seizures oscillate with circadian
and subject-specific multidien periods, most commonly 20-30 days
in duration (Baud et al., 2018). Earlier studies have shown forecast-
ing is possible with implantable intracranial devices (Karoly et al.,
2021), however, it is unlikely that they will become widespread
due to their invasiveness. Thus, forecasting capacity with less inva-
sive studies would be much more relevant and optimal. In a recent
study using an ssEEG device (Minder™), the data acquired allowed
seizure forecasting to be successfully undertaken (Stirling et al.,
2021).
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3.7. Biomarker discovery

Biomarkers for various aspects of epilepsy may be discovered
with the availability of chronic ssEEG recordings. SUDEP is an
example (Kroner et al., 2014), where although the mechanisms
remain elusive, EEG features such as post-ictal generalized sup-
pression have been found to be associated with greater mortality
(Bruno and Richardson, 2020). By using long-term ssEEG in
patients with infrequent seizures, EEG biomarkers of SUDEP may
be better clarified.

sSsEEG can also assist in identifying the early epileptogenesis in
various conditions such as traumatic brain injury (TBI) or tuberous
sclerosis complex. Following TBI, quantitative EEG changes have
been described in the acute, subacute, and chronic stages (Haneef
et al., 2013). However, the difficulty in obtaining prolonged EEG
recordings following TBI has limited the development of EEG
biomarkers for early post-traumatic epilepsy. The availability of
easily accessible, high-quality, homogeneous data can considerably
help efforts to develop biomarkers in guiding anti-epileptogenesis
therapy following TBI (Duncan et al., 2018). Another example is
EEG surveillance in infants with tuberous sclerosis complex, where
a high positive predictive value of epileptiform discharges for pre-
dicting infants who subsequently develop epilepsy was demon-
strated (Wu et al, 2016). Thus, using ssEEG, predictive
biomarkers may allow earlier intervention that may curtail epilep-
togenesis and its negative effects. As a neurophysiological biomar-
ker, ssEEG could be used not only as a clinical diagnostic tool but
also as a tool for early detection and predicting the stages of certain
other neurologic and psychiatric conditions such as dementia or
depression (Al-Qazzaz et al., 2014; Dev et al., 2022).

3.8. Sleep medicine

Sleep is one of the most studied human behaviors in relation to
epilepsy (Frauscher and Gotman, 2019). A previous study showed
that quantitative EEG measures of sleep architecture may provide
insight into EEG traits and represent a”fingerprint” of brain activity
(De Gennaro et al., 2005). Certain sleep-related neurophysiological
biomarkers in epilepsy are dynamic over timescales of days to
weeks (Gliske et al., 2018). To study brain activity during sleep, a
limited EEG is routinely recorded during overnight sleep studies
(Orr, 1985). However, sleep studies are usually limited by the dura-
tion of the study and an unnatural environment. As a long-term
recording tool, ssSEEG may prove advantageous in studying the
sleep neurophysiology (Gangstad et al., 2019), particularly in quan-
tifying sleep, determining sleep architecture over the long-term in
a natural environment, and possibly combining with measures of
oxygen and respiration to investigate the effect of sleep-related
breathing disorders on brain activity. ssEEG may be useful for fol-
lowing the efficacy of interventions for sleep apnea, narcolepsy,
and idiopathic hypersomnolence, among others.

3.9. Responsive neuro-stimulation

There is literature on the effectiveness of high-frequency
intracranial stimulation (Morrell and Group, 2011), low-
frequency intracranial stimulation (Manzouri et al, 2021;
Schindler et al., 2007), and transcranial direct current stimulation
(Assenza et al., 2014; Auvichayapat et al., 2013). Currently, the only
US FDA-approved closed-loop device that provides direct EEG
monitoring over the long term and delivers responsive cortical
stimulation is the RNS system (Rao, 2021). However, the risk
intrinsic to implantation of an intra-cranial device, and limited
indications hinder widespread use (Rao, 2021). ssEEG devices
may overcome these risks and promise transformative advances
in clinical epilepsy. Although several sSEEG systems are in develop-
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ment, only EASEE® offers both diagnostic and therapeutic neu-
rostimulation capability in an individualized closed-loop setting.
As noted earlier, there are two ongoing pilot studies to assess the
feasibility of patient-controlled transcranial neurostimulation with
the EASEE® system (Kravalis and Schulze-Bonhage, 2020) with
some preliminary evidence that extracranial stimulation may help
reduce the number of epileptic seizures (Schulze-Bonhage et al.,
2022).

4. Challenges
4.1. Technical challenges

The limited spatial sampling of sSEEG devices may result in the
under-detection of focal seizures arising from contralateral or dee-
per regions. sSEEG devices placed under the temporalis muscles
may be affected by electromyography artifacts, especially with
tonic seizures, and strategically positioning electrode locations
may be important. The design of sSEEG electrodes has been
reviewed elsewhere (Ahnood et al., 2022). Rhythmic artifacts mim-
icking seizures may need simultaneous video recording to differen-
tiate, which is not possible natively with ssEEG devices. Due to the
continuous long-term recording, sSEEG devices generate a large
quantity of time-series information without the intrinsic capacity
to automatically identify seizures. Thus, it is essential to develop
algorithms for seizure detection. A recent study on 21 patients
with ssEEG suggested that a simple seizure detection algorithm
could provide sufficient accuracy and clinical utility (Bacher
et al., 2021).

4.2. Safety and tolerability

The literature on the safety and tolerability of sSEEG devices is
limited. Possible complications with sub-scalp electrode place-
ment include infections, lead migration, fracture, skin erosion, mild
headaches, sub-scalp hematoma, and rarely scalp fibrosis (Duun-
Henriksen et al., 2020; Weisdorf et al., 2019). Infection is typically
limited to the sub-scalp compartment. In a prospective study
assessing the safety and tolerability of ssEEGs, there were no seri-
ous adverse device-related events (Weisdorf et al., 2019). In the
same study, no patients felt any constrain to continue with their
daily activities. However, only a few minor annoyances were
reported, such as occasional nightly disconnections, having to
adjust the usual position of glasses, and the necessity of wearing
clothes at night (Weisdorf et al., 2019). Current and upcoming
ssEEG devices are not magnetic resonance imaging compatible,
and the need for future magnetic resonance imaging may represent
a contra-indication presently. Another disadvantage of these
devices includes the bulky size of their large external units.

4.3. Lack of standardized clinical protocols and guidelines

The development of multiple EEG recording systems with vari-
ous design philosophies helps foster innovation and a better likeli-
hood of a breakthrough device. However, this causes
fragmentation of research in the field leading to smaller-scale clin-
ical trials and the different study protocols limit comparison
between trials. Similar challenges with wearable non-EEG auto-
mated seizure detection systems led to the development of clinical
practice guidelines for such devices in outpatient settings by the
Working Group of the International League Against Epilepsy (ILAE)
and the International Federation of Clinical Neurophysiology
(IFCN) (Beniczky et al., 2021). This could be a model for developing
similar guidelines for sSEEG devices.

84

Clinical Neurophysiology 141 (2022) 77-87
5. Future roadmap
5.1. Automatic seizure detection analysis with machine learning

Machine learning (ML) models have enabled rapid advances
across multiple aspects of medicine (Rajkomar et al., 2019). It is
of particular benefit in the analysis of large quantities of data
(“big data”) which is cumbersome to process with traditional sta-
tistical techniques. ML can reduce human effort and help in a vari-
ety of diagnostic applications, matching or exceeding the
performance of clinical experts (De Fauw et al., 2018; Esteva
et al., 2017; Lopez Pineda et al., 2015). Continuous recording of
physiological data such as with ssEEG generates big data which
is ideal for developing ML models. A study assessing the accuracy
of focal seizure detection by epileptologists, with and without an
automated seizure detection algorithm applied to EEG data col-
lected from a wearable device, found a better sensitivity and a
slightly higher false alarm rate with automated seizure detection
alone (with no epileptologist involvement) (Biondi et al., 2022).
ML was used effectively to classify relative seizure frequency from
chronic electrocorticography from intracranial devices (Sun et al.,
2021). A study assessing behind-the-ear electrodes reduced the
review time of 24-hour recording from 1-2 hours to around 5-10
minutes by using seizure detection algorithms through ML
(Swinnen et al., 2021). Despite advances in ML and automatic sei-
zure detection, the final validation of seizure data would still
require an expert EEG reviewer at present.

5.2. Wearable companion devices for sSEEG

Wearable devices may have specialized roles in epilepsy by spe-
cialized sensors or by combining several distinct sensor streams.
For instance, the wristbands such as Empatica Embrace® detect
changes during seizures including accelerometry (body move-
ment), photoplethysmography (heart rate, blood volume pulse
changes), skin temperature, and electrodermal activity (capturing
the vasodilatation and diaphoresis associated with autonomic
arousal), all of which may reveal seizure- and patient-specific
changes during seizures. These wristbands are easily deployed
and there is accumulating evidence of their efficacy in detecting
seizures (Meisel et al., 2020; Onorati et al., 2017; Vossler, 2021).
The combined use of various wearable devices and ssEEG devices
may lead to increase sensitivity and specificity of seizure detection,
better help guide treatment, avoid morbidity and mortality from
inadequate treatment, and improve health care expenses related
to seizures from epilepsy. Multimodal recordings have been
described to lead to a better understanding of the individual sei-
zure semiology of PWE (Kjaer et al., 2021). The addition of move-
ment, cardiac rhythms, or simultaneous video (e.g. using the
Nelli® device) (Peltola et al., 2022), would greatly enhance the util-
ity of ssEEG.

5.3. Clarification of technology and large clinical trials

ssEEG monitoring is an emerging concept in epilepsy care. As
such, it is not clear how neurologists would implement this new
technology, especially given the diverse models with distinctive
features and associated technical limitations. For example, Epios™
could have specific advantages for localization due to its wider cov-
erage, EASEE® may be used for treatment/stimulation purposes,
Minder™ may be useful in lateralization due to its bilateral cover-
age with a single incision, and 24/7 EEG™ SubQ may be useful for
seizure quantification once the location is better clarified. Several
important questions remain to be answered, including sensitivity
and specificity of ssEEG for seizure detection, handling of the large
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volume of the data, device cost, and adaptability of patients, care-
givers, and providers to the new technology. Clarification of all
these questions through large clinical trials could lead to better
treatment of patients. Additionally, clinical trials may clarify the
interrelation between EEG and physiological or pathological phe-
nomena such as the one between epilepsy and sleep, interictal
epileptiform discharges and seizures, and post-ictal suppression
and SUDEP. The knowledge gained through ultra-long-term EEG
recording may lead to the identification of new biomarkers that
can elucidate risk factors for the individual patient over time in
addition to several other potential benefits (Pathmanathan et al.,
2021).

6. Conclusions

ssEEG is emerging as a promising next-generation technology in
the expanded evaluation of PWE. Different ssEEG devices have
been developed with unique strengths and limitations. Although
DRE reflects a limited segment of PWE, there may be additional
use case scenarios with further technological advances. A future
can be envisioned where there would be a shift away from subjec-
tive seizure reporting to much more accurate seizure detection,
and ultra-long-term EEG monitoring becomes the standard of care
for seizure quantification and pre-surgical evaluation.
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