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1 | INTRODUCTION

| Pedro F. Viana'*?

| Michael R. Sperling® | Mark P. Richardson’

Abstract

In patients with epilepsy, the potential to prevent seizure-related injuries and to
improve the unreliability of seizure self-report have fostered the development and
marketing of numerous seizure detection devices for home use. Understanding the
requirements of users (patients and caregivers) is essential to improve adherence and
mitigate barriers to the long-term use of such devices. Here we reviewed the evi-
dence on the needs and preferences of users and provided an overview of currently
marketed devices for seizure detection (medically approved or with published evi-
dence for their performance). We then compared devices with known needs. Seizure-
detection devices are expected to improve safety and clinical and self-management,
and to provide reassurance to users. Key factors affecting a device’s usability relate
to its design (attractive appearance, low visibility, low intrusiveness), comfort of use,
confidentiality of recorded data, and timely support from both technical and clinical
ends. High detection sensitivity and low false alarm rates are paramount. Currently
marketed devices are focused primarily on the recording of non—electroencephalog-
raphy (EEG) signals associated with tonic-clonic seizures, whereas the detection of
focal seizures without major motor features remains a clear evidence gap. Moreover,
there is paucity of evidence coming from real-life settings. A joint effort of clinical
and nonclinical experts, patients, and caregivers is required to ensure an optimal
level of acceptability and usability, which are key aspects for a successful continuous

monitoring aimed at seizure detection at home.
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as smartwatches. This new paradigm, termed mobile health
or mHealth, opens new possibilities for continuous monitor-

‘ Check for

Recent years have seen the rapid emergence of a new ap-
proach to health care, making use of the wealth of data con-
stantly collected by smartphones and wearable devices such

ing of factors related to health status in the patient's home
environment and to use this information to inform the man-
agement of their health conditions." For people with epilepsy
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* LEpilepsia
(PWE) and their caregivers, one potential application of
mHealth technology would be to continuously detect seizures
in real time (or close to real time) and use information about
seizure occurrences to inform treatment decisions and to im-
prove patient safety. Key requirements for the adoption of
mHealth approaches include objective evidence that the tech-
nology is reliable and has suitable performance characteris-
tics? and that the technology addresses the needs of patients
and their c:aregivers.3 In this contribution, we examine the
specific instance of wearable devices for seizure detection.
We briefly comment on the rationale and use-cases, followed
by a survey of the literature on what PWE and their caregiv-
ers want from seizure-detection devices, subsequently review
the literature on seizure-detection device performance, and
finally, examine whether current evidence sufficiently ad-
dresses the needs of patients and carers.

2 | SEIZURE DETECTION AT
HOME: WHY?

Seizures are the primary symptom of epilepsy, and treatment
aims to prevent their occurrence so that the complications,
which include death, injury, disability, and loss of independ-
ence, among others, are also prevented.4 Optimal treatment
can reduce the medical and psychosocial burden imposed
by seizures and improve quality of life.> Moreover, patients
wish to be free of the risks and limitations they impose, as
well as avoid the associated fear and uncertainty that accom-
pany them.®

Therefore, to most effectively treat PWE, we must ac-
curately identify seizures. In addition to diagnosing these
seizures at onset of epilepsy, we must accurately determine
whether they have stopped once therapy is prescribed, and
whether riskier motor behaviors have stopped should seizures
not be completely abolished. As seizures are the key indi-
cator of disease, it is sensible to employ the most reliable
methods of ascertainment. However, the method presently
used to assess the effectiveness of therapy is unchanged from
that used for centuries: We ask patients, their families, and/or
witnesses whether the patients are experiencing seizures, and
rely on this historical information for our medical decisions.
If we are told that seizures are still happening, then we may
raise the dose of medication, add a new medication, or even
advise nonpharmacological therapies (eg, neurostimulation,
brain surgery, dietary therapies). If we are told that seizures
have stopped, then we leave well enough alone.

However, why do we depend on flawed information when
studies suggest that the patient’s history is unreliable?” ' A
survey of patients and their families revealed that both cast
doubt on the reliability of their own reporting.g Twenty-eight
percent of patients thought they never noticed daytime sei-
zures, and 47% thought they noted fewer than half of their

Key Points

e Seizure detection at home is being explored by an
increasing number of marketed devices

e Understanding user (patient and/or caregiver)
needs is essential for long-term adherence to sei-
zure-detection devices

e Device design, comfort of use, and seizure-detec-
tion performance are key aspects affecting device
usability

e There is still low evidence of real-life, ambulatory
usability of currently marketed seizure detection
devices

daytime seizures (n = 157 patients). Sixty-four percent of
patients reported never noticing nighttime seizures, and
79% thought they missed a majority of nocturnal seizures
(n = 107 patients). Family members reported a better impres-
sion of their own accuracy but believed that they too were
often unreliable. One can conclude that our primary reporters
of symptoms, when asked, are dubious about the quality of
the data they provide, upon which our treatments are based.

Objective measures confirm the unreliability of the patient
history. In an ambulatory study that included 552 long-term
electroencephalography (EEG) studies from 502 patients,
unreliability of reporting was common, confirming patient
beliefs.'? Forty-seven of 552 EEG recordings contained focal
seizures, but patients reported seizures in only 29 of these
records; only 61.7% of EEG recordings with seizures were
believed by patients to contain seizures. In addition, general-
ized spike-wave bursts, even prolonged ones, often went un-
recognized. Looking at the opposite aspect, gauging whether
symptoms were truly seizures, only 132 patient alarms out of
a total of 986 alarms were associated with an electrographic
seizure on EEG. Although patients were undoubtedly overre-
porting some symptoms because of instructions given at the
time of recording, there is little doubt that most of the symp-
toms were suspected to be epilepsy related. Hence, ambu-
latory EEG confirms that patients underreport seizures, and
suggests that some symptoms reported as a seizure may well
not be seizures. This raises the possibility that physicians at
times may overtreat patients, prescribing antiepileptic ther-
apy for nonepileptic symptoms (or perhaps very mild symp-
toms that might not warrant further therapy).

The combination of underdiagnosis and overdiagnosis
can lead to unnecessary complications and restrictions. The
patient who is thought to have well-controlled seizures but
who, in reality, has ongoing unreported seizures may be at
continued risk for injury and death. This same patient might
be permitted to drive a motor vehicle, posing a risk to both
patient and the public.12 The patient who reports symptoms
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that are misinterpreted as seizures might have higher doses
of medication prescribed and experience more side effects.”
Greater postural or gait imbalance induced by drugs might
cause falls, and higher doses may have more adverse cog-
nitive or psychiatric effects. If a woman of childbearing age
becomes pregnant, a fetus may have increased risk of adverse
teratogenic or developmental effects with higher drug doses
or polytherapy. We may not properly judge the efficacy of
medication in uncontrolled patients who we know to be un-
controlled. We might falsely believe that an existing or new
therapy is better or worse than it really is, and rationalize
treatment decisions when relying on flawed data.

In addition to detecting and counting seizures with an ob-
jective alternative to seizure diaries, home seizure detection
in real time might have other uses. It could help protect PWE
against seizure-related harms. For example, it could be em-
ployed as a seizure alarm to summon help or to activate a
protective device,'* or to activate therapy, as in a closed-loop
stimulation device.'> A seizure alarm seems a highly com-
pelling use-case, but in our opinion the seizure-counting use-
case is equally compelling, given that evidence suggests that
self-reported or carer-reported seizure diaries are extremely
unreliable.”!! Hence, both patient safety and treatment deci-
sions based on seizure diaries could be greatly enhanced by
a reliable and easy-to-use seizure-detection device (Table 1).

3 | SEIZURE DETECTION AT
HOME: HOW?

EEG shows well-known features associated with seizures.
Multiple automated real-time seizure-detection algorithms
have been developed based on continuously recorded EEG.
Many other physiological features associate with seizures,

TABLE 1

and caregiver seizure diaries

Limitations to the current method of relying on patient

Criteria for assessing diagnosis and treatment efficacy relies on
flawed data

Patients and families often do not notice seizures
Patients and families report symptoms that may not be seizures

This is particularly true for nocturnal seizures (which pose greater
SUDERP risk) and nonconvulsive seizures (which may be subtle
and go unnoticed)

Treatment decisions thereby rely on unreliable data

Patient are assumed to have seizures under control due to failure to
note seizures; this may put patients at risk, as necessary treatment
changes are not implemented (eg, allowed to drive when seizures
are not controlled, increased SUDEP risk)

Patients may be considered uncontrolled when the reported
symptoms are not epileptic; this may put patients at risk due to
unnecessary adjustments in treatment and lead to unnecessary
activity restrictions (eg, advice to stop driving, more side effects)

L] L] ®
Epilepsia—-
including motor activity and changes in autonomic param-
eters. Motor activity can be detected with video, accelerom-
eters, and electromyography. Autonomic changes include
alteration in heart rate parameters detectable with electro-
cardiography or photoplethysmography (PPG), a technique
to detect changes in blood volume noninvasively in the
skin using light transmission.'® Autonomic output can also
be monitored using electrodermal activity (EDA). EDA is
a complex and incompletely understood electrical property
of the skin, which is believed in part to reflect activity in
the sympathetic nervous system.'’ Seizure- detection de-
vices have typically used single modalities or combinations
of EEG,"® video," accelerometry (ACM), electromyogra-
phy,21 electrocardiography (ECG),** PPG, and EDA.> We
will not review here the vast literature on changes in these
parameters in association with seizures.

4 | WHAT DO PWE AND THEIR
CAREGIVERS WANT FROM
SEIZURE-DETECTION DEVICES?

In the context of living with a chronic condition primarily
characterized by unpredictable events and often not ame-
nable to optimal control, PWE identify many unmet needs
that may be supplemented by new technologies in their daily
life.>** Studies have highlighted that key needs, for both
PWE and caregivers, are (a) improving safety, (b) improv-
ing clinical and self-management, and (c) providing reas-
surance.>?*%’ Figure 1 shows the views of PWE and their
caregivers on how digital tools can answer their needs.
Accuracy and timing of seizure detection are paramount
in this context, as false alarms and false short-term predic-
tions can increase distress and have a detrimental impact on
PWE and caregivers.3 242729 Overall, PWE are willing to
use wearable devices for continuous health moniton’ng.3’30’31
However, a lot of attention should be given to device de-
sign in order to address the requirements and preferences of
PWE and caregivers, since these factors influence accept-
ance and long-term engagement, which is essential to allow
novel technologies to successfully meet the needs of PWE.
Multiple factors have been explored in studies investigating
user preferences3’24’25’27"34 and, to a lesser extent, direct ex-
periences with digital tools****; these are summarized below.
Unobtrusiveness is also a desired feature, so that the detec-
tion device does not call unwanted attention to the user.

1. Device design, form, and features are the most important
factors driving user preferences. An attractive appearance
is essential. When continuous tracking is required, devices
should look familiar, similar to those commonly used in
daily life by healthy individuals,* fashionably designed,
and not awkward in size and shape.24 Wires, stickers,
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patches, bulky or cumbersome shapes, as well as the
presence of flashing lights lead to unwanted visibility.*>
Discreet, inconspicuous devices that can be worn and
covered with clothes are largely favored.*® However, in
the context of exclusively night-time or home use, ap-
pearance and visibility are less important and sensors
under the mattress and more unconventional designs may
be considered acceptable.S’SO‘32 Intrusiveness is another
important factor influencing user acceptance. The num-
ber of alerts and interactions required with the device
should be kept to a minimum and automated; passive
data gathering and sharing is preferable.3’32 Altogether,
users indicate that a device should be socially acceptable,
as wearing a device that looks unfamiliar, visible, and
intrusive may disclose their condition to others and lead
to discrimination, heightened experience of stigma, as well
as to self-stigma, as a constant reminder of their state.
Ideally a device should also serve other functions (eg,
indicate the time) and be integrated with other technolog-
ical devices (eg, music player) often used in a person's
daily life beyond that of a health-monitoring device.

. Comfort and usability are additional important factors.
Being undisturbed by the device during routine activ-
ity and sleep, as well as the possibility to easily wear,
position, and remove it are crucial requirements.27’30
Potential for customization and choice related to personal

. Support might be required by PWE and caregivers,3’

Seizure-detection devices applications in relation to the needs of people with epilepsy and their caregivers

preferences (eg, time to get alerts, feedback), a long bat-
tery life, and the possibility of being waterproof are fur-
ther advantages.24’26’28'30’3 2

. Confidentiality in data collection, privacy, and secu-

rity matters has been rarely addressed in studies inves-
tigating users’ experiences, despite their significance
in this field. Concerns about the information not being
kept confidential and concerns related to data safety
have been expressed by patients and caregivers in sev-
eral studies,>?%30:32 highlighting the potential conse-
quences that privacy breach could have on users’ daily
life and restrictions of freedom (eg, driving, work, and
insurance). Users require the information about where
data are hosted, who manages them, the ethics of data
ownership and use, and what measures are in place to
maintain data security to be systematically provided and
explicitly consented.>

24
covering different aspects: Technical support to improve
device usability and addressing potential malfunctions,
and clinical supp01rt26’30’36 to discuss the data collected
and receive feedback. Technical support teams are fun-
damental and need to be easily identifiable and accessi-
ble. A third aspect to be considered is financial support
for device purchase. Although some studies have indi-
cated that patients would be willing to contribute to the
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cost of the device,”® others have highlighted the impor-

tance of financial assistance to allow the technology to

be accessible.*?!

5. Additional features include integrating information by
tracking multiple parameters simultaneously, including
mood, behavior, and cognition, to identify major seizure
precipitants; this is a very important topic among PWE.?
The desire to acquire a holistic view of personal health
trajectories is related to a major need, that of seizure risk
assessment and predi(:tion.30’37 Finally, there is a demand
for devices dedicated to the detection of non-motor sei-
zures, as these seizures may severely affect quality of life
and might often be difficult to fully control.>*%!

Another important feature is reliability and lack of sig-
nificant false detections. Not only do patients and physicians
desire devices that detect seizures with reasonable sensitivity,
but the specificity must also be high. The ratio of true-posi-
tive to false-positive detections must be high. A device that
either triggers an alarm or engages a therapeutic intervention
cannot afford too many false-positive detections. Frequent
false alarms that summon help will lead either to failure to
heed alarms or discontinuation of device use. Frequent ac-
tivation of unnecessary intervention might similarly lead
to discontinuation of device use, although the nature of the
intervention might affect this decision. For example, in the
pivotal trial for a responsive neurostimulation device,®® the
goal was to detect epileptiform activity and then stimulate
cortex to abort seizures. The system parameters detected and
stimulated a median of ~2800 episodes per day, or approxi-
mately 84 000 stimuli per month, in a subject population that
reported a median of 8.7 seizures per month. Although the
detection rate, and hence, stimulation rate, vastly exceeded
seizure frequency (10 000:1 ratio), the benign, asymptom-
atic nature of the intervention makes this detection algorithm
tolerable, and it was proven beneficial. In contrast, a seizure-
detection algorithm that automatically alerts carers or emer-
gency medical services cannot have such low specificity, and
detections must be reliably associated with seizures or the
device could not be used.

5 | WHAT DEVICES FOR
SEIZURE DETECTION AT HOME
ARE CURRENTLY AVAILABLE,
AND WHAT IS THE EVIDENCE
FOR THEIR DETECTION
PERFORMANCE?

We report here a brief market survey conducted at the end of
2019. To identify candidate devices, we searched PubMed
and EMBASE for “(seizure* OR epilep*) AND (detection
OR alarm OR monitor) AND (device* OR technology OR

L] L] ®
Epilepsia—-
mHealth).” We also referred to online seizure-detection
device catalogs (https://aanvalsdetectie.nl/index.shtml and
https://www.epilepsy.com/deviceapedia-listing-page) as
well as our personal knowledge of the field. We excluded
invasive, implanted devices such as NeuroPace,” since such
devices are subjected to intense study and scrutiny. We re-
port here devices aimed at seizure-detection applications,
with either medical device approval, or evidence published
in peer-reviewed journal articles to support claims of sei-
zure-detection performance, or both (Table 2). Moreover, we
evaluated the studies’ key features and the clinical validation
phase of each seizure-detection device based on Reference
40 (Table S1). We encountered numerous devices and sys-
tems marketed for seizure detection that had neither medi-
cal device approval nor published evidence, which we do not
discuss further here. We also do not discuss the large litera-
ture on seizure detection, based on various sensor modalities,
using devices not currently being marketed as seizure detec-
tors. The many devices and systems not mentioned here for
the preceding reasons use mostly sensor modalities similar to
devices discussed later, although automated seizure detection
using video (eg, Ref. 41) is not discussed below, because to
the best of our knowledge there are no such devices currently
on the market. We do not endorse or recommend any of the
devices discussed and we draw attention to the risks that
some devices are being marketed as seizure detectors without
adequate evidence and/or without medical device approval.

6 | DEVICES APPARENTLY
AIMED AT SEIZURE-DETECTION
APPLICATIONS BUT WITHOUT
MEDICAL DEVICE APPROVAL OR
WITHOUT EVIDENCE PUBLISHED
IN PEER-REVIEWED JOURNAL
ARTICLES

6.1 | EmFit

The EmFit (EmFit Corp., Austin TX) is a thin sheet placed
under the bed mattress, which incorporates a piezoelectric
transducer to measure repetitive motion. Device parameters
can be set to allow automated event detection. It does not
have approval or clearance as a medical device. In a study
of 45 subjects in the epilepsy monitoring unit (EMU), 23 of
78 seizures (of all types) were detected by the EmFit, includ-
ing 12 of 16 generalized tonic-clonic seizures (GTCSs).*
False-alarm rate was not reported in this study. In another
study of 14 subjects, EmFit had a median sensitivity of 21%
and a median false alarm rate of 0.03 per night.43 In another
single-center, prospective study conducted in an adult EMU,
comprising 51 patients (3741 recording hours), 16 of 18
GTCSs were detected by the device, with a false-alarm rate
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of 0.13 per day (out-of-bed events were excluded from the
analysis).44

6.2 | EpiHunter

The EpiHunter (EpiHunter, NV) is a single-channel wearable
EEG recorder, consisting of a small amplifier system in a
lightweight box attached to a headband. It has a CE marking
in the European Union as a Class I medical device (Class I
indicates an “inactive” device that touches intact skin only).
It is intended for the automatic detection of absence seizures
using EEG analyzed in real time with an automated detec-
tion algorithm. At the current time there are only conference
presentations of data supporting the algorithm's performance,
tested on a single frontal EEG channel derived from standard
scalp EEG. In eight patients in whom a total of 141 hours of
data were recorded including 279 absences, the system had a
sensitivity of 99.6% with five false alarms per day.45

6.3 | MedPage

The MedPage MP5 (MedPage Ltd) is an under-the-mattress
microphone system intended to record the sound of seizure-
related movements during the night. To the best of the au-
thors’ knowledge, it does not have medical device approval
or clearance. In one study,46 64 patients were studied in the
EMU for a total of 1528 hours, during which time eight
GTCSs were recorded. Five of these eight were detected
(63% sensitivity), with a false-alarm rate of 4.2 per day. In
a pediatric study in the EMU, only one convulsive seizure
was detected by the MP5 device, out of 23 seizures recorded.
False-alarm rate was not reported.47

6.4 | SmartWatch Inspyre

The SmartWatch Inspyre (SmartMonitor) is a wristwatch-
type device containing an accelerometer that detects repeti-
tive motion using an automated algorithm. It does not have
medical device approval or clearance. The first study pro-
spectively assessing performance of this device assessed 40
adults in an EMU. Sensitivity parameters were tested and
fine-tuned on the study investigators (simulating repetitive
movements) and first patients. Seven of eight GTCSs were
detected by the device, and 204 false alarms (due to various
non-seizure-like movements) were generated (false-alarm
rate not reported). Detection latency from onset of the tonic
phase of a GTCS was in the range of 5 to 43 seconds.*® In
another study of 62 patients in the EMU with simultaneous
video-EEG and SmartWatch Inspyre recording, 10 patients
had 13 GTCSs, of which 12 were automatically and correctly

Epilepsia—-
identified by the watch and detection algorithm.49 Forty-nine
other seizure types were recorded, but detection performance
for these other seizures is not reported. A false-alarm rate is
not reported, but 81 false alarms were registered during the
data-collection period. A further study also analyzed device
performance on 41 patients (aged 5 to 41 years), using pre-
defined sensitivity thresholds. Sensitivity was lower than in
previous studies (31% of 51 GTCSs, 16% of all seizures),
and no information on false-positive alarms was described.”
Quality of life measures were assessed in 10 adolescent pa-
tients wearing the SmartWatch for 6 months. Overall, the
wearable device was well accepted, despite barriers related
to technical difficulties, false alarms, and the burden of add-
ing another aspect to their epilepsy care.”!

7 | DEVICES WITH MEDICAL
DEVICE APPROVAL AND EVIDENCE
PUBLISHED IN PEER-REVIEWED
JOURNAL ARTICLES

7.1 | Empatica Embrace

Empatica Inc (Cambridge, MA) have developed wrist-worn
devices with incorporated multimodal sensors (gyroscope,
ACM, EDA, temperature, and photoplethysmography). The
E4 watch is currently marketed for research studies. On the
other hand, the Embrace (incorporating gyroscope, ACM,
EDA, and temperature) runs an embedded machine-learning
algorithm for detection of GTCSs, based on variation in the
detected sensor signals. The wristwatch device links via
Bluetooth to a smartphone app (Alert App) that then alerts
designated caregivers. Embrace received U.S. Food and
Drug Administration (FDA) Section 510(k) clearance as a
Class II device (moderate- to high-risk device) in 2018 for
adults™® and in 2019 for children older than 6 years of age.53
According to its FDA clearance, the Embrace has the follow-
ing indications and functionalities:

“The Embrace is a prescription only device that is indi-
cated for use as an adjunct to seizure monitoring of adults and
children age 6 and up in home or healthcare facilities during
periods of rest. The device is worn on the wrist and senses
Electrodermal Activity (EDA) and motion data to detect pat-
terns that may be associated with generalized tonic-clonic
seizures in patients with epilepsy or at risk of having epi-
lepsy. When a seizure event is detected, Embrace sends a
command to a paired wireless device that is programmed to
initiate an alert to a designated caregiver. The System records
and stores data from Accelerometer, EDA, and Temperature
sensors for subsequent review by a trained healthcare pro-
fessional.”®” In the European Union, this device has Class
IIa clearance, which denotes a noninvasive device-moni-
toring physiological process, but it is notable that this level
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of clearance specifically excludes monitoring physiological
processes where variations could result in immediate danger.

The performance characteristics of Embrace and other
Empatica devices has been described in a number of pub-
lications. In a single-center study, a prototype device mea-
suring EDA and ACM was used in 80 patients in the EMU,
totaling 4213 hours (127 days) of recorded time. A semi—
patient-specific algorithm (trained on recording data from
the seven patients with GTCSs, using leave-one-seizure-out
cross-validation) achieved 94% sensitivity (detecting 15/16
GTC), with a false-alarm rate of 0.74 per day.”> In a multi-
center study of 69 patients during admission to the EMU,* a
total of 5928 hours of data were collected during simultane-
ous video-EEG and signal collection from E3, E4, and iCalm
devices. Therefore, each patient was evaluated for an average
of 3.6 days, which is typical for EMU admission. Of these 69
patients, 22 experienced a total of 55 GTCSs. This is a very
high seizure rate compared to the broad population of PWE™
but is probably typical of patients admitted to the EMU. In
this study, multiple detection algorithms were investigated
offline (not in real time); the best performing algorithm had
a sensitivity of 94.55% (correctly detecting 52 of 55 events)
but also incorrectly detected 50 events as GTCSs when in
fact there had been no seizure (ie, false alarms). This equates
to 0.2 false alarms per day on average. The median latency
between actual seizure onset and algorithmic seizure detec-
tion was 29.3 seconds (range 14.8-151 seconds). From the
detection algorithm, it was also possible to make an estimate
of seizure duration and compare with the seizure duration
estimated from video-EEG data; this comparison showed
a correlation of r = .73, which could be considered highly
correlated.

Of interest, these data were not used in submission for
FDA clearance. A second data set was used, combined with
a single invariant detection algorithm that was identical for
all patients, again evaluating data offline. These data and
the related analysis were intended to provide detection sen-
sitivity of 100%, and are mentioned in a review written by
the Empatica team>® and described in outline in the FDA
submission®® but not separately published in peer-reviewed
literature. These data comprise 6530 hours of simultane-
ous video-EEG and signal collection from the Embrace in
135 patients during EMU admission, including a total of 40
GTCSs. Using an algorithm achieving 100% sensitivity (all
40 seizures were correctly detected), the false-alarm rate was
0.43 per day.

Empatica data described above were all collected in
EMUs. Although approved and indicated only for seizure
detection during periods of rest, data have been presented
at conferences regarding detection performance during out-
patient “real world” experience, including during periods of
activity. In 27 outpatients, a total of 2286 hours of Empatica
sensor data were collected and compared with seizure diary

data collected by the patient and/or caregivers.57 Therefore,
each patient was monitored for an average of 3.5 days. During
this time, a total of 111 GTCSs were recorded in the patients’
seizure diaries, a very high seizure rate. In this study, multi-
ple detection algorithms were evaluated offline and tuned;
the best-performing algorithm achieved sensitivity of 93%
(103 of 111 seizures were correctly detected). Detection sen-
sitivity was lower for events occurring during activity: 40 of
46 events during activity were correctly detected (87%) vs
63 of 65 events during rest (97%). Overall, the false-alarm
rate was 0.58 per day. In another conference presentation,
data were presented from three patients who had collected
Embrace data for more >1 year each.”® In total, the three pa-
tients collected data for 1609 days, experiencing 330 GTCSs
in total, a high seizure rate. Sensitivity was 100% in two pa-
tients and 97% in the third; false-alarm rate varied from 0.11
per day to 0.32 per day. False alarms were all in the daytime,
and only one nocturnal event was missed in the entire data
set. One case has been described of probable sudden unex-
pected death in epilepsy (SUDEP) occurred in a 20-year-old
patient while wearing the Embrace, despite an alarm being
issued by the device.”

7.2 | Brain sentinel SPEAC
The SPEAC device marketed by Brain Sentinel (San Antonio,
TX) is a lightweight box that attaches to an adhesive pad con-
taining three pre-gelled electrodes, which are in turn attached
to the belly of the biceps muscle. It detects surface electro-
myography (SEMG) signals. It is intended to be used dur-
ing rest only. SPEAC was classified as a Class II device by
the FDA following an application under section 513(f)(2) in
2017%° and was cleared under Section 5 10(k) in 2018 for use
in adults.®' The device links via a laptop and router to online
services. According to its FDA clearance,’' the SPEAC Sys-
tem has the following indications and functionalities: “The
SPEAC system is indicated for use as an adjunct to seizure
monitoring in adults in the home or healthcare facilities dur-
ing periods of rest. The system records and stores surface
electromyographic (SEMG) data for subsequent review by
a trained healthcare professional. The device is to be used
on the belly of the biceps muscle to analyze SEMG signals
that may be associated with generalized tonic-clonic (GTC)
seizures. When sEMG signal patterns associated with a uni-
lateral, appendicular, tonic extension that could be associated
with a GTC seizure are detected, the SPEAC system sends
adjunctive alarms to alert caregivers. Adjunctive alarms may
be disabled by a physician order while continuing to record
sEMG data for subsequent review.”

The performance characteristics of the SPEAC system
have been reported in a cohort of 199 patients admitted to
the EMU.%? In these patients, 9237 hours of simultaneous
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video-EEG and SPEAC sEMG data were recorded, including
46 GTCSs. Analyzing data offline, the detection algorithm
correctly detected 35 of 46 GTCS (sensitivity 76%), with a
false-alarm rate of 2.52 per day, and a median latency be-
tween video-EEG seizure onset and event detection by the
SPEAC system of 12.8 seconds (range 0.78-25.1 seconds).
The authors report that during the study it became apparent
that in some cases the device had been improperly placed and
was not correctly attached to the belly of the biceps. Hence,
a subgroup analysis was carried out for the “properly placed”
patients, comprising a subset of 149 patients recorded for a
total of 7369 hours and experiencing in total 29 GTCSs. In
this subset, the sensitivity was 100%, with a false-alarm rate
of 1.52 per day and a median latency for event detection of
13.9 seconds (range 0.78-25.1 seconds). The authors com-
ment that false alarms were not evenly distributed across
subjects and were typically related to movement or loose
connection of electrodes.

In a subset of these data, an algorithm was developed to
automatically estimate the durations of tonic phase, clonic
phase, and total GTCS duration, using frequency components
of the recorded sSEMG signal.63 Compared to human expert
evaluation of these durations using video-EEG data, there
was no significant difference in the durations estimated by
the automated algorithm and the human expert.

A very small real-world experience with SPEAC has
been reported at a conference,* including 20 patients
during a total of 495 days of monitoring either at home or
in a hospital setting. Three GTCSs were detected (one at
home), none of which were reported by the patients; the
sensitivity seizure detection in this cohort compared to
seizure diaries was not reported. False-alarm rate varied
from 0.3-0.5 per day and was adjusted during the study by
physicians.

7.3 | SeizureLink

A second seizure-detection device based on surface elec-
tromyography (EMG), SeizureLink, was formerly known
as Epileptic seizure Detector Developed by IctalCare
(EDDI) and was acquired in 2017 by Brain Sentinel (San
Antonio TX). The device attaches to the patient's biceps
and gives real-time alarms in the occurrence of a convul-
sive seizure, by connecting wirelessly to an audible alarm
monitor or other devices. This device received CE marking
in 2013 (still under the name of EDDI). Its seizure-detec-
tion performance was assessed in an EMU-based prospec-
tive multicenter study involving 71 consecutive patients
with epilepsy and 3928.6 recording hours. The device de-
tected 30 of 32 GTCSs recorded (sensitivity 93.8%), with a
median seizure-detection latency of 9 seconds. False-alarm
rate was 0.67/d.%

Epilepsia—-
7.4 | Nightwatch

The Nightwatch device marketed by Livassured is an arm-
band with a lightweight box incorporated, which includes
sensors for three-axis ACM and PPG. It is intended for
use during night-time sleep. To the authors’ knowledge,
it does not have FDA approval or clearance, but has a CE
mark as a Class I medical device in the European Union.
The Nightwatch uses a combination of change in heart rate
estimated from the PPG signal and motion estimated from
ACM to automatically detect seizures with major motor
components using an embedded algorithm.

In a study of 34 adult outpatients with intellectual dis-
ability living in a long-term care center, 1826 nights of
monitoring with the Nightwatch device and simultaneous
video were recorded, capturing 809 seizures with promi-
nent motor features (generalized tonic-clonic, generalized
tonic lasting >30 seconds, hyperkinetic, or others includ-
ing clusters lasting >30 minutes of short myoclonic/tonic
seizures). Events were recorded in seizure diaries by care-
givers, and in addition, simultaneously acquired video of
all detected events was reviewed by the research team to
establish false-alarm rate. Furthermore, to objectively es-
timate the sensitivity independently of the seizure diaries,
the entire night of video was reviewed for 10% of all nights
of recording. In this study, the device and embedded algo-
rithm achieved a sensitivity of 86% and a false-alarm rate
of 0.25 per night.43

7.5 | Epi-Care Free/Epi-Care Mobile

The Epi-Care device marketed by Danish Care Technology
ApS (Sorg, Denmark) is small lightweight box containing
a three-axis accelerometer attached to a wrist strap. It is
intended to detect GTCS based on motion patterns. When
a seizure is detected, the device triggers an alarm on a
portable base unit (Epi-Care Free) or sends a message to a
caregiver via a wirelessly connected Android smartphone
(Epi-Care Mobile). To the authors’ knowledge, it does not
have FDA approval or clearance, but has a CE mark as a
Class I medical device in the European Union. Seventy-
three patients were studied with video-EEG and Epi-Care
Free in the EMU for a total of 4878 hours, experiencing
a total of 39 GTCSs.% Thirty-five GTCSs were detected
(sensitivity 90%) with 0.2 false alarms per day. In an out-
of-hospital study, 112 users of Epi-Care Free or Mobile
were asked to complete a questionnaire, of whom 71
returned a completed questionnaire. Users reported a
90% median sensitivity and 0.1 false alarms per day, but
an important caveat of this study is that there was no
objective independent of questionnaire

4
responses.3

validation
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TABLE 3 Do currently marketed devices match the needs of users?
Appearance Visibility Intrusiveness Comfort  Usability
Wearable
under the Easily Long
clothes No Automated wearable battery
Familiar Small (under the interactions data and Easy to life (>12 Customization/
Devices shape size Discreet mattress) required collection removable use hours) waterproof
Emfit v n.a. n.a. 4 4 v n.a. n.a. n.a. n.a.
EpiHunter X X X X v v v v X X
MedPage v n.a n.a v v n.a. n.a. n.a. n.a.
SmartWatch v/ v v v v 4 v v v
Inspyre
Empatica v v v v v v v v v v
Embrace
Brain Sentinel y X X X v v v v v X
SPEAC
SeizureLink  y v v v v v v X
Nightwatch X v v 4 4 X
Epi-Care Free v v v v v v X
/ Epi-Care
Mobile

v yes; X no; ? not found; FAR, false alarm rate; n.a., not applicable.

8 | DO CURRENTLY MARKETED
DEVICES MATCH USER NEEDS?

A considerable and growing body of literature has fo-
cused on biosensors for seizure detection, and a number
of consumer-grade devices, readily available for purchase
to patients and caregivers, are promoted as seizures detec-
tors. We compared the requirements and wants of PWE
and caregivers with current market offers. The character-
istics of the devices were evaluated in light of the views
of patients and caregivers. Table 2 summarizes this pro-
cess. For a device to satisfy the need to improve safety
and provide reassurance to self and others, we assume that
automation and continuous real-time detection are essen-
tial requirements. A further assumed requirement is that
they must provide an acceptable above-chance detection
accuracy and an acceptable false-alarm rate (FAR). At
the current time, only a few studies have asked PWE what
would be acceptable sensitivity and FAR for seizure detec-
tion devices.?”*137 Overall, these studies indicate that for
the technology to be acceptable, the detection sensitivity
should be above 90% and the FAR should be limited to
one per week or 0.14 per day, a combination not currently
met by any of the devices considered (Table 3). However,
it seems highly likely that criteria for acceptable perfor-
mance would vary between people. For example, a person
with infrequent seizures might want a high sensitivity and

very low FAR, because if the person has only four seizures
per year, missing even one would be significant and false
alarms every few days would be intolerable, whereas a per-
son with dozens of seizures per year might be willing to ac-
cept several being missed and false alarms every few days.
Furthermore, using seizure-detection devices to satisfy the
need to improve clinical and self-management, evaluate
treatment effectiveness, and guide treatment changes might
not require a high sensitivity or a low FAR: The clinician
needs to know whether there has been objective evidence
of a change in seizure occurrence rate, which requires only
that a change in seizure rate can be reliably detected rather
than accurately detecting every event without false alarms.
Future work should focus on developing rigorous criteria
for acceptable detection accuracy for different seizure rates
and for different use-cases (eg, seizure alarm use-case vs
treatment-monitoring use-case).

A key evidence gap for current devices is their perfor-
mance accuracy for focal-onset seizures (or any seizure type
without major motor features), since almost all evidence is
specific to GTCSs. The authors are aware of several ongo-
ing studies using wearable devices in focal seizures, and evi-
dence in this domain is anticipated soon.

Objective assessment of seizure detection performance
has been carried out somewhat naively in all the published
studies reviewed here. Typically, the detection sensitivity and
false-alarm rate are compared to a gold standard over the same
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Support Detection accuracy
Additional Different High

Confidentiality/ parameters seizure For continuous detection Low FAR (one/
Data privacy Clinical (data (contextual types (night and day) Real time sensitivity week or 0.14/24
policy Technical visualization) information) captured recording detection (=90%) hours)

4 4 4 X 4 X 4 X v

4 4 X X X v 4 4 X

v v n.a. X X X v X X

4 4 4 v/ X 4 4 X X

4 4 4 X X v v 4 X

4 4 4 X X X 4 X X

4 4 4 4 X v 4 4 X

? 4 4 X 4 X 4 X X

4 4 4 X X v 4 v X

time period (usually EMU-based video-EEG, or video only
in some studies, or self-reported seizure diary). No effort is
made to test whether the device performance is above chance,
that is, whether the device and algorithm have a performance
significantly superior to a naive or random detector. For ex-
ample, a device and algorithm can have a high sensitivity by
chance alone if it has a long detection window or a high false-
alarm rate, or both. To assess whether detection performance
is above chance, the detection performance of the device and
algorithm needs to be compared with the detection perfor-
mance of random events similarly distributed in the data. This
is an important evidence gap at the current time.

The opinion of patients and caregivers on specific devices
was assessed in some studies. The possibility of increas-
ing safety and improving the independence of both patients
and caregivers was praised for some devices (SmartWatch
Inspyre,”’ Nightwatch*’) despite concerns about false
alarms and additional burden to epilepsy care (SmartWatch
InspyreSI). Similar studies reported device design and form
to be overall acceptable and comfortable (N ightwatch,43 Epi-
Care Free/ Mobile™) except for specific context (eg, Brain
Sentinel SPEAC during sleepéz).

Overall, the evidence assessed in this work indicates that
PWE put considerable emphasis on the need for devices to
be attractive, comfortable, not obviously “medical” devices,
and to be highly usable and nonintrusive. At the current time,
several of the devices discussed herein do not seem to have

focused on such key features. Nonetheless, there is every pos-
sibility that effective technology could be incorporated into
greatly preferable form factors. Additional important factors
related to data confidentiality and to technical support are less
easy to comment on, since confidentiality requirements may
differ between jurisdictions, and technical support for users is
impossible to evaluate without direct user experience. Finally,
recording the trajectory of additional parameters and contex-
tual information that may act as seizure triggers and precip-
itants is strongly advocated by both patients and caregivers.

9 | CONCLUSION

There is a real need for more reliable ascertainment of sei-
zures, both for diagnostic and therapeutic purposes. At the
current time, several seizure-detection devices have medi-
cal device approval in the United States or Europe (or both)
and have published objective evidence regarding device
performance. Our survey of the literature and devices sug-
gest that many more devices may achieve medical device
approval in the future and may be accompanied by future
published evidence. In addition, there is valuable published
evidence about user needs in this specific setting. This
seems an encouraging starting point and grounds for future
optimism. To meet the needs of people living with epilepsy
and their caregivers and ensure tools that can significantly
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improve their quality of life, future works should focus on
demonstrating the validity and usefulness of data collected
in daily life and real-world conditions, as the majority of the
current evidence is collected from hospital environments.
A joint effort of experts engaged in this field of techno-
logical development and users’ advisory boards is required
to ensure an optimal level of acceptability and usability,
which is a key aspect for patients’ engagement when long-
term use is expected and desired. Finally, to prevent false
assumptions and expectations of perfect seizure-detection
and seizure-risk mitigation, there is a compelling need to
provide the users with balanced information highlighting
both the advantages and disadvantages of each technology.
We anticipate that home seizure detection will open new
avenues to improve both the safety and treatment of people
with epilepsy, with our imagination being the only limiting
factor.

ACKNOWLEDGMENTS

MPR is supported by the NIHR Biomedical Research
Centre at the South London and Maudsley Hospital; the
MRC Centre for Neurodevelopmental Disorders (MR/
N026063/1); the EPSRC Centre for Predictive Modelling
in Healthcare (EP/N014391/1); and an MRC Programme
Grant (MR/K013998/1). EB and MPR are supported by
the RADAR-CNS project (www.radar-cns.org). RADAR-
CNS has received funding from the Innovative Medicines
Initiative 2 Joint Undertaking under grant agreement No
115902. This Joint Undertaking receives support from the
European Union's Horizon 2020 research and innovation
programme and EFPIA, www.imi.europa.eu. This com-
munication reflects the views of the RADAR-CNS consor-
tium, and neither IMI nor the European Union and EFPIA
are liable for any use that may be made of the informa-
tion contained herein. PV and MPR are supported by the
Epilepsy Foundation's Epilepsy Innovation Institute My
Seizure Gauge Project.

CONFLICT OF INTEREST

None of the authors has any conflict of interest to disclose.
We confirm that we have read the Journal's position on issues
involved in ethical publication and affirm that this report is
consistent with those guidelines.

ORCID

Elisa Bruno
Pedro F. Viana
Michael R. Sperling
Mark P. Richardson

https://orcid.org/0000-0001-8166-1190

https://orcid.org/0000-0003-0861-8705
https://orcid.org/0000-0003-0708-6006
https://orcid.org/0000-0001-8925-3140

REFERENCES
1. Sim 1. Mobile devices
2019;381(10):956-68.

and health. N Engl J Med.

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

Coravos A, Khozin S, Mandl KD. Developing and adopting safe
and effective digital biomarkers to improve patient outcomes. NPJ
Digit Med. 2019;2(1):1-5.

Bruno E, Simblett S, Lang A, Biondi A, Odoi C, Schulze-
Bonhage A, et al. Wearable technology in epilepsy: the views of
patients, caregivers, and healthcare professionals. Epilepsy Behav.
2018;85:141-9.

Devinsky O, Spruill T, Thurman D, Friedman D. Recognizing and
preventing epilepsy-related mortality: a call for action. Neurology.
2016:86(8):779-86.

Spencer SS, Berg AT, Vickrey BG, Sperling MR, Bazil CW, Haut
S, et al. Health-related quality of life over time since resective epi-
lepsy surgery. Ann Neurol. 2007;62(4):327-34.

Fisher RS, Vickrey BG, Gibson P, Hermann B, Penovich P,
Scherer A, et al. The impact of epilepsy from the patient’s per-
spective 1. Descriptions and subjective perceptions. Epilepsy Res.
2000;41(1):39-51.

Hoppe C, Poepel A, Elger CE. Epilepsy: accuracy of patient sei-
zure counts. Arch Neurol. 2007;64:1595-9.

Elger CE, Hoppe C. Diagnostic challenges in epilepsy: sei-
zure under-reporting and seizure detection. Lancet Neurol.
2018;17(3):279-88.

Blachut B, Hoppe C, Surges R, Stahl J, Elger CE, Helmstaedter C,
et al. Counting seizures: the primary outcome measure in epileptol-
ogy from the patients’ perspective. Seizure. 2015;29:97-103.
Tatum WO, Winters L, Gieron M, Passaro EA, Benbadis S, Ferreira
J, et al. Outpatient seizure identification: results of 502 patients
using computer-assisted ambulatory EEG. J Clin Neurophysiol.
2001;18(1):14-9.

Cook MJ, O'Brien TJ, Berkovic SF, Murphy M, Morokoff A,
Fabinyi G, et al. Prediction of seizure likelihood with a long-term,
implanted seizure advisory system in patients with drug-resistant
epilepsy: a first-in-man study. Lancet Neurol. 2013;12(6):563-71.
Fattouch J, Di Bonaventura C, Lapenta L, Casciato S, Fanella M,
Morano A, et al. Epilepsy, unawareness of seizures and driving li-
cense: the potential role of 24-hour ambulatory EEG in defining
seizure freedom. Epilepsy Behav. 2012;25(1):32-5.

Chowdhury FA, Nashef L, Elwes RDC. Misdiagnosis in epilepsy:
a review and recognition of diagnostic uncertainty. Eur J Neurol.
2008;15(10):1034-42.

Gutierrez EG, Crone NE, Kang JY, Carmenate YI, Krauss GL,
et al. Strategies for non-EEG seizure detection and timing for
alerting and interventions with tonic-clonic seizures. Epilepsia.
2018;59(Suppl 1):36-41.

Fisher RS, Afra P, Macken M, Minecan DN, Bagi¢ A, Benbadis
SR, et al. Automatic vagus nerve stimulation triggered by ictal
tachycardia: clinical outcomes and device performance-The U.S.
E-37 Trial. Neuromodulation. 2016;19(2):188-95.

Allen J. Photoplethysmography and its application in clinical phys-
iological measurement. Physiol Meas. 2007;28:R1-39.

Boucsein W. Electrodermal activity, 2nd ed. New Yok, NY: Media,
Springer Science & Business; 2012.

Baumgartner C, Koren JP. Seizure detection using scalp-EEG.
Epilepsia. 2018;59:14-22.

Pediaditis M, Tsiknakis M, Leitgeb N. Vision-based motion de-
tection analysis and recognition of epileptic seizures-a systematic
review. Comput Methods Programs Biomed. 2012;108:1133-48.
Nijsen TME, Arends JBAM, Griep PAM, Cluitmans PIM. The po-
tential value of three-dimensional accelerometry for detection of
motor seizures in severe epilepsy. Epilepsy Behav. 2005;7:74-84.



BRUNO ET AL.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Conradsen I, Wolf P, Sams T, Sorensen HBD, Beniczky S. Patterns
of muscle activation during generalized tonic and tonic-clonic epi-
leptic seizures. Epilepsia. 2011;52:2125-32.

Zijlmans M, Flanagan D, Gotman J. Heart rate changes and ECG
abnormalities during epileptic seizures: prevalence and definition
of an objective clinical sign. Epilepsia. 2002;43:847-54.

Poh MZ, Loddenkemper T, Swenson NC, Goyal S, Madsen JR,
Picard RW. Continuous monitoring of electrodermal activity
during epileptic seizures using a wearable sensor. Conf Proc IEEE
Eng Med Biol Soc. 2010;2010:4415-8.

Simblett SK, Bruno E, Siddi S, Matcham F, Giuliano L, Lépez JH,
et al. Patient perspectives on the acceptability of mHealth tech-
nology for remote measurement and management of epilepsy: a
qualitative analysis. Epilepsy Behav. 2019;97:123-9.

Arthurs S, Zaveri HP, Frei MG, Osorio I. Patient and caregiver per-
spectives on seizure prediction. Epilepsy Behav. 2010;19(3):474-7.
van Andel J, Leijten F, van Delden H, van Thiel G. What makes
a good home-based nocturnal seizure detector? A value sensitive
design. PLoS One. 2015;10(4):e0121446.

Van de Vel A, Smets K, Wouters K, Ceulemans B. Automated non-
EEG based seizure detection: do users have a say? Epilepsy Behav.
2016;62:121-8.

Patel AD, Moss R, Rust SW, Patterson J, Strouse R, Gedela S, et
al. Patient-centered design criteria for wearable seizure detection
devices. Epilepsy Behav. 2016;64:116-21.

Ozanne A, Johansson D, Hillgren Graneheim U, Malmgren
K, Bergquist F, Alt Murphy M, et al. Wearables in epilepsy and
Parkinson’s disease-a focus group study. Acta Neurol Scand.
2018;137(2):188-94.

Hoppe C, Feldmann M, Blachut B, Surges R, Elger CE,
Helmstaedter C, et al. Novel techniques for automated seizure reg-
istration: patients’ wants and needs. Epilepsy Behav. 2015;52:1-7.
Tovar Quiroga DF, Britton JW, Wirrell EC. Patient and care-
giver view on seizure detection devices: a survey study. Seizure.
2016;41:179-81.

Simblett SK, Biondi A, Bruno E, Ballard D, Stoneman A, Lees S,
et al. Patients’ experience of wearing multimodal sensor devices in-
tended to detect epileptic seizures: a qualitative analysis. Epilepsy
Behav. 2020;102:106717.

van Andel J, Leijten F, van Delden H. What makes a good home-
based seizure detection device?: a value sensitive design. Epilepsy
Curr. 2014;14(Suppl 1):448.

Meritam P, Ryvlin P, Beniczky S. User-based evaluation of ap-
plicability and usability of a wearable accelerometer device for
detecting bilateral tonic-clonic seizures: a field study. Epilepsia.
2018;59(Suppl 1):48-52.

Kostkova P, Brewer H, de Lusignan S, Fottrell E, Goldacre B, Hart
G, et al. Who owns the data? Open data for healthcare. Front Public
Health. 2016;4:7.

Davis MM, Freeman M, Kaye J, Vuckovic N, Buckley DI. A sys-
tematic review of clinician and staff views on the acceptability of
incorporating remote monitoring technology into primary care.
Telemed J E Health. 2014;20(5):428-38.

Schulze-Bonhage A, Sales F, Wagner K, Teotonio R, Carius A,
Schelle A, et al. Views of patients with epilepsy on seizure predic-
tion devices. Epilepsy Behav. 2010;18(4):388-96.

Heck CN, King-Stephens D, Massey AD, Nair DR, Jobst BC,
Barkley GL, et al. Two-year seizure reduction in adults with med-
ically intractable partial onset epilepsy treated with responsive

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

Epilepsia-1-*
neurostimulation: final results of the RNS System Pivotal trial.
Epilepsia. 2014;55(3):432-41.

Geller EB. Responsive neurostimulation: review of clinical trials
and insights into focal epilepsy. Epilepsy Behav. 2018;88S:11-20.
Beniczky S, Ryvlin P. Standards for testing and clinical validation
of seizure detection devices. Epilepsia. 2018;59(Suppl 1):9-13.
Geertsema EE, Thijs RD, Gutter T, Vledder B, Arends JB,
Leijten FS, et al. Automated video-based detection of noctur-
nal convulsive seizures in a residential care setting. Epilepsia.
2018;59:53-60.

Poppel KV, Fulton SP, McGregor A, Ellis M, Patters A, Wheless
J, et al. Prospective study of the Emfit movement monitor. J Child
Neurol. 2013;28:1434-6.

Arends J, Thijs RD, Gutter T, Ungureanu C, Cluitmans P, van Dijk
J, et al. Multimodal nocturnal seizure detection in a residential care
setting: a long-term prospective trial. Neurology. 2018;91(21):e20
10-e2019.

Narechania AP, Gari¢ II, Sen-Gupta I, Macken MP, Gerard EE,
Schuele SU, et al. Assessment of a quasi-piezoelectric mattress
monitor as a detection system for generalized convulsions. Epilepsy
Behav. 2013;28(2):172-6.

Loeckx D, Buckinx T, Lagae L. Validation of automatic ab-
sence seizures detection in single-lead frontal EEG. Epilepsia.
2019;60:197.

Carlson C, Arnedo V, Cahill M, Devinsky O. Detecting nocturnal
convulsions: efficacy of the MP5 monitor. Seizure. 2009;18:225-7.
Fulton S, Poppel KV, McGregor A, Ellis M, Patters A, Wheless J,
et al. Prospective study of 2 bed alarms for detection of nocturnal
seizures. J Child Neurol. 2013;28(11):1430-3.

Lockman J, Fisher RS, Olson DM. Detection of seizure-like
movements using a wrist accelerometer.
2011;20(4):638-41.

Velez M, Fisher RS, Bartlett V, Le S. Tracking generalized ton-
ic-clonic seizures with a wrist accelerometer linked to an online
database. Seizure. 2016;39:13-8.

Patterson AL, Mudigoudar B, Fulton S, McGregor A, Poppel
KV, Wheless MC, et al. SmartWatch by SmartMonitor: assess-
ment of seizure detection efficacy for various seizure types in
children, a large prospective single-center study. Pediatr Neurol.
2015;53(4):309-11.

Thompson ME, Langer J, Kinfe M. Seizure detection watch im-
proves quality of life for adolescents and their families. Epilepsy
Behav. 2019;98(Pt A):188-94.

Department of Health and human services. U.S. food and drug ad-

Epilepsy Behav.

ministration. Embrace, section 510(k) clearance for adults, 2018.
[cited 2019 Nov 22]. Available from https://www.accessdata.fda.
gov/cdrh_docs/pdf17/K172935.pdf

Department of Health and human services. U.S. food and drug ad-
ministration. Embrace, section 510(k) clearance for children, 2019.
[cited 2019 Nov 22]. Available from https://www.accessdata.fda.
gov/cdrh_docs/pdf18/K181861.pdf

Onorati F, Regalia G, Caborni C, Migliorini M, Bender D,
Poh M-Z, et al. Multicenter clinical assessment of improved
wearable multimodal convulsive seizure detectors. Epilepsia.
2017;58:1870-9.

Moran NF, Poole K, Bell G, Solomon J, Kendall S, McCarthy M, et
al. Epilepsy in the United Kingdom: seizure frequency and sever-
ity, anti-epileptic drug utilization and impact on life in 1652 people
with epilepsy. Seizure. 2004;13:425-33.



“ L Epilepsia

56.

57.

58.

59.

60.

61.

62.

BRUNO ET AL.

Regalia G, Onorati F, Lai M, Caborni C, Picard RW. Multimodal
wrist-worn devices for seizure detection and advancing research:
focus on the Empatica wristbands. Epilepsy Res. 2019;153:79-82.
Caborni C, Migliorini M, Onorati F, Regalia G, Picard RW.
Tuning decision thresholds for active/rest periods significantly
improves seizure detection algorithm performance: an evalua-
tion using Embrace Smartwatch on outpatient settings. Epilepsia.
2017;58:598-S99.

Onorati F, Caborni C, Guzman MF, Regalia G, Picard RW.
Performance of a wrist worn multimodal seizure detection system
for more than a year in real life settings. Epilepsia. 2018;59(S3):S81.
Picard RW, Migliorini M, Caborni C, Onorati F, Regalia G,
Friedman D, et al. Wrist sensor reveals sympathetic hyperac-
tivity and hypoventilation before probable SUDEP. Neurology.
2017;89(6):633-5.

Department of Health and human services. U.S. food and drug
administration. Brain Sentinel Monitoring and Alerting System,
class II clearance, 2017 [Internet]. [cited 2019 Nov 22]. Available
from  https://www.accessdata.fda.gov/cdrh_docs/pdf14/DEN14
0033.pdf

Department of Health and human services. U.S. food and drug
administration. SPEAC® System, section 510(k) clearance, 2019
[Internet]. [cited 2019 Nov 22]. Available from https://www.acces
sdata.fda.gov/cdrh_docs/pdf18/K182180.pdf

Halford JJ, Sperling MR, Nair DR, Dlugos DJ, Tatum WO, Harvey
J, et al. Detection of generalized tonic-clonic seizures using surface
electromyographic monitoring. Epilepsia. 2017;58(11):1861-9.

63.

64.

65.

66.

Cardenas DP, Halford JJ, Whitmire LE, Morgan LC, Lie OV, Jetter
GM, et al. Automated processing of single-channel surface electro-
myography from generalized tonic-clonic seizures to inform semi-
ology. J Clin Neurophysiol. 2020;37(1):56-61.

Whitmire L, Voyles S, Cardenas D, Cavazos J. Diagnostic utility of
continuous SEMG monitoring in a home setting - real-world use of
the SPEAC system (P4.5-012). Neurology. 2019; 92:5-12.
Beniczky S, Conradsen I, Henning O, Fabricius M, Wolf P.
Automated real-time detection of tonic-clonic seizures using a
wearable EMG device. Neurology. 2018;90(5):e428-e434.
Beniczky S, Polster T, Kjaer TW, Hjalgrim H. Detection of gen-
eralized tonic-clonic seizures by a wireless wrist accelerometer: a
prospective, multicenter study. Epilepsia. 2013;54(4):e58-61.

SUPPORTING INFORMATION
Additional supporting information may be found online in
the Supporting Information section.

How to cite this article: Bruno E, Viana PF, Sperling
MR, Richardson MP. Seizure detection at home: Do
devices on the market match the needs of people
living with epilepsy and their caregivers?. Epilepsia.
2020;00:1-14. https://doi.org/10.1111/epi. 16521




