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ABSTRACT

The research presented in this thesis contributes to the evaluation and future evolution of
wearable epilepsy seizure monitoring devices with a systematic literature review and three
research studies that include two device evaluation studies, and a survey of stakeholder
opinions and experiences of wearable epilepsy monitoring devices.

The thesis comprises background literature relevant to epilepsy, wearable technology, seizure
monitoring and device evaluation. This review is followed by chapters for the systematic
literature review and the three research studies.

The systematic review is focused on evaluations of wearable epilepsy seizure monitors in the
academic literature. It demonstrates that although there are over 3000 works in the literature
proposing and evaluating novel and incremental approaches to epilepsy seizure detection,
there are very few that report evaluations of available devices and, amongst studies that do
report evaluations, there is a lack data for important metrics such as false alarm rates as well
as other details that would support reproducibility.

The first device evaluation study contributes an assessment of the ‘photoplethysmography’
optical heart rate performance of the medical-grade Empatica E4 data streaming wrist-worn
wearable that is based on the Empatica Embrace epilepsy monitor. Heart rates were acquired
from the E4 and a reference electrocardiogram (ECG) chest strap monitor for four participants
during treadmill walking and 12 hours of free-living. Mean Absolute Percentage Errors
(MAPEs) and correlations are reported and demonstrate variable performance that includes
negative correlation with the reference. This finding contributes insights into the poor seizure
detection performance of studies that have relied on wrist-worn heart rate sensing during
motor seizures.

The second study reports device evaluation results for the Empatica Embrace wrist-worn
seizure monitor. No other studies in the literature have evaluated the interfaces of wearable
seizure monitors. Eight of the Embrace display indications were assessed for ‘guessabilty’ by
fourteen computer science participants who also performed a heuristic evaluation of the
interface. The guessability results demonstrate confusion between different interface
indications. The heuristic evaluation identified i) concerns about accessibility and reliance on
recall and ii) satisfaction in terms of the minimal aesthetic of a simple light pattern interface.

The third and final study reports opinions and experiences of wearable epilepsy monitors
reported by 61 respondents comprising 36 individuals with epilepsy, 14 carers, and 11
healthcare professionals. Overall, survey responses indicate that stakeholders have mixed
opinions of wearable epilepsy seizure monitors and a degree of concern, particularly in terms
of false alarms, missed seizures and other aspects of device reliability, as well as concerns
about costs.
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CHAPTER 1
INTRODUCTION

This chapter outlines the background and motivation for the research and summarises the
research questions and original contributions before closing with a summary of the thesis
structure.

1.1. Background

Epilepsy is a neurological disorder marked by abnormal electrical discharges in the brain that
can induce epileptic seizures; states of altered or diminished consciousness and involuntary
body movements [Merriam-webster, 2020]. Epileptic seizures that involve body movement
can induce significant injuries. Additionally, sudden unexpected death in epilepsy (SUDEP)
occurs in 1 in every 1000 individuals with epilepsy per year [Epilepsysociety.org.uk, 2021].

Epileptic seizures can be triggered by stimuli, for example, flashing lights and sudden noises
or fever, lack of sleep, tiredness, or stress and avoiding these triggers can help reduce seizures
[Epilepsy Society, 2020]. Individuals with epilepsy are typically prescribed Anti-Epileptic Drugs
(AEDs) however, more than 30% of individuals with epilepsy experience drug-resistant
seizures [Sheng et al., 2018].

In clinical practice, electroencephalography (EEG) is used to diagnose and assess epileptic
conditions, but EEG sensing is not practicable in everyday living, and research into wearable
EEG monitoring [Casson, 2019] is at an early stage. Wearable monitoring devices for real-
world seizure monitoring could benefit the hailing of timely care for individuals and also
provide data to inform care and manage their treatment. Seizure monitoring devices based
on consumer-grade health trackers are now becoming available. These devices typically
incorporate electrodermal activity (EDA) sensors, tri-axis accelerometers, and skin
temperature and optical heart rate sensors.

1.2. Research Motivation

The research reported in this thesis was motivated by the lack of evaluations of wearable
epilepsy monitors reported in the literature. Although there are many studies evaluating
novel and incremental approaches to epilepsy seizure detection, relatively few report
evaluation data. In particular, there is a lack of research reporting evaluations based on real-
world use of wearable seizure monitors, a lack of independent research evaluations, a lack of
usability and qualitative evaluations, and a lack of rigour in data reporting.



1.3. Research Questions
The research questions that guided the research are as follows:

Q1. What evaluation evidence for available wearable epilepsy seizure monitors is reported
in the academic literature?

Q1.1 What methods are used?
Q1.2 What evaluation data is reported?

Q2. How accurate and reliable are the wearable sensors used for epilepsy seizure
monitoring?

Q3. To what extent do wearable user interface designs affect usability?

Q4. What are user and stakeholder opinions and experiences of wearable devices for
epilepsy seizure monitoring?

1.4. Original Contributions
The original contribution of this thesis are as follows:

A systematic literature review demonstrating a lack of evaluations of available wearable
seizure monitoring devices, a lack of details in reported studies, a lack of qualitative
studies and a lack of evaluations based on real-world use of devices. The work was
published in MDPI Electronics, 9(6), p.968, Evaluation of Wearable Electronics for
Epilepsy: A Systematic Review. [Rukasha, T., Woolley, S., Kyriacou, T. and Collins, T, 2020].

The first empirical device study contributes a heart rate performance evaluation of a data-
streaming Empatica E4 device (a device based on the Empatica Embrace seizure monitor).
The work was presented at the CHASE 2020: The Fifth IEEE/ACM Conference on
Connected Health: Applications, Systems, and Engineering Technologies, December 2020,
in Washington D.C., USA. Heart Rate Performance of a Medical-Grade Data Streaming
Wearable Device [Rukasha, T., Woolley, S. and Collins, T, 2020].

The second empirical study reports device interface evaluation results for the Empatica
Embrace wrist-worn epileptic seizure monitor. The work was published in ACM, p.12-16,
and presented at the UbiComp/ISWC '20: 2020 ACM International Joint Conference on
Pervasive and Ubiquitous Computing Virtual Event in Mexico (pp. 110-114). Wearable
Epilepsy Seizure Monitor User Interface Evaluation and Evaluation of the Empatica
‘Embrace’ Interface [Rukasha, T., Woolley, S. and Collins, T, 2020].

The third study contributes an unpublished survey of stakeholder opinions and
experiences of epilepsy seizure monitoring devices.



1.5. Structure of the thesis
The thesis is presented as follows:

Chapter 1 presents a summary of the research background and motivation, the research
qguestions, and the original contribution.

Chapter 2 surveys the background literature relevant to epilepsy, wearable technology,
seizure monitoring, and device evaluation.

Chapter 3 presents a systematic review of wearable electronics for epilepsy seizure detection.

Chapter 4 presents heart rate performance evaluations for the Empactica E4 data-streaming
wearable device (a device based on the Empatica Embrace seizure monitor).

Chapter 5 presents the results of a ‘guessability’ experiment and a heuristic evaluation of the
Empatica Embrace seizure monitor user interface.

Chapter 6 presents a survey of stakeholder opinions and experiences based on questionnaires
for i) individuals with epilepsy, ii) carers, and iii) healthcare professionals. These
guestionnaires were made available via the Epilepsy Action charity website.

Chapter 7 presents the summary and conclusions from the research and provides future
research ideas.



CHAPTER 2
BACKGROUND LITERATURE REVIEW

2.1. Introduction

This chapter surveys the background literature relevant to epilepsy, wearable technology,
seizure monitoring, and device evaluation.

2.2. Epilepsy

Epilepsy is a neurological disorder affecting 50 million people worldwide [WHO. Epilepsy,
2019]. While seizures can be controlled with anti-epileptic drugs (AEDs), more than 30% of
individuals with epilepsy have drug-resistant seizures [Sheng et al., 2018]. The timely
detection of seizures is important in hailing assistance that can reduce the potential for
injuries and SUDEP events [Van de Vel et al., 2016, Van Andel et al., 2016].

The onset of epileptic seizures is associated with autonomic changes, for example, flushing
and sweating [Wannamaker et al., 1985, Baumgartner et al., 2001] that have the potential to
be detected by temperature and EDA sensors. But seizure types and their presentation vary
considerably. Convulsive seizures involve repeated involuntary contractions and relaxations
of muscles that appear as repetitive, rhythmic, and shaking motions. This motor activity
makes them potentially recognisable with accelerometer sensors. In contrast, nonconvulsive
seizures can be difficult to detect and they can appear as simple absences or losses in muscle
strength.

Seizure types and presentations is summarised below:

e Tonic Seizures (TS) are associated with contractions of the muscles.

e  Clonic Seizures (CS) are associated with repeated contractions and relaxation of muscles.
« Tonic-Clonic Seizures (TCS) associated with stiffening followed by shaking.

*  Myoclonic Seizures (MS) are associated with twitching regions of muscles.

e Atonic seizures are associated with loss of muscle strength.

o Absence seizures are associated with individuals appearing detached or inattentive.

The management and treatment of epilepsy relies on the assessment of seizure presentation
and frequency, but patient self-reports and carer recall can be unreliable [Bruno et al., 2018]
and patient seizure diaries can underestimate seizure frequency [Meritam et al., 2018, Fisher
et al., 2012]. In a review of seizure reporting technologies Bidwell et al. [2015], highlighted “a
strong need for better distinguishing between patients exhibiting generalized and partial
seizure types as well as achieving more accurate seizure counts”.

2.3. Epilepsy Triggers and Auras

Epilepsy triggers vary from person to person. For some people knowing their seizure triggers
enables them to reduce the number of seizures they experience. Examples of seizure triggers



include tiredness and lack of sleep, stress, alcohol, not taking medication flashing lights,
missing meals, and illnesses that raise body temperature [Epilepsy Society, 2020, Epilepsy
Action, 2020].

An aura is a feeling/warning an individual with epilepsy may experience before a seizure.
There are different types of auras (olfactory aura, visual aura, sound aura, somatosensory
aura, temperature aura). An example of an aura is the smell of a putrid odour of burned or
rotten fish [Acharya et al., 1998].

2.4. Anti-Epileptic Drugs (AEDs)

Anti-epileptic drugs (AEDs) are prescribed to individuals with epilepsy to control seizures and
are effective for 70% of individuals [Sheng et al., 2018]. However, AEDs do not cure epilepsy
and they cannot stop a seizure once it has started [Epilepsy Society, 2020]. Additionally, AEDs
are associated with side effects including dizziness, drowsiness, fatigue, unsteady walking,
slurred speech, nausea, and acne. Some neurological side effects are more serious than
others, for example, “permanent vision loss, anaemia, and liver failure and shedding of skin”
[Stacey et al., 2008]. Where AEDs do not stop seizures, other treatment can be attempted.
For example, neurosurgery or medical-dietary treatment such as the ketogenic diet may be
considered on their own or alongside AED treatment [Epilepsy Society, 2020].

2.5. Seizure Monitoring Devices

For epileptic individuals, the hailing of timely care with automated messages at seizure onset
has the potential to reduce injuries and, potentially, save lives. Epilepsy seizure detection,
patient monitoring and wearable technology are active areas of research.

2.5.1. Stakeholder Attitudes and Preferences

A qualitative study on patient views of seizure prediction devices conducted by Schulze-
Bonhage et al. [2010], reported that 94% of their participants preferred wearable monitoring
devices but were opposed to EEG or intracranial electrodes. Additionally, a study conducted
by Hoppe et al. [2015] exploring attitudes and preferences about future devices for seizure
detection, reported 90% acceptability for wrist-worn devices as compared to 68%
acceptability for “intelligent clothes” and 30% acceptability for “scalp electrodes”. Similarly, a
qualitative study on multimodal sensor devices conducted by Simblett et al. [2020] reported
wearable sensors to be preferable to EEG sensors.

Individuals with epilepsy and carers may be willing to use wearable devices for continuous
long-term monitoring [Bruno et al., 2020], but they have concerns about device appearance
and stigmatisation, and this influences device acceptance [Beck et al.,, 2020]. However,
individuals with epilepsy are “willing to use wearables based on the hope that the technology
will validate their seizures” in everyday living at home without the need for hospitalization
[Beck et al., 2020].



A gqualitative study on the needs and preferences of patients and caregivers conducted by
Herrera-Fortin et al. [2021], reported that 82% of caregivers considered using wearable
devices for continuous patient seizure monitoring, and over 50% of individuals with epilepsy
and carers were willing to use a wrist-worn monitor continuously. A few individuals with
epilepsy and carers were not so willing to wear smart clothing, a band worn around the torso,
a band worn around the arm, or a leg, headband/hat, camera, microphone, and electrode
glued to the skin [Herrera-Fortin et al., 2021].

2.5.2. Consumer Epilepsy Monitors

There has been long-standing interest from individuals and carers in consumer-grade at-home
devices that can detect and monitor epilepsy seizures during the day and night. Figure 2.1
shows examples of Google shopping results for epilepsy seizure monitoring devices, for
example, mattress sensors (which, as non-wearable sensors, are beyond the scope of this
research), with prices ranging from less than £200 to more than £1000. There are also some
wearable devices designed to detect seizures and alert caregivers.
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Figure 2.1: Examples of Google shopping results for epilepsy seizure monitoring devices and
prices from May 2021.



2.5.3. Wearable Seizure Sensors, Devices and Challenges

Wrist-worn wearable health trackers have increased in popularity in the last decade. For
example, Fitbit and Garmin devices are popular for activity tracking, step counting, and heart
rate monitoring. Data-streaming versions of these types of wrist-worn devices are also
available to researchers, for example, the Empatica E4 wristband and the Biovotion (now
Biofourmis) Everion. Like the consumer-grade devices, these devices typically incorporate
temperature sensors, conductivity sensors for electrodermal activity (EDA), three-axis
accelerometers, and LEDs and photodiodes for photoplethysmography (PPG) pulse wave
detection. Wearable epilepsy seizure monitors based on wrist- and arm-worn sensor
configurations, as illustrated in Figure 2.2, are now available to detect and report seizures
and alert carers. These devices also typically incorporate accelerometers and EDA, heart rate
and temperature sensors and, sometimes, gyroscopes and GPS receivers to detect rotational
movement and location, respectively.

(@) (b) (c)

Figure 2.2: Wearables and apps for epilepsy seizure detection.

(a) Wrist-worn sensing device and companion app.
(b) App using sensed data from a compatible consumer wrist-worn tracker.
(c) Non-wrist wearable with a base station.

Signals detected from sensors can be used to detect seizures and ‘preictal’ periods before
seizures and can also be used to locate, report, and log seizure events. However, it is difficult
to reliably detect seizures in everyday life [Johansson et al., 2018], because it is very difficult
to disambiguate seizures from the many normal (seizure-like) rhythmic movements of
everyday living, such as teeth brushing. These everyday seizure-like movements can result in
false alarms that may require repeated and prompt cancellations throughout the day,
distracting the wearer and, potentially, disincentivising use.

Epilepsy seizures such as absence seizures and complex partial seizures (which can appear
similar to absence seizures but affect only one brain lobe) are especially challenging to detect.
In a study conducted by Elger & Hoppe [2018] on diagnostic challenges in epilepsy, the
authors reported that all available techniques for monitoring seizures with subtle motor signs
have limitations. They observed that the automatic detection of seizures such as complex
partial seizures “will require multimodal approaches that combine the measurement of ictal
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autonomic alterations (e.g., heart rate) and of characteristic movement patterns (e.g.,
accelerometery)”.

2.5.4. Available Wearable Seizure Monitors

Table 2.1 summarises available wearable seizure-detecting devices, for example, the Brio
epilepsy monitor detects heart rate changes (at the time of writing, £499) [Epilepsy Alarms,
2019], Epilert (price on inquiry) [Epilert.io, 2020], PulseGuard (subscriptions from £250 and
£675) [Alert-it Care Alarm Technology, 2019], and the Open Seizure Detector App (free)
[Open Seizure Detector, 2021] for use with specified consumer-grade wearables such as the
Garmin smartwatch. Wearable seizure-detecting devices that are available also include the
Embrace seizure-detecting wrist-worn sensor, developed by Empatica [Empatica Inc, 2020].
Embrace is a maturing product that is sold with a monthly alert service subscription
(subscriptions, at the time of writing, are £9.90 — £44.90 per month). Empatica also markets
an ‘E4’ (previously ‘E3’) data-streaming version of their Embrace device that provides
researchers with access to the raw sensor data that can be used to test seizure-detecting
algorithms. The Empatica E4, at the time of writing, is an FDA-approved class 2a medical-
grade device which, Empatica reports, has been used in ‘over 1000 studies and trials’
[Empatica Inc. 2020]. It is a data streaming device similar to the Embrace, comprising PPG,
temperature, EDA, and accelerometer sensors, and is used by researchers for physiological
data acquisition for a variety of healthcare applications, as well as for epileptic seizure
detection research.

Also, as shown in Table 2.1, other devices reported in the literature include the Epi-Care free
[Danish Care Technology, 2020], NightWatch [LivAssured, B.V (NightWatch), 2020], and
SmartWatch [Smart Monitor (SmartWatch Inspyre), 2020]. Epi-Care free is a wrist-worn (or
ankle-worn) sensor incorporating an accelerometer, gyroscope, and GPS to detect seizure
motor activity and send alerts to family members or telecare services (subscriptions, at the
time of writing, are £1399 and £1519 per year). The NightWatch sensor is an armband
wearable that senses pulse and activity to detect and report nocturnal seizures, the device
was not available to purchase, it was just for people to use and provide feedback, now it is
available for purchase through the Epilepsy Alarms webpage (at the time of writing, are
£1249). The Smart Monitor’s SmartWatch is a seizure detector that makes use of wearable
heart rate and activity data (originally from prototype wearable devices and now the app,
named ‘Inspyre’, can access data from compatible Apple and Samsung Galaxy and Gear
watches) and summon help to the GPS location of the wearer (subscriptions, at the time of
writing, are from £9.99 to £29.99 per month).



Table 2.1: Wearable epilepsy detection devices/apps.

Wearable device Sensors Manufacturer/ Software/ Hardware Device Price
Supplier Applications Examples
E4/ Embrace 2 PPG Empatica Inc./Srl, | Alert App Wristband E4 $1690.
Temperature USA/ Italy) Mate App Bluetooth Embrace 2
EDA connectionto | $249
Accelerometer a smartphone
Gyroscope Changing
(Embrace 2) dock
USB Cable
Smart Monitor 3-axis Smart Monitor, Smart monitor Wristband Samsung Frontier
(SmartWatch Accelerometer USA App £279.99-£301.49.
Inspyre App) Heart rate Web Portal Changing Samsung Galaxy
dock Watch Active
£219.99-£241.49.
Apple or Samsung Gear
Android Sport
Phone £249.99-£271.49.
Pulse Companion
£599.00
Epi-Care free 3-axis Danish Care Epi-Care App. Wristband Epi-Care mobile.
accelerometer Technology ApS, Smartphone £1519.
Denmark Pager Epi-Care standard
£1399
PulseGuard Accelerometer Alert-it Care Sends alerts to a Wristband PulseGuard Mk-II
Heart rate Alarm pager. Pager Package £675.00.
Technology, UK iPad PulseGuard Mk-II
Package £25.00
Brio Heart rate Epilepsy Alarms, Wristband £449
UK
NightWatch PPG LivAssured B.V., Night watch Armband £1249
Accelerometer Netherlands/ online portal
Epilert Heart rate Epilert Epilert App Wristband Price on enquiry
Temperature USA Smartphone
Accelerometer
EDA
Open Seizure Accelerometer Open Seizure Open Seizure Wristband Open-source
Detector (App) Detector Detector phone Apple or
app Android
Phone

2.6. Wearable Sensing Performance

Optical heart rate acquisitions from wrist-worn PPG sensors are known to lack reliability
during periods of activity due to the interfering effects of motion artefacts [Oniani et al., 2018,
Couceiro et al., 2014]. But despite accuracy concerns, the opportunity to achieve continuous,
unobtrusive, low-cost patient monitoring and to incentivize patients toward positive health
behaviours has resulted in many clinical research and healthcare applications of consumer-
grade wearables, despite manufacturers not making no medical device claims [Oniani et al.,

2018].

Bent et al. [2020] conducted a study on “investigating sources of inaccuracy in wearable
optical heart rate sensors” and reported wearable heart rate recording accuracies of
consumer-grade (Fitbit Charge 2, Apple Watch 4, Garmin Vivosmart 3, and Xiaomi Mi Band)
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and ‘research-grade’ data-streaming wearables (Everion and Empatica E4) and observed that
“absolute error during activity was, on average, 30% higher than during rest” and “Consumer-
grade wearables were found to be more accurate than research-grade wearables at rest.”
Walking activity was reported to result in heart rate estimates above the true heart rate and
typing activity was reported to result in heart rate estimates lower than the true heart rate.
Wearing devices too tightly was also reported to affect the performance.

Although not directly within the scope of this research it is interesting that the work of Bent
et al. [2020] has been recently criticised by Colvonen [2021]. Bent et al. [2020] had reported
that “Overall, we did not find statistically significant differences in HR or HRV accuracy across
skin tones.” Colvonen criticised the study methodology including the small number of
participants and the use of a subjective skin tone scale, and commented that the finding is in
contrast to previously reported studies finding wearables using green light technology had
larger errors rates in tracking heart rate and energy expenditure for individuals with darker
skin tones, especially if exercising stating that “/ am concerned their findings on skin tone are
not accurate and will be used to limit or misrepresent future research on inaccuracies of skin
tone in wearable devices”. Concerns about technology performances for persons of colour
have also been reported by Hankerson et al. [2016].

Data Missingness

Data missingness occurs when devices fail to log sensed data. Missingness has been reported
to be caused by ‘technical errors’ (for example, signal reception failures) and human factors
(for example, patients shifting the device because of discomfort) [Ramgopal et al., 2014,
Leijten., 2018, Johansson et al., 2018]. Missingness is a problem that is increasingly
recognised, but few studies quantify the missingness [Collins et al., 2021].

Missingness is calculated from actual samples and expected samples. The calculation used to
determine missingness (%) is shown below.

Missingness % = 100 — Actual # Samples/Expected # Samples * 100 (1)

Bent et al [2020], reported the heart rate missingness for the Fitbit Charge 2, Apple Watch 4,
and Xiaomi Mi Band 3. Missingness was “mostly unchanged between rest and activity for the
Apple Watch”. During physical activity, missingness was highest for the Fitbit Charge 2 (10.4%)
and lowest for the Xiaomi Mi Band 3 (-14.2% which was negative because samples exceeded
the expected number for the specified sampling rate). At rest, the missingness was highest
for the Fitbit Charge 2 (18.7%) and lowest for the Apple Watch 4 (2.7%). Epilepsy Seizure
Detection Performance Metrics

Figure 2.2 summarises seizure detections in terms of true/false and positive/negative
outcomes and the related sensitivity, specificity, positive predictive value (PPV), and negative
predictive value (NPV), and the associated formulae, including the false alarm rate (FAR), is
summarised in Equations (1) — (6). PPV is also known as precision.
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Sensitivity = TP/ (FN + TP)
Specificity = TN/ (TN + FP)
Positive Predictive Value (PPV) = TP/ (TP + FP)
Negative Predictive Value (NPV) = TN/ (FN + TN)
Accuracy = (TP +TN)/ (TP + TN + FP + FN)

False Alarm Probability = FP/day

Epileptic seizure

(2)
(3)
(4)
(5)
(6)
(7)

Condition Condition
positive negative

= N o
£ Seizure detection | True Positive False Positive Lemnveprahotys
3 ositive (TP) (FP) value (PPV)
g ? =TP/(TP + FP)
7]
g
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>
&
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Figure 2.3: Seizure detection performance metrics.

2.7. Wearable Interface Design

Clear communication of detected seizures is important. A correctly interpreted wearable
seizure monitor display could provide important information to individuals and carers about
possible seizures, and also remove some of the burden and worries about seizure reporting.

Wrist-worn devices have small screen sizes which limits the amount of information that can
be displayed. Human-Computer Interaction (HCI) researchers have suggested some ways to
improve the user experience of wrist-worn devices, for example.

A study conducted on interface design by Motti et al. [2016], reported “current work either
lack user studies or are limited to user tests in controlled environments usually conducted with
a small sample of participants in a laboratory setting. By being executed in controlled
environments, little is known about the user interaction in the wild.” The authors also reported
that participants concern such about device battery power (low durability, charging, and
problems during setup) and overall quality (e.g., fragile, not sturdy, bulky).
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A qualitative analysis of epilepsy patient opinions of wearables conducted by Simblett et al.
[2020] reported that for the devices to be widely adopted, they must be acceptable and easy
to use for patients. The presence of wires, bulky size, discomfort, and need for support, make
devices less appealing with opinions strongly influenced by how visible the device was, whilst
wearing it in public.

2.8. Heuristic Evaluation

Heuristic evaluation is a usability inspection method where expert evaluations examine a user
interface, heuristics are suitable for evaluating and examining most user interfaces for design
problems, by judging their compliance with a set of principles [Hermawati et al., 2016, Aitta
et al., 2008].

Jakob Nielsen's ten usability heuristics [Nielsen et al., 1994] are a set of established and
popular heuristics consisting of 1) visibility of system status, 2) match between system and
the real world, 3) user control and freedom, 4) consistency and standards, 5) error prevention,
6) recognition rather than recall, 7) flexibility and efficiency of use, 8) aesthetic and minimalist
design, 9) help users recognize, diagnose, and recover from error, and 10) help and
documentation.

2.9. Thematic Analysis

Thematic analysis is a common form of qualitative analysis. The processes are summarised in
Table 2.2 which shows the phases of thematic analysis [Braun, V. and Clarke, V., 2006].

Table 2.2: Phases of thematic analysis [Braun, V. and Clarke, V., 2006].

Phase Description of the process
1. Familiarising | Transcribing data, reading and re-reading the data, noting down initial
ideas.

2. Generating | Coding interesting features of the data in a systematic fashion across the
entire data set, collating data relevant to each code.

3. Searching Collating codes into potential themes, gathering all data relevant to each
potential theme.

4. Reviewing Checking if the themes work with the coded extracts and the entire data
set, generating a thematic ‘map’ of the analysis.

5. Defining and | Ongoing analysis to refine the specifics of each theme, and the overall

naming story the analysis tells, generating clear definitions and names for each
themes theme
6. Producing The final opportunity for analysis. Selection of vivid, compelling extract

examples, the final analysis of selected extracts, relating of the analysis
to the research question and literature, producing a scholarly report of
the analysis.

NVivo is a software application for the coding and thematic analysis of qualitative research
data [Qualitative Data Analysis Software | NVivo. 2021]. It is popularly used by qualitative
researchers, including in health and care qualitative analyses. For example, NVivo has been
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used in a qualitative study undertaken to provide a detailed account of individuals view about
emergency care, conducted by [McKinlay et al.,, 2020], for data management and two
separate studies conducted by Thompson et al. [2020] and Mathieson et al. [2020], to assess
patients views on the care services, device design preference, and usability. NVivo was used
in this research as a tool to analyse the data collected from the questionnaires to organize
and analyse.

2.10. Summary
This chapter summarised the background literature relevant to wearable epilepsy monitoring

devices. The next chapter is a systematic literature review of the evaluation of wearable
electronics for epilepsy.
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CHAPTER 3
SYSTEMATIC LITERATURE REVIEW

3.1. Introduction

This chapter comprises a systematic literature review of the Evaluation of Wearable
Electronics for Epilepsy. It addresses the research question RQ1l: What evaluation evidence
for available wearable epilepsy seizure monitors is reported in the academic literature? and
the sub-questions: RQ1.1: What methods are used? RQ1.2: What evaluation data is
reported?

A systematic literature review is a methodologically rigorous review and synthesis of
research literature that incorporates a systematic and repeatable search strategy and the
application of inclusion and exclusion criteria such as year of publication and paper title
(Kitchenham et al., 2009).

A systematic search strategy aims to identify all relevant literature with search strings
constructed as below:

« Identify major terms and synonyms by terms that are used in the research questions.
 Identify different spellings and include any word variation of each search term.

* Use the Boolean operator "OR" to link alternate words and synonymes.

e Use the Boolean operator "AND" to link major terms.

This chapter contributes a systematic review of literature from 1 January 2005 to 31 October
2019 that evaluates available wearable epilepsy monitoring devices. The primary studies
comprising evaluations were collated according to preferred reporting items for systematic
reviews and meta-analyses (PRISMA) guidelines. This work was published in a 2020 MDPI
Electronics Journal, paper entitled Evaluation of Wearable Electronics for Epilepsy: A
Systematic Review (Rukasha et al., 2020).

3.2. Methodology

A systematic review of primary studies evaluating available wearable seizure-detecting
devices spanning almost fifteen years (from 1 January 2005 to 31 October 2019, when the
review was initiated) was conducted with an evidence-based methodology [Kitchenham et
al., 2004, Kitchenham et al., 2015] and following PRISMA guidelines [Moher et al., 2009].

3.2.1. Search Strategy
Technology and medical digital libraries were used to identify primary studies, digital libraries,
for example, Association for Computing Machinery (ACM), Institute of Electrical and

Electronics Engineers (IEEE) Xplore Digital Library, Medline, ScienceDirect, and Wiley Online
Library.
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The keyword search string below was evolved to identify primary studies relevant to wearable
epilepsy sensing devices:

(“wearable” OR “smart watch” OR “smartwatch” OR “wrist-worn” OR “wrist
worn” OR “wristworn” OR “wristband” OR “armband”) AND (“epileptic” OR

“epilepsy”).
3.2.2. Eligibility Criteria and Selection
Studies were eligible for selection if they met all three of the following inclusion criteria:

i Primary studies in peer-reviewed literature.
ii. Studies where the main theme is evaluation of available wearable electronics for
epilepsy seizure detection.
iii. Studies reporting quantitative and/or qualitative assessment data.

The relevant papers were assessed for quality according to screening criteria including rigour,
credibility, and relevance [Dyba et al., 2008].

Papers were identified by using the search string and were filtered according to the eligibility
criteria in a phased inspection process. First paper titles were inspected, and duplicates
removed. For example, from the titles alone, prospective studies and review papers could be
identified and excluded. The abstracts of the remaining papers were inspected and checked
against the inclusion criteria. Finally, the remaining papers were inspected in detail to identify
the final selection.

3.3. Results
Following the PRISMA systematic review guidance outlined in Figure 3.1, a total of 12 papers

satisfied the eligibility criteria. A second researcher checked the screening and eligibility of
papers, and a third researcher moderated the results.
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Figure 3.1: Flow diagram of the systematic review according to preferred reporting items for
systematic reviews and meta-analyses (PRISMA) guidelines.

As summarised in Table 3.1, all 12 studies reported qualitative assessments (8 conducted in
clinical settings and 4 in free-living conditions). Two of the 12 studies also reported qualitative
assessments. While the search process did initially identify qualitative papers on wearable
devices for epilepsy, some of these studies [e.g., Kramer et al., 2011, Ozanne et al., 2017]
were assessments of perceptions about the potential of such devices rather than assessments
of actual use. No studies reported solely qualitative assessment data for the real use of
available wearable devices for seizure detection.
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Table 3.1: Overview of studies and participant numbers.

No. Studies = 14

No. Quantitative = 12 No. Qualitative = 2
Clinical setting =8 Free-living =4 -
No. participants/patients = 341 No. participants/patients = 169 | No. participants/patients
=104
TOTAL =510 TOTAL=104

3.3.1. Quantitative Studies

3.3.1.1. Clinical Setting

Eight of the 12 quantitative studies were conducted in clinical settings. All eight were studies
with data gathered from epileptic inpatients and outpatients; none were two-arm or
controlled studies with healthy participants. Most studies compared recorded device data
with other clinical reference recordings, including EEG, VEEG, electromyography (EMG), and
ECG. The studies are summarised in Table 3.2 in terms of the devices used, the number of
participants, the number of seizures detected (where specified) and the study duration. As
shown in the summary in Table 3.2, four of the studies used Empatica E3, E4, and Embrace
devices, three used Smart Monitor’s evolving SmartWatch device, and one used the Epi-Care
free device. The number of patient participants varied from 3 to 135. A study [Al-Bakri et al.,
2018] with three participants selected 1 h recorded segments rather than continuous
recordings. Otherwise, observation durations varied within studies [Al-Bakri et al., 2018,
Velez et al., 2016, Beniczky et al., 2013] as well as between studies from 17 h to 487 days,
and two studies [Regalia et al., 2019, Patterson et al., 2015] did not report durations. The
total number of seizures detected in the studies varied from 7 and 55 and, across all studies,
a total of 226 seizures were reported as detected. Only one study [Al-Bakri et al., 2018] did
not report the number of detected seizures.
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Table 3.2: Clinical setting studies with the number of seizures and their duration.

Clinical Settings

Study Device No. No. Seizures Duration
Participants Detected
Heldberg et al., 2015 E3 8 55 23 days
Al-Bakri et al., 2018 E4 3 unspecified 4-5 days
(1 hintervals)
Vandecasteele et al., E4 11 47 29 days
2017
Regalia et al., 2019 Embrace and 135 40 unspecified
E4
Lockman et al., 2011 SmartWatch 40 7 487 days
Patterson et al., 2015 SmartWatch 41 30 unspecified
Velez et al., 2016 SmartWatch 30 12 1-9 days
Beniczky et al., 2013 Epi-Care free 73 35 17-171 hours
- - TOTAL=341 | TOTAL=226 -

Table 3.3 summarises the performance assessments of the studies. The reporting of
performance metrics was variable and sparse across most of the studies. For example, false
alarm rates for only three studies could be identified. The studies using the Empatica E3 and
E4 implemented machine learning detection methods (kNN: k-nearest neighbour; RF: random
forest; NB: naive Bayes; SVM: support vector machine). Regalia et al. [2019] made a brief
reference to previously unpublished assessments with 135 patients and 22 seizures with
100% sensitivity and a FAR of 0.42 per day for a “fixed and frozen” algorithm. No
methodology, sensitivity, or other assessment information was provided, and the paper
largely focused on compiling and comparing other Empatica wristband performance
indicators. Heldberg et al. [2015] reported the sensitivity and specificity for two different
classifiers. Vandecasteele et al. [2017] compared the performance of SVM classifiers on
hospital ECG with wearable ECG and E4 PPG recordings. PPG motion artefacts (which would
have been largely induced by the seizures themselves) made more than half of the seizures
undetectable via this approach and resulted in a poor sensitivity of 32%. The studies
encompassed different seizure types but with TCS and ‘motor’ seizures often included.
Dramatically different performance results were observed. For example, sensitivities of 100%
and 16% were reported by Regalia et al. [2019] and Patterson et al. [2015], respectively.
Notably, the latter paper [Patterson et al., 2015] comprised many (undetected) nonmotor
seizures.

The levels of patient activity and any movement constraints were not generally explicitly
reported and, in any case, are difficult to convey. However, in the clinical setting, worn
sensors usually benefit from reduced interference from activities of daily living. For example,
the good wearable performance for the small study [Al-Bakri et al., 2018] was achieved from
recordings taken simultaneously with EEGs, i.e., when patients would be inactive.
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Table 3.3: Performance assessments in clinical settings.

Authors/ No. Device Seizure Sensitivity | Specificity | FAR PPV/ Detection
Participants R Latency
Heldberg et al., E3 PNMS, 89.1% 93.1% - - -

2015 PMS (kNN) (kNN)
8 participants 87.3% (RF) | 95.2% (RF)
Al-Bakri et al., 2018 E4 - 84% (NB) 79% (NB) - - -
3 participants (preictal (preictal
sleep) sleep)
78% (NB) 80% (NB)
(preictal (preictal
wake) wake)
Vandecasteele et al., E4 (PPG) TLS, CPS 32% (SVM) - 1.80 1.43 -
2017 per %
11 participants hour

Regalia et al., 2019 E4 and GTC 100% - 0.42 - -

135 participants Embrace per

day

Lockman et al., SmartWatch TCS 87.5% - - - -
2011

40 participants

Patterson et al., SmartWatch TS, GTC, 16% - - - -
2015 MS, MTS,

41 participants PS

Velez et al., 2016 SmartWatch TCS 92.3% - - - -

30 participants
Beniczky et al., 2013 Epi-Care free TCS 90% - 0.2 - 55s
73 participants per
day

Seizure Abbreviations: CPS: complex partial seizures, GTC: generalized tonic-clonic, MS:
myoclonic seizures, MTS: myoclonic-tonic seizures, PMS: predominantly motor seizures,
PNMS: predominantly nonmotor seizures, PS: partial-onset seizures, TCS: tonic-clonic
seizures, TLS: temporal lobe seizures, TS: tonic seizures. Classifier Abbreviations: kNN: k-
nearest neighbour; NB: naive Bayes; RF: random forest; SVM: support vector machine. Other
Abbreviations: FAR: False Alarm Rate; PPV/R: Positive Predictive Value/Rate.

Smart Monitor’s SmartWatch was used in three of the eight clinical assessments. Patterson
et al. [2015] reported the lowest sensitivity 16% overall: 31% for GTCS and 0% for MS in a
study of 41 patients aged 5—41 years. Lockman et al. [2011], did not record false positives
“because these are well known” and did report 204 false alarm occurrences in their
SmartWatch study with 40 patients between ‘March 2009 and June 2010’ but did not specify
a FAR or confirm the duration of actual usage within the study period. Velez et al. [2016]
referred to 81 false alarms but also did not specify a FAR (and one cannot be estimated
because of the varying durations of use from 1-9 days). Beniczky et al. [2013] reported a
sensitivity of 90% and a FAR of 0.2 per day in a study with 73 participants with GTC seizures
who were monitored for 17-171 hours. An average detection latency of 55s was reported.
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3.3.1.2. Free-Living Environment

Four of the 12 quantitative studies report free-living environment evaluations. These studies
are summarised in Tables 3.4 and 3.5 and comprise 169 participants and 850 seizures.

Table 3.4: Free-living studies with the number of seizures and duration.

Free-Living Settings

References Device Participants No. Seizures Duration
Detected
Onorati et al., 2017 E3 and E4 69 32 247 days
Van de Vel et al., Epi-Care free 1 9 19 nights
2014
Meritam et al., Epi-Care free 71 - 15 months median
2018 (24 daysto 6
years)
Arends et al., 2018 NightWatch 28 809 1826 nights
- - TOTAL =169 TOTAL = 850 -
Table 3.5: Performance metrics in a free-living setting.
Study/No. of |Device Seizure Sensitivity | Specificity FAR PPV/R | Detection
Participants Latency
Onorati et al., E3 and E4 BTCS, FTC 83.64% 0.29 per - 31.2s
2017 (Classifier 1) day (Classifier 1)
69 participants 92.73% (Classifier 1) 29.3s
(Classifier 11) 0.21 per (Classifier
94.55% day 1)
(Classifier (Classifier 29.3s
1) 1) (Classifier
0.20 per )
day
(Classifier
1)
Van de Vel et Epi-Care TS, CS, TCS 41% 0.05 per - -
al., 2014 free night
1 participant
Meritam et al., Epi-Care BTCS 90% BTCS 0.1 per day - -
2018 free median median
71 participants
Arends et al., NightWatch | MS, TC, TCS, | 86% median 0.25 per 49% -
2018 Hyperkineti night median
28 participants [ median

Seizure Abbreviations: BTCS: bilateral tonic-clonic seizures, CS: clonic seizures, FTC: focal
tonic-clonic, FS: focal seizures, MS: myoclonic seizures, TCS: tonic-clonic seizures, TS:
tonic seizures. Other Abbreviations: FAR: false alarm rate, PPV/R: positive predictive

value/rate.
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Onorati et al. [2017] reported a range of classifier performances for the E3 and E4 with
sensitivities from 83.64% to 94.55% and FARs of between 0.2 and 0.29 per day. Van de Vel et
al. [2014] and Meritam et al. [2018] both reported Epi-Care free evaluations with 71 and 1
participants, respectively. For the 71 patients, a sensitivity of 90% and an FAR of 0.1 per day
were reported. Arends et al. [2018] reported a sensitivity of 86% for the NightWatch arm-
worn nocturnal seizure monitor, an FAR of 0.25 per night, and a PPV of 49%.

3.3.2. Qualitative Studies

Only two studies provided qualitative assessment data for device evaluations. Both studies
also reported quantitative evaluations that were included in the earlier sections. Summaries
of patient and stakeholder views and observations are listed in Table 3.6.

Table 3.6: Qualitative studies.

Study/ No. Stakeholder Views and Observations

Participants

Benefits Barriers/Concerns

Arends et al., 2018
33 qualitative carer
respondents

Timely responses to
urgent situations.
Offers carers more
freedom.

Helps carers give
better care.

More autonomy for
individuals with

epilepsy.

Skin irritation.
Armband not fitting
properly.

Poor signal reception.

Meritam et al., 2018
71 qualitative patient
respondents

Good overall device
satisfaction (5.5/7)
Easy to use.

Clear alarm signals.
Timely alerts enabled a
40% reduction in
injuries.

Feeling of security and
a decreased
psychological burden.

High false alarm rate.
Skin irritation or
discomfort.

Low effectiveness for
detecting seizures.
Unstable sensor
communication and
interference issues.
Limited battery life and
lack of water
resistance.

10% of patients
stopped using the
device for device-
related reasons.

Arends et al. [2018] evaluated the NightWatch night-time upper arm seizure monitor using a
multifactor questionnaire with 33 carer stakeholder respondents comprising 30 nurses, 2
parent carers, and 1 ‘not specified’. Meritam et al. [2018] performed a qualitative evaluation
of the Epi-Care free monitor with 71 patient participants aged 7—72 years using a post-study
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systems usability questionnaire (PSSUQ) comprising 13 questions and requiring a 1 — 7 Likert-
scale responses from participants on aspects on monitor usability. Both studies identified
concerns in terms of (a) physical intrusion, e.g., discomfort or irritation, and (b) performance
concerns, e.g., signal reception or detection failures. Participants in both studies agreed with
the benefits of the monitors in terms of the potential for improved responses to seizure
events and the potential for improved care outcomes.

3.3.3. Data Failures—Miissing and Unusable Data

In addition to missed seizures caused by algorithms failing to detect seizures in acquired data,
seizures can also be missed when data are not recorded, not received, or not usable (for
example, if they are so corrupted as to be unusable). There were limited discussions of data
failures or the “missingness” of data in the studies. Examples are summarised in Table 3.7.

Table 3.7: Missing data.

Studies Device Participants Data Reasons
Failures
Vandecasteele E4 11 PPG motion Motion artefacts
etal., 2017 artefacts “PPG signal was drastically
affected ...

55% of the seizures could
not be detected because
of motion artefacts ... no

reliable
Heart rate could be
extracted”
Velez et al., SmartWatch 30 3 occasions 2x wireless
2016 communication failures

and 1x device not worn
during a seizure

Beniczky et al., | Epi-Care free 73 “15 times” “Device deficiencies”
2013 (including 2x
“technical error”, 11x”
battery failure”)

3.4. Discussion and Conclusion

This review aimed to collate and analyse qualitative and quantitative assessments of wearable
electronics for epilepsy seizure monitoring that are available to individuals and researchers.
Although there are over 3000 works in the literature discussing, proposing, and evaluating
novel and incremental approaches to epilepsy seizure detection, there are very few that
report evaluation data and, as observed previously [Jory et al., 2016], none that report
comparative results of large-scale studies. In terms of the Oxford Centre for Evidence-Based
Medicine 2011 Levels of Evidence 1-5 scale [OCEBM Levels of Evidence Working Group.,
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2020], none of the reviewed studies would qualify as the highest level of evidence (Level 1),
and most would rank as Level 3 or below.

The diversity of the reviewed studies in terms of motor and nonmotor seizure types and levels
of patient activity/freedom of movement is matched by the diversity of results including, for
example, very high and very low sensitivities. Across the reviewed works there was a lack of
full detail, including details required to establish important metrics such as sensitivity,
specificity and FARs. Given the importance of timely alerts for seizure detection and the
anxiety and alarm fatigue associated with high FARs, both FAR and detection latency, should
be reported. Details important to reproducibility should also be reported, for example, device
firmware, and app version numbers [Woolley et al., 2019]. Ideally, the frequency, duration,
impact, and cause of all data recording failures (resulting in the ‘missingness’ of data) would
also be provided in all performance assessment studies [Collins et al., 2021].

The review highlights that there are opportunities for improvements in device performance
and, ideally, monitors would be sensitive across the range of seizure types whilst maintaining
acceptably low false alarm rates. Ideally, future seizure sensing systems and algorithms would
benefit from detailed qualitative and quantitative assessments of their performance.
However, assessing technology in critical health scenarios is not easy. Clinical assessments are
onerous and resource-expensive undertakings, and their timescales are at odds with the
iterative updating of digital technologies. Free-living assessments require investments in time
and resources, and they present additional difficulties in terms of truth data.

Since the period of the review (1 January 2005 to 31 October 2019) other works have been
published, for example, a comparison of wearable seizure detection devices study conducted
by Verdru et al. [2020] suggests that wearable devices that combine multimodal
measurements may give the most accurate detection of TCS. Authors in the same study
reviewed 16 wearable seizure detection devices and “observed a significant inconsistency in
the description of performance measures”. Bruno et al. [2020] conducted a study and
reported that device satisfaction is affected by the seizure detection performance, device
appearance and comfort of use.

In the next chapter further investigation on medical-grade data streaming wearable device is

carried out by evaluating the heart rate performance of the Empatica E4 wrist-worn sensor
device for detecting epileptic seizures.
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CHAPTER 4
HEART RATE PERFORMANCE OF A MEDICAL GRADE DATA
STREAMING WEARABLE DEVICE

4.1. Introduction

This chapter addresses RQ2: How accurate and reliable are the wearable sensors used for
epilepsy seizure monitoring? It presents results from a study that acquired participant heart
rates during treadmill walking and 12-hrs of everyday living, comparing estimates from the
Empatica E4 data streaming wearable with a Polar H10 ECG chest strap sensor. Heart rate (RR
interval) performance of the Polar H10 chest strap has been validated in previous research
[Gilgen-Ammann et al., 2019] and the device has been used as a heart rate reference in
studies similar to this, for example, studies conducted by Miiller et al. [2019] and Weaver et
al. [2019].

Even in well-resourced clinical studies, it is challenging to test the performance of seizure
detecting wearables because it requires the recruitment and observation of epileptic
individuals in laboratory environments where EEG and/or other truth data can be achieved.
But seizures are intermittent and should not be provoked, so it may take very many hours of
clinical resources to capture enough seizures for device evaluation. An alternative to seizure-
monitoring evaluation is the evaluation of sensing performance. If wearable sensing devices
are to perform well at detecting and monitoring seizures, they should perform well at
recording their sensed values. However, reliable heart rate sensing is challenging during
activity [Oniani et al., 2018].

4.2. Background

The onset of a seizure is associated with changes in temperature, perspiration, and heart rate
[Wannamaker et al., 1985, Baumgartner et al., 2001]. These changes have the potential to be
detected by wearable skin temperature, EDA, and optical pulse PPG sensors, respectively.

Optical heart rate acquisitions from wrist-worn PPG sensors are known to lack reliability
during periods of activity due to the interfering effects of motion artefacts [Oniani et al., 2018,
Couceiro et al., 2014]. However, the opportunity to achieve continuous, unobtrusive, low-
cost patient monitoring and to incentivize patients toward positive health behaviours, has
resulted in many clinical research and healthcare applications of consumer-grade wearables,
despite manufacturers making no medical device claims.

The E4 is a data streaming device like Empatica Embrace Food and Drug Administration (FDA)-
approved wearable epilepsy monitor, comprising PPG, temperature, EDA, and accelerometer
sensors, and is used by researchers for physiological data acquisition for a variety of
healthcare applications as well as for epileptic seizure detection research.

Empatica Inc. is a US company that “design and develop artificial intelligent (Al) systems to
monitor human health through wearable sensors” [Empatica Inc., 2020]. The Empatica E4, at
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the time of writing, is a class 2a medical-grade device used in “over 1000 studies and trials”
[Empatica Inc., 2020] and has provided researchers with access to the raw sensor data which
can be used to test seizure-detecting algorithms. It is similar to the Empatica Embrace seizure
monitor.

Improvements in version reporting [Collins et al., 2019] and standardized reporting practices
[Nelson et al., 2020] have been recommended to support the reproducibility of findings from
studies using wearable devices. Bent et al. [2020] reported on the wearable heart rate
recording accuracies of ‘consumer-grade’ Fitbit Charge 2, Apple Watch 4, Garmin Vivosmart
3, and Xiaomi Miband, wearables and ‘research-grade’ data-streaming Biovotion (now
Biofourmis) Everion and Empatica E4 wristbands. The authors observed that “absolute error
during activity was, on average, 30% higher than during rest” and that “consumer-grade
wearables were found to be more accurate than research-grade wearables at rest.” The study
provides summarized statistics, but no examples of heart rate recordings or signal behaviours,
as provided here.

4.3. Methodology

Healthy participants, as summarised in Table 4.1, were recruited according to ethical approval
for ‘Wearable Technology Performance Evaluation’ from Keele University (NS-190021).
Participants were asked to complete questions on demographic information, their age range,
gender, height (cm), and weight (kg). In total, seven participants were recruited but because
of data missingness and COVID19 limitations on laboratory access, only two sets of four
participant data acquisitions were achieved for i) treadmill walking P+ 01-P104 and ii) 12 hours
of free-living Pp01-Pp04. Participants wore a Polar H10 ECG chest strap sensor and an E4
wristband on their non-dominant wrist. The ethical documentation for the study (approval,
participant information, consent form) is provided in Appendix A together with version
information [Collins et al., 2019, Woolley et al., 2019] and other study details.

Table 4.1: Participant summary (Pt (Participant treadmill) and Pp (Participant 12 hours of

free-living)).

Participants Gender Age Height (cm) | Weight (kg) BMI
P:01 F >50 160 60 23
Pr02 M 30-40 165 80 29
P:03 M 30-40 180 91 28
P04 F 30-40 170 66 22
Pp01 F >50 160 60 23
P02 M 30-40 180 91 28
P03 F 30-40 170 66 22
P04 M 40-50 175 70 23

Each participant took part in a treadmill activity that lasted 20-30 minutes in Keele University’s
Physiotherapy laboratory. Participants were asked to complete and sign a consent form. The
participants wore the E4 and Embrace on their non-dominant hand (the manufacturer’s
recommended region of the wrist). The walking speeds for the treadmill: moderate, fast, and
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vigorous walking [Collins et al., 2019, Grant et al., 2008, Tackas et al., 2014], as shown in Table
4.2 and were performed on a h/p/ cosmos Pulsar treadmill.

Table 4.2: Treadmill walking activity schedule.

Time (minutes) 20 20 20
Activity Moderate Walking Fast Walking Vigorous Walking
3.2 km/h 4.8 km/h 6.4 km/h

There were 2 minutes of standing with arms down before the moderate walking for each
participant. The heart rate reading was collected using the Polar H10 ECG chest strap sensor
and E4 wristband at a sampling rate of 1 bpm, the heart rate data was downloaded from the
Polar Flow and Empatica E4 Connect apps converted into .csv files and imported into Excel.
The date and time stamps for the Empatica E4 connect .csv files were converted from Epoch
to Unix Timestamp. The heart rate vs time graphs were used to display the Polar H10 ECG
chest strap sensor and E4 wristband heart rate during the treadmill activity and 12-hours of
free-living for each participant.

Bland-Altman plots were used to compare the Polar H10 and E4 heart rates acquired from
the treadmill activity and the 12-hours of free-living. Bland-Altman ‘difference plots’ of the
difference between acquisitions plotted against their average values, are popularly used in
biomedical research studies. If devices are in perfect agreement, all plotted data would lie on
the central axis (i.e., difference=0). The vertical spread of data points indicates the extent of
disagreement between device acquisitions and how this varies with average values.

Mean absolute percentage errors (MAPEs) were calculated for the heart rate acquisitions
from the treadmill activity and the 12-hours of free-living. As, shown in equation 8, Mean
absolute percentage error (MAPE) is the average of the absolute error as a percentage of the
reference (Polar H10) value.

_ 100 -n |Ri=D;
MAPE = 22 i=1|_Ri | (8)

where, n = number of observations, R; = Reference value (Polar H10), D; = Device value (E4).

Correlation describes the strength of agreement between variables. Correlation value
indications: 1 = perfect agreement 0 = no agreement -1 = perfect disagreement.

2 (Ri—R)(D;-Dy)

[Pra®i-R? 2, 0D

Correlation =

(9)
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Investigation of the effects of rhythmic arm movement: To explore the effects of rhythmic
arm movement on heart rate and seizure detection, all participants were asked to perform
each of the five simple rhythmic arm movements for 20 seconds (as listed in Table 4.3) after
the treadmill activity.

Table 4.3: Normal rhythmic movements.

Time 20 20 20 20 20
(seconds)
Activity Wiping of Shaking Fanning motion Tapping Moving arm
Shirt bottle with your hands pen up and down

The rhythmic movements used in this study, have been reported in the literature as examples
of movements mis-detected as motor seizure movements. In a study conducted by Lockman
et al. [2011] to determine if a wrist-worn motion detector could detect tonic-clonic seizures,
the authors reported wiping of one’s shirt, shaking a bottle, fanning motions with your hands,
tapping a pen, and moving the arm up and down as non-seizure movements.

4.4. Results

In terms of equivalence testing, there is no universal agreement on ‘acceptable’ ranges,
however, MAPEs over 10% are the level often taken as the upper bound for “acceptable”
errors [Collins et al., 2011].

The acquired treadmill and 12-hours of free-living heart rate recordings are summarised in
Figures 4.1 and 4.2, respectively. The treadmill corresponding MAPE and correlation is
summarised in Table 4.3. The recordings showed the heart rate recording vs time.

For treadmill walking, heart rate MAPE was between 7.2% and 29.2%, and correlation

between 0.6 and -0.5, indicating moderate agreement and strong disagreement, respectively
as shown in Table 4.4.

Table 4.4: MAPES and Correlation for the treadmill.

Participant Activity Correlation MAPE
Pr01 Treadmill 0.4 (0.44 / 0.36) 19.17%
Pr02 0.61 (0.64 / 0.58) 7.21%
Pr03 -0.53 (-0.44 / -0.61) 29.25%
Pr04 0.32 (0.54 /-0.02) 10.54%

During 12-hour, everyday living acquisitions, heart rate estimate MAPE was between 5.3%
and 13.5% and correlation between 0.7 and 0.1, indicating good to poor agreements, as
shown in Table 4.5. Two E4 12-hour recordings failed to maintain connectivity for any usable
data acquisition and there were several prolonged periods of missing data for Pp01-4. More
data was missing from the 12-hour free-living activity because of the different movements in
a free-living environment and participants had to keep the smartphones, (with the app always
connected to them) close to them.
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Table 4.5: MAPES and Correlation for 12-hour everyday living.

Participant Activity Correlation MAPE
PpO1 12-hour everyday 0.11(0.2/0.01) 13.45%
Pp02 living 0.21(0.27 / 0.15) 13.54%
Pp03 0.66 (0.69 / 0.63) 7.86%
Pp04 0.59 (0.6 / 0.58) 5.32%
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Figure 4.1: Treadmill heart rates for participants Pt01-4.
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Exploration of the Effects of Rhythmic Movements

Activities involving rhythmic arm movements can cause false alarms [Lockman et al., 2011,
Velez M. et al 2016]. Some seizure false alarms occurred during and after the rhythmic
movements, but due to latency, it was impossible to know which activity caused the alert.
The exploration provided an insight into the potential for frequent false alarms during
everyday rhythmic activity, and also the problem of achieving robust heart rate sensing during
rhythmic arm movements. However, the exploration revealed the difficulty in achieving
control and consistency of motor movements between participants (for example, participants
used very variable amounts of vigour and displacement in making the movements).

Other lessons learnt from the rhythmic movement exploration were that there needs to be
substantially more than 20 seconds for movements, each movement needs a clearly defined
start and stop time and there should be pauses between activities (particularly after treadmill
walking) for heart rates to return to baseline.

4.5. Discussion and Conclusion

The disagreement between the E4 wristband and the Polar H10 ECG chest strap sensor was
large enough to be evident, even in this small study, with treadmill MAPE ranging from 7.2%
to 29.2%, and correlation between 0.6 and -0.5, indicating moderate agreement and strong
disagreement, respectively, and 12-hour everyday living MAPE from 5.3% to 13.5% and
correlation between 0.7 and 0.1, indicating good to poor agreement [Koo et al., 2016].

In the absence of motion artefacts, PPG heart rate estimates may perform reliably and could
be used, for example, to detect ‘preictal’ epileptic seizure onset heart rate variations.
However, attempting to detect heart rate variations during activity or during a motor seizure
could produce unreliable results as, for example, reported by Vandecasteele et al. [2017].

Despite these challenges, wearable epilepsy seizure detecting devices offer important
opportunities to reduce injuries and save lives. However, researchers using data streaming
research and medical-grade wearables should be aware of device performance during periods
of activity. As underlying technologies mature, it is important to see improvements in both
signal acquisition and algorithm performance. The E4 continuously disconnected from the
app and that caused a problem as the experiment had to be stopped and restarted or
postponed to another day. More time was required to do more experiments and to be able
to get more data for the data analysis.

This empirical study addressed RQ2: How accurate and reliable are the wearable sensors used
for epilepsy seizure monitoring? The results agree with other reports in the literature that
there are accuracy and reliability issues with wrist-worn PPG heart rate sensing during
activity. Additionally, this study demonstrates that accuracy issues are not limited to
consumer-grade devices. The implications arising from these findings are that future studies
may include data of low accuracy, and datasets that incorporate low accuracy data may be
generated and reused. ldeally there will be improvements in device performance and in
understanding of device accuracy amongst researchers, users, and health professionals.
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In the next chapter further investigation on small screens and minimal interfaces of wearable
devices is carried out using the light pattern interface of the Empatica Embrace wrist-worn
epileptic seizure monitor for eight interface displays.
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CHAPTER 5
USER INTERFACE EVALUATION

5.1. Introduction

This chapter addresses RQ3: To what extent do wearable user interface designs affect
usability? It presents results from a study on wearable interface evaluation and contributes a
novel reflection on the interface requirements of wearer user and non-wearer user
stakeholders.

The work presented comprises two components which assess the light pattern interface of
the Empatica Embrace wrist-worn epileptic seizure monitor: the ‘guessability’ of eight
Embrace interface display state and a heuristic analysis from the fourteen participant
evaluators. The results indicate satisfaction with the aesthetic of the minimal light interface
but confusion between different patterns and concerns about accessibility, and reliance on
recall.

5.2. Background

The challenge of achieving useful and unambiguous information delivery via the small screens
of mobile devices is well recognised [Motti et al., 2016]. In a study investigating how variations
in the screen shape and screen size of smartwatches conducted by Kim [2017] reported that
“large screens positively influence information quality by simultaneously increasing both the
hedonic (perceived attractiveness) and pragmatic (perceived control) qualities of
smartwatches”. In contrast, a screen size evaluation study by Raptis et al. [2013] reported
that mobile device screen size did not have a significant effect on usability (assessed with
SUS), but that “prior experience and desire for the device did have a significant effect” and
users are more efficient during information seeking tasks when using larger screens.

Achieving useful and unambiguous information delivery via the very small screens and
minimal interfaces of wearable devices poses further design challenges [Xu et al., 2015, Zhang
et al., 2016]. In a study comparing wearable devices, Kaewkannate et al. [2016] reported that
the most common criticisms of wearable devices, is that they “cannot display information but
require a smartphone to send the metric data and reports”. But for wearables, it is especially
important that devices are aesthetically acceptable [Fortmann et al., 2013] and, particularly
in the case of health-condition monitoring, it is important that devices are discreet [Simblett
et al., 2020] and do not stigmatize wearers [Johansson et al., 2018].

Minimal interface indicators may very quickly become familiar to individuals, who wear the
devices every day. But, in critical healthcare applications, there are often other stakeholder
users beyond the wearer users, during critical episodes such as an epileptic seizure, the
wearer may be incapacitated or confused for some extended period during and after the
event. Examples of non-wearer stakeholder users include a parent or grandparent, teacher,
caregiver, colleague, classmate, friend, or First Aid responder. These non-wearer stakeholders
may normally have little reason to observe the interface or respond to low priority indications
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such as ‘Battery Low’, however, the correct identification of a seizure (‘Unusual Event
Detected’) indication could be an important source of seizure detection. A correctly
interpreted display could also provide some reassurance about automated messaging that
could reduce the responder’s burden of seizure reporting. Likewise, the misinterpretation of
a non-seizure display as a seizure could have consequences that, like false alarms in general,
can disincentivize users.

The Empatica Embrace epilepsy seizure monitor [Empatica Inc. 2020] has a multicolour LED

interface that includes blinking and rotating animations indicating a range of conditions and
states as indicated by the illustrations in Figure 5.1.

Of - MO

Battery Low  Disconnected General Memory Full
Connection
Problem
Rebooted Reconnected Time Unusual
Event
Detected

Figure 5.1: Embrace epilepsy monitor LED interface examples.
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Table 5.1: The PowerPoint animations questionnaire interface displays, questions and

answers, used to check the responses.

Display appearance

Description

Meaning

Orange dot blinking

Low Battery

Red spinning circle

Seizure Detected

Red triangle (3 red dots)

Connection Problem

Red X (4 red dots)

Embrace Disconnected

Yellow cross (4 yellow dots)

Embrace Memory is Full

White circle

Embrace Restarted

White and blue lights

Time

950000000

White ‘smile’

Embrace Connected
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1 Battery low O - O OO
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] Reconnected [=RY ) Nelie] e
7 |Time OO - OO
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Definitely Definitely
not is
1 2 3 4 5
1| Batterylow ® O OO O
2 Disconnected OO .o O
3 General connection problem O OO O
4 | Memary full O OO - O
5 | Rebooted OO - OO
6 Reconnected oo |o|o L J
7| Time ®| O OO o
- Unusual event detected O OO |- O

Figure 5.2: The PowerPoint animations questionnaire interface participant response
example.

The PowerPoint animations questionnaire interface had a scale of 1 - 5 (1 = definitely isn’t, 2
=isn’t, 3 = neutral, 4 =is, 5 = definitely is). The PowerPoint animations questionnaire interface
was made up of 8 slides with one Embrace epilepsy monitor LED interface on each slide. Figure
5.2 shows an example of how the participants were asked to complete the questionnaire.

5.3. Methodology

Fourteen Computer Science students and researchers with confirmed experience in the
heuristic evaluation were recruited according to Keele University Faculty of Natural Sciences
Research Ethics Committee approval (NS-200058) to evaluate the LED interface of the
Empatica Embrace wearable seizure monitor. Participants comprised two academic staff
members, three PhD researchers, and four masters and five undergraduate Computer Science
students. All participants gave their consent to having their responses audio recorded. The
study was conducted in March 2020 immediately before the COVID19 lockdown. Each
participant was allocated a participant ID (PO1-P14). For repeatability [Collins et al., 2019,
Woolley et al., 2019], the device version was an Empatica Embrace wristband EMB-MB-S
(purchased 26th February 2019 with firmware version current between 11th to 13th March
2020). The ethical documentation (approval, participant information, consent form), the
guestionnaire is included in Appendix B.
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The study comprised two components:
Interface State Guessability: In the first component, the participants were asked to guess on

a scale of 5 - 1 (5 = definitely is and 1 = definitely isn’t) what each of eight LED interface
patterns signified: Battery Low, Disconnected, General Connection Problem, Memory Full,
Rebooted, Reconnected, Time and Unusual Event Detected. The LED patterns were displayed
in random order (indicated in Figure 2).

The question participants were asked for each of 8 LED patterns was: ‘What do you think this
interface display indicates? “Please tell me on a scale of 5-1 (5 = definitely is and 1 = definitely
isn’t) how confident you are that this display indicates each condition”. For example,
participants were shown the Disconnected LED Pattern display, and asked to guess to report
on the 5-1 scale how confident they were that it was or wasn’t the Battery Low indication,
then again on the scale 5-1 how confident they were that it was or wasn’t the Disconnected
indication, and again on the scale 5-1 how confident they were that it was or wasn’t the
General Connection Problem, and so on for all 8 indications. This process was repeated for all
8 of the LED interface patterns.

Participants were shown the interface display animations and asked to identify the meaning
of each. They were asked to complete the PowerPoint animations questionnaire interface
displays. The participants were showed the correct answers (as shown in Table 5.1) to the
PowerPoint animations questionnaire interface displays and were asked their opinions based
on their answers.

Heuristics Evaluation: In the second study, the participants were shown the correct answers
for each condition and asked to complete a heuristic evaluation based on Neilsen’s 10
Usability Heuristics for User Interface Design [Nielsen et al., 1994]: 1) visibility of system
status, 2) match between system and the real world, 3) user control and freedom, 4)
consistency and standards, 5) error prevention, 6) recognition rather than recall, 7) flexibility
and efficiency of use, 8) aesthetic and minimalist design, 9) help users recognize, diagnose,
and recover from an error, and 10) help and documentation.

The heuristics evaluation took approximately 15-20 minutes and took place in March 2020.

5.4. Results

.Interface State Guessability: The Guessability results are illustrated with Box Plots in Figure

5.3, summarising the participant interface guesses (5 = definitely is, 1 = definitely isn’t).
Correct instances are shaded in green, ‘X’ marks mean, bar marks median and box and
whiskers indicate the interquartile range and max/min, respectively.

Ideally, the correct LED patterns (shaded in green) would have averaged close to 5 and all
incorrect conditions would have averaged close to 1. Table 5.1 shows the participant
evaluations for each of the 10 Nielsen user interface design heuristics [Nielsen et al., 1994].
The heuristics from all 14 participants was based on the LED patterns as shown in Figure 5.1.
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Overall, the participants' evaluators to question 1 reported the LED as visible and clear but
most identified ambiguities.
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Figure 5.3: Eight Embrace Guessability Box Plots.
(The correct responses are shown highlighted in green)
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Heuristics Evaluation: All fourteen completed a heuristics evaluation of the interface
using Jakob Nielsen’s [1994] 10 Interface Design Heuristics. A summary of the
evaluation responses is provided in Table 5.2. Seven participants reported experience
of using wearable health trackers.

Table 5.2: User interface design heuristics [Jakob Nielsen. 1994] with summarized
descriptions and participant evaluations.

Heuristics

Participant Evaluations

Visibility of system status: The system
keeps users informed of what is going
on, through appropriate feedback
within a reasonable time.

Some evaluators reported the LEDs as visible and clear but most
identified ambiguities.

“About half the LEDs made sense.”

“Once the user knows the patterns it could be readable.” “To the
unversed person, it seems confusing...”

Match between system and the real
world:
The system should speak the users’
language and follow real-world
conventions in a natural and logical
order.

Several evaluators reported a good match for the red colour and a
warning condition. Opinions varied about the use of white and orange
LEDs. The time interface was thought to be intuitive. There was
uncertainty about the animations.

“The system does not speak our language or use conventional
symbols/signs.”

“Red indicates a serious problem.”

“Some animations matched real-world... most do not.”

User control and freedom: Support
undo and redo and have an
“emergency exit”.

Most participants felt that this heuristic was not applicable, but one
evaluator suggested customization control.

Consistency and standards: Users
should not have to wonder about
meanings (the device should follow
conventions).

Evaluators generally agreed on the internal consistency of the LED
displays but did not agree on a consistent standard beyond the use of
red for warning.

“LEDs don’t seem consistent with other products | am aware of.”

Error prevention: A design that avoids
errors and requests user
confirmations.

Most evaluators agreed that, although it is clear when an error or
problem has occurred, it was not clear what the error condition was.

“Where the LED shows red, this is most obvious that there is an issue,
but difficult to discern what the error it is.”

There were also concerns about the accessibility of the display for
colour blind individuals

Recognition rather than recall:

Users should not have to remember
information from one part of the
dialogue to another.

Although there were some intuitive elements of the interface, most
evaluators felt the interface relied largely on recall.

“The problem is having to remember what it means...”

“You would have to rely on memorizing the LED patterns...”

Flexibility and efficiency of use:

Evaluators agreed that the interface was efficient and international.

Support for inexperienced and

experienced users.

Aesthetic and minimalist design: Some evaluators liked the minimalist aesthetic, but most felt it was
Dialogues should not contain |too minimalistic.

irrelevant information.

“Possibly too minimalistic with such a variety of meanings...”
“A lack of text may make it hard to remember the meanings...”

Help users recognize, diagnose, and
recover from errors: Error messages
should specify the problem and
suggest a solution.

Evaluators expressed different opinions but generally agreed that
displays were recognizable if LED patterns were learned, but no
indications were given about recovery.

“If users know the meanings, displays are distinct.”

“There is little help provided for the user, if they don’t know what the
lights mean, they won’t know what to do.”

Help and documentation: The system
should provide help and
documentation).

Participants agreed that there was no help available via the interface.
“None is provided on the interface leading to a reliance on recall or
reference to a manual.”
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5.5. Discussion and Conclusion

Interface State Guessability: As demonstrated in Figure 5.3 by the number of average guess
values between 2 and 4, as well as the similarity of scores between some interface displays,
participants found it difficult to disambiguate between sets of conditions. For example,
participants could not discern between the orange and red Battery Low, Disconnected and
General Connection Problem light patterns: all three received averages of 2.5 to 3.5 (3 =
unsure) no matter which pattern was displayed. Similarly, the white Rebooted and
Reconnected LED patterns were confused with each other. The Time display was the most
recognized. Only one participant was confident the Time display was not Time, and, at most,
one participant guessed that Battery Low, Disconnected, and General Connection Problem,
were Time indicators. Unfortunately, the spinning red Unusual Event Detected display that
can signify a seizure was not guessed well and was confused with Battery Low, Disconnected,
and General Connection Problem. When displayed, to participants the Unusual Event
Detected display received an average score for the correct answer of 3.13 (3 = unsure) which
was lower than the (incorrect) Disconnected guess that received an average of 3.53. Overall,
for four out of the eight displays, at least one incorrect answer had a higher average guess
score than the correct answer.

Heuristics Evaluation: In Table 5.1, the heuristic evaluation feedback summarises the
opinions amongst participant evaluators that, on the one hand, recognize the simplicity,
clarity, and potential memorability of the display and, on the other, raises concerns about the
reliance on recall and the potential for confusion. For example, one evaluator observed that
the interface was “Quite aesthetically pleasing but as intuitive as a Star Trek control panel”.
The use of colour, e.g., “Red indicates a serious problem” was appropriate as a real-world
convention but some concerns were raised about accessibility for individuals with colour-
vision deficiencies.

Minimal light pattern displays have a pleasing aesthetic but can be confusing to users lacking
familiarity with the interface. Ideally, each displayed pattern could be correctly guessed,
especially the one that could indicate a seizure. There is a need for further research and
improvements in the design of interface displays for wearable devices and particularly for
devices used in critical health monitoring scenarios with different wearer user and non-
wearer user stakeholders.

This empirical study addressed RQ3: To what extent do wearable user interface designs affect
usability? The results findings provided insights into usability of the user interface, for
example, on one hand recognizing the simplicity, clarity, and potential memorability of the
display and, on the other, identifying concerns about the reliance on recall and the potential
for confusion about the device state communication. The implications of the findings are that
individuals and caregivers (including, for example, colleagues and co-workers) may fail to
identify important device communications such as a seizure event detected. Ideally, there is
scope for improvements in user interface design for wearable device and understanding
amongst researchers, users, and health professionals about the usability of the user interface
design devices.
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In the next chapter, further investigation is conducted on the opinions and any experiences
of wearable and non-wearable monitoring devices or apps. Opinions and experiences from
individuals with epilepsy, aged 18 or over, carers or other stakeholders with an interest or
responsibility for individuals with epilepsy and healthcare professionals.
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CHAPTER 6
STAKEHOLDER OPINION AND EXPERIENCE OF EPILEPSY
WEARABLE MONITORING DEVICES

6.1. Introduction

This chapter addresses RQ4: What are user and stakeholder opinions and experiences of
wearable devices for epilepsy seizure monitoring? It presents results from stakeholder

opinions and experiences of epilepsy monitoring devices and presents the results of a survey
of individuals, carers, and healthcare professionals.

The survey was distributed by Epilepsy Action as shown in Figure 6.1.

: 1 ¢¢ We fight to improve the lives
epllepsy action of everyone affected by epilepsy ??

Home  Advice and information  Support for you JRCSIUWIAWCEN Fundraise For professionals Aboutus Donate

Home » Get involved

Take part in a research project

Below is information about the type of people who researchers are currently looking for. If you fit the criteria, then please take a look at the

project information to see if you would like to get involved

By taking part in these projects, you can help to increase the growing knowledge of living with epilepsy. This can lead to important advances in

the care, treatment and understanding of people with the condition. Find out more about the benefits of taking part in research

Opinions of wearable devices for epilepsy seizure  Understanding how COVID-19 is impacting on
detection people with epilepsy

This study is part of a large project about wearable devices for This project aims to better understand the impact this is having

epilepsy, which are used to detect epileptic seizures on people with epilepsy and their wellbeing

Figure 6.1: Opinions of wearable devices for epilepsy seizure detection survey distributed by
Epilepsy Action.
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6.2. Motivation and Background

The motivation for the study was the lack of evaluation studies, specifically the lack of
gualitative studies and evaluations based on real-world use, identified in the initial systematic
literature review performed at the outset of this research [Rukasha et al. 2020] as well as the
observations of Brun et al. [2018]. Brun et al. [2018] reported “there is a limited number of
investigations exploring the willingness of individuals with epilepsy to use digital technologies
for seizure detection and factors influencing their attitudes.”

Seizure tracking has relied on patients recall and self-reporting, this has been reported in
clinical practice to be unreliable [Cook et al., 2013]. Monitoring devices are generally designed
to communicate ‘alerts’ for carers to attend to individuals who may be experiencing a seizure
[Langan et al., 2005], especially when individuals are regularly monitored at night [Fisher et
al., 12].

Epilepsy Action is a charity that aims to improve the lives of individuals affected by epilepsy,
give advice, improve healthcare, fund research and campaign for change. It also provides
researchers with the opportunity to survey the epilepsy community (i.e., individuals, carers,
healthcare professionals and other stakeholders) [epilepsy.org.uk., 2020], as shown in Figure
6.2.

T

epilepsy action

|Home Advice and information ~ Support foryou  Get involved  Fundraise  For professionals ~ Aboutus  Donate

Give the gift of
hope
Support people living with

epilepsy this festive season

Donate now

Coronavirus (COVID-19)

Information about how coronavirus may affect people with epilepsy. Answers to some of the most frequently asked questions.

How can we help you today? \. Call 0808 800 5050

Figure 6.2: Epilepsy Action website page (https://www.epilepsy.org.uk/research/take-
part/projects- you-can-take-part-in/wearable-devices).
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6.3. Methodology

As shown in Figure 6.3, the study was entitled ‘Opinions of wearable devices for epilepsy
seizure detection’ and was approved by the Keele University Faculty of Natural Sciences
Research Ethics Committee (NS-200056). The permission was also sought and granted by
Epilepsy Action and informed consent was obtained from all participants. Participants were
provided with a Participant Information Sheet and consented by completing the (anonymous)
guestionnaire (‘I permit to use quotes from my responses’). The ethical documentation
(approval, participant information, consent form), the questionnaires for individuals with
epilepsy, carers and healthcare professionals are included in Appendix C.

There were three separate questionnaires and inclusion criteria, summarised in Table 6.1.

Opinions of wearable devices for epilepsy seizure
detection

This study is part of a large project about wearable devices for

epilepsy, which are used to detect epileptic seizures.

Learn more

Figure 6.3: Epilepsy Action website questionnaire.
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Table 6.1: Summary of questionnaires and inclusion criteria.

Questionnaire | Respondents Demographic/ Epilepsy PSSUQ
(Inclusion Introductory questions monitoring
criteria) guestions
Individuals Individuals Gender Use of (any) \/
with Age range wearables.
epilepsy, How long have you had Use of epilepsy
aged 18 or epilepsy? (years) monitors
over Age at diagnosis (wearable and
Fitness level non-wearable,
Seizures (type/s, frequency, | past and present)
duration, and recovery)
Carers Carers and Current role Use of (any) \/
stakeholders | Relationship to individual/s wearables.
with interest | with epilepsy (age, gender, Use of epilepsy
or seizures) monitors
responsibility (wearable and
for non-wearable,
individuals past and present)
with epilepsy
Healthcare - Current role Use of (any) \/
professionals Relationship to individual/s wearables.
with epilepsy (age, gender, Use of epilepsy
seizures) monitors
(wearable and
non-wearable,
past and present)

The Post-Study System Usability Questionnaire (PSSUQ) is a popular usability questionnaire
that was used as an alternative to SUS (System Usability Scale) to assess usability and
differentiate usability in terms of system usefulness, information quality, and interface
quality. Participants only completed the PSSUQ if they had experiences of using wearable
devices. The PSSUQ was also preferred because it was used in a similar qualitative evaluation
of the Epi-Care free monitor study by Meritam et al. [2018]. The PSSUQ incorporates 16 items
grouped as follows: system usefulness, information quality, and interface design, as shown in

Table 6.2.
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Table 6.2: The System Usefulness (SU), Information Quality (1Q), and Interface Quality (INQ)
guestions in the PSSUQ.

System Usefulness (SU) Questions

SU1: | Overall, I am satisfied with how easy it is to use this system. (SATISFACTION)

SU2: | It was simple to use this system. (SIMPLE)

SU3: | I was able to complete the tasks and scenarios quickly using this system. (EASE OF
USE)

SU4: | I felt comfortable using this system. (COMFORT)

SU5: | It was easy to learn to use this system. (EASY TO LEARN)

SU6: | I believe I could become productive quickly using this system. (PRODUCTIVE)

Information quality (IQ) Questions

IQ1: | The system gave error messages that clearly told me how to fix problems. (FIX
PROBLEMS)

IQ2: | Whenever | made a mistake using the system, | could recover easily and quickly.
(RECOVER)

IQ3: | The information such as online help, on-screen messages, and other
documentation provided with this system was clear. (CLARITY)

IQ4: | It was easy to find the information | needed. (INFORMATION)

IQ5: | The information was effective in helping me complete the tasks and scenarios.
(EFFECTIVE)

IQ6: | The organization of information on the system screens was clear. (SCREEN)

Interface quality (INQ) Questions

INQ1: | The interface of this system was pleasant. (PLEASANT)
INQ2: | | liked using the interface of this system. (LIKE)

INQ3: | This system has all the functions and capabilities | expect it to have. (FUNCTIONS
AND CAPABILITIES)

INQ4: | Overall, | am satisfied with this system. (SATISFACTION)

PSSUQ scores range from 1 indicating a strong agreement to 7 indicating a strong
disagreement. The lower the score, the better the performance and satisfaction, a score of 4
represents a neutral response. The study timescale of the response period was from 29
February 2020 to the end of November 2020.

6.4. Survey Results

A total of 61 responses were received from the 3 different questionnaires. Eleven (of 36)
individuals, seven (of 14) carers and four (of 11) healthcare professionals completed the
PSSUQ, as shown in sections 6.4.5, 6.4.6 and 6.4.7. There were more responses from
individuals between 20 - 29 years (12 responses) and 50 — 59 (8 responses) and fewer
responses from under 20 years (2 responses) and 60 and overs (2 responses), as compared to
healthcare professionals and carers who reported several individuals in their care of various
age ranges from birth — 80+ years. The survey showed that individuals (particularly carers)
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demonstrated interest in using epilepsy monitoring devices but concerns about devices not
recording seizures, (missing seizures) and these were some of the reasons they stopped using
the devices.

e 36 individuals (11 PSSUQ responses)
e 14 carers (7 PSSUQ responses)
e 11 healthcare professionals (4 PSSUQ responses)

6.4.1. Survey Results for Individuals

Thirty-three (of 36) responders specified their gender, 20 female and 13 males There was a
spread of ages from under 20 to over 60. Thirty-three (of 36) responders specified their age
range, with half of the responders being 20-59, the majority of the participants were 20 and
over, between 20-40, as shown in Figure 6.4.

m Under 20

m 20-29
m 30-39
m 40-49

50-59

m 60 and over

Figure 6.4: Age ranges reported by responding individuals with epilepsy.

6.4.2. Survey Results for Carers

Thirteen (of 14) carers identified themselves, as (two) partners, (eleven) carers and (one) a
friend. Carers reported taking care of 1 - 5 individuals with epilepsy, both male and female.
Carers reported individuals using the devices or apps for a period between 1 - 6 months or
more and between 1 - 3 years.

6.4.3. Survey for Healthcare Professionals

Eleven healthcare professionals responded (ten epilepsy nurses and one neurologist). The
healthcare professionals reported caring for 1 — 8000 adults both male and female.
Healthcare professionals reported individuals using or having used wearable epilepsy
monitoring devices/apps for 1 - 4 years or more.
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6.4.4. Combined Thematic Analysis

Thematic analysis was used as a method for identifying, analysing, and reporting patterns
(themes) in responses from the Individuals (P), Carers (C), and Healthcare Professionals (H).
Several themes emerged from the qualitative sampling of participant comments from the
open-ended questions.

Responses from Individuals

i. Fitness and general level of activity (Q. Please comment on your fitness and general level of
activity, e.g., “regular desk working with occasional walking and jogging” or “intermittent
vigorous work and regular gym/football” or “regular moderate activity such as gardening and
housework).

Thirty-three (of 36) individuals responded. The responses varied from active to inactive
person, who reported a general level of activity as house chores, walking or desk work, for
example,

“Unemployed usually walk 3 miles a day plus housework ...” POA.
“Regular moderate activity such as gardening and housework” P17.
“Regular - gym a few times a week and regular walking and yoga” P189.

“Run marathons - run every other day at least use gym for yoga, cycling, Swimming...”
P32.

ii. Seizure frequency and recovery period (Q. Broadly, please tell us about the seizures. How
frequent are they and how long do they last? On average, how long does it take for full
recovery from a seizure?).

Thirty-three (of 36) individuals responded. The reported seizure frequency and recovery
varied. The seizure frequency reported by individuals with epilepsy varied depending on their
seizures. The frequency was from twice a week to once every following month. The full
recovery period was similar for each response, the recovery period ranged from just a few
hours to 1-8 days, for example,

“My seizures usually last for 5 minutes and | generally take me 8 days to fully recover”
PO2.
“Tonic-clonic average 3 minutes usually 3-4 a year.... takes 3-8 hours to recover” P03.

“Once a month for a major seizure and once or twice a week for the smaller types, full
recovery from a major seizure will take up to 24 hours ....” PO6.

“1 every 3 months which last anywhere up to 5 mins...takes me around a week to fully
recover...” P12.

iii. Why you chose the device? (Q. If you are CURRENTLY using a wearable epilepsy monitoring
device, please tell us why you chose it),

50



Eight (of 36) individuals responded. The individuals reported different reasons for why they
chose the devices, from being able to get assistance and for health reasons, for example,

“...helps me get in contact with my parents while | am unconscious. It reassures me to
know someone knows” PO2.

“..... for fall detections” PO5.
“My medical ID bracelet makes me feel secure” P10.

“I bought the watch to go with the phone it had nothing to do with health reasons other
than a step counter” P35.

iv. Emergency contacts and relationship (Q. How many emergency contacts do you have. What
is your relationship with them)?

From the 28 (of 36) responses from individuals referred to their parents and partners as their
carers’. Individuals reported between 1 - 8 emergency contacts, for example,

“1 and it is my wife” P15.
“8- friends, flatmates, family” P20.
“1 my partner and carer” P22.

“Only my epilepsy specialist, and 111" P24.

Responses from Carers

v. Alarm messages (Q. Do you receive the alarm messages from the individual’s wearable
epilepsy monitoring devices or apps, if so, please tell us your opinion of the messages)

Five (of 14) carers reported receiving alarm messages, that were clear and simple to
understand, providing the individual’s location which made it easier to locate them, when
they required assistance, for example,

“Yes, | like the messages as they are simple and tell me what | need to know. Time and
location” CO4.

“Yes. The message is clear and has a link to Google Maps app. It’s up to the recipient to
check the person’s location” CO8.

Responses from Individuals and Carers

vi. Types of seizures (Q. What types of seizures do they have (Please select all that apply))
Thirty-three (of 36) individuals reported different types of seizures they have; the most
frequent seizures were TCS and absence/atonic seizures. All 14 carers responded, they

reported the most frequent seizures were myoclonic/tonic and absence/atonic seizures, as
shown in Figures 6.6.
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Tonic-clonic

Myoclonic/Tonic

Clonic

Absence/Atonic

0% 20% 40% 60% 80% 100%
M Individual ™ Carers

Figure 6.5: Types of seizures reported by individuals and carers (outer max 100%).

Responses from Carers and Healthcare Professionals

vii. Individuals with epilepsy in your care (Q. Please tell us how many individuals with epilepsy
are in your care (What are their ages and gender)

Eleven (of 14) carers reported taking care of around 1 — 4 individuals with epilepsy, both male
and female of different age ranges from 1 — 40 years. Nine (of 11) healthcare professionals
reported taking care of around 1 — 8000 children and adults with epilepsy, of different age
ranges, 0 — 80+, for example,

“1, 18 months female” C02.

"4, 1) my dad 81, 2) my other son 20, 3) my daughter in law 19, 4) my son with epilepsy”
C13.

“Age 16 up to 80+! Two nurses cover a population of 8000 patients” HO6.

“2000 adults variable ages” H10.

viii. Recommended devices (Q. Are these devices that you recommended? What is your opinion
of the device?)

Five (of 14) carers responded saying they recommended devices for example:

“Yes, knowing we will be alerted if our son stops breathing during a seizure at night has
allowed everyone to relax and get better rest at night. The monitor only detects seizures
where his heart rate or oxygen levels change out if normal parameters however so many
seizures are missed” CO7.

“Yes, both. Seizario works outdoors where the Careline doesn’t. Falls are detected
(including false alarms when the user drops it!). Seizario: The person’s location can also
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be detected through Google Maps but requires user and recipients to have location
switched on all the time and a Smartphone. Available for iPhone or Android. Free to
download - no in-app purchases required. Regular updates. False alarms may be
cancelled by the user. Text message alert system” CO8.

Six (of 11) healthcare professionals that responded saying they have recommended devices
such as Embrace wrist-worn devices (https://www.empatica.com/en-gb/embrace2/), Epi-
care wrist-worn sensor (https://danishcare.co.uk/epicare-free) and V-SOS Vodaphone fall
detector watch (https://www.vodafonefaf.ie/collections/new-in/products/vodafone-v-sos-
gps-watch-tracker). Other respondents explained that they did not recommend devices.

“Empatica, Embrace, | phone - with fall alarm, VSOS watch by Vodaphone, Refer to
telecare services for general fall alarms and bed sensors” H10.

“We do not recommend or fund any epilepsy device as none are registered as medical
devices due to not being 100% accurate. We do signpost patients to the information on
Epilepsy Action website, however” HO6.

ix. Wearable epilepsy monitoring devices or apps used IN THE PAST (Q. Please tell us about any
wearable epilepsy monitoring devices or apps that the individuals with epilepsy used IN THE
PAST (i.e., devices that they no longer use))

Seven (of 36) responses from the individuals reported the use of wearable monitoring devices
such as Buddi fall detector (https://www.buddi.co.uk/) and Apple watch. There were Five (of
14) responses from carers who also reported individuals in their care using devices such as
Epi-care wrist-worn sensor, Embrace wrist-worn device and a mattress sensor. Four (of 11)
responses from healthcare professionals with individuals in their care using Brio epilepsy
monitor ((Brio - Epilepsy Alarms UK, 2021)), Embrace wrist-worn device and PulseGuard
sensor (https://pulseguard.org/).

“I was given the Buddi by Rochdale council and | put it on my wrist and the pendant
around my neck. The wrist band would detect a fall and the pendant would alert the Buddi
team and my emergency contacts” P14.

“Just the app on my phone and watch but it was always screwing up” P25.

“Previously used mattress alarm which was slow to detect tonic-clonic seizures and did
not detect other seizure types. Currently, use a Sats monitor overnight to detect potential
issues mainly from a SUDEP concern” C11.

We used to have one that was an app on both my sons’ phone and watch but it would
send out false alarms and other times it would not send an alert when he needed us. One
time it didn’t send an alert and my son went into epi status and needed quick intervention
via hospital and ambulance” C13.

“falls pendant alarm” HO3.
“PulseGuard” HOS.
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Non-wearable epilepsy monitoring devices used IN THE PAST (Q. Please tell us about any
non-wearable epilepsy monitoring devices that the individuals with epilepsy used IN THE PAST
(i.e., devices that they no longer use))

Two (of 36) individuals responded saying they have not used any device in the past. Four (of
14) carers responded saying the individuals they care for have used mostly mattress/bed
sensors, although they were not very effective due to the sensor not detecting “convulsive
seizures” (C11). Six (of 11) healthcare professionals reported caring for individuals who have
used different types of non-wearable devices such as mattress sensors, fall alarms and alert
mats.

“Mattress sensor. It seemed good but didn’t work when both of us were in bed” C04.
“Bed mattress alert which alerts every time he moved in his sleep” C12.
“bed sensor unreliable with false alarms did not work well in double beds” HOS.

“young epilepsy app- doesn't seem to update anymore” H11.

Responses from Individuals, Carers and Healthcare Professionals

Wearable epilepsy monitoring devices or apps CURRENTLY USED (Q. Do the individual/s with
epilepsy CURRENTLY use wearable epilepsy monitoring devices or apps? (If the individual/s
do not use any wearable epilepsy monitoring devices please proceed to question 6). If they
do, i) please tell us (if you know) which devices or apps they use.)

Seven (of 36) responses from individuals reported currently using monitoring devices, four (of
14) carers and nine (of 11) healthcare professionals reported caring for individual who are
currently using monitoring devices, such as smartphones, medical wristbands, smartwatches,
and armbands.

“I wear a medical ID bracelet and also have all my medical history on my phone for
emergency purposes” P10.

“I have a Samsung watch galaxy 3 with a medical app on but not sure about it and not
sure if good” P35.

“Yes. Empatica Embrace” CO1.

“Seizario; connected to a Careline” COS8.

“Seizario app, Embrace Empatica watch and apps, Epihunter, NightWatch” HO3.
“Various - some have PulseGuard which they have bought privately or fall alarms” HO6.

Stopped using the devices or apps (Q. Please tell us of any reason you know why they stopped
using the devices or apps (Please select all that apply))

Eight (of 36) individuals, five (of 14) carers and six (of 11) healthcare professionals responded.
Some of the reasons mentioned for no longer using the device/app were because the device
broke or stopped working, it generated falls alarms and the device was too slow at detecting
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seizures, as shown in Figure 6.7. Two (of 36) individual reported other reasons they stopped
using the devices/apps as shown below.

...... The council stopped funding it because | was moving away” (P14).

“The ambulance people didn’t relise its (sic) for them” (P35)

I do not think | need one |
It generated false alarms [ -
The device was too expensive [ INIENINGEEE
It broke or stopped working | e
It missed seizures | R
Other [N
It was too slow at detecting seizures || R R
It was too slow at sending alarms for assistance || NN NN
The subscription price was too high | NG
It was too difficult to operate [N
[

It was uncomfortable

Number of responses

M Individuals ® Carers M Healthcare professionals

Figure 6.6: Reasons reported for stopping use of device/apps (Total of 19 respondents, 8
individuals,5 carers and 6 health professionals).
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Individuals 8 of 35
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Carers 5 of 14

| do not think | need one

It generated false alarms

The device was too expensive
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It was too slow at sending alarms for assistance
The subscription price was too high

It was too difficult to operate

It was uncomfortable

o
-
N

3 4 5
Number of responses

Healthcare professionals 6 of 11

I do not think | need one

It generated false alarms

The device was too expensive

It broke or stopped working

It missed seizures

Other

It was too slow at detecting seizures

It was too slow at sending alarms for assistance
The subscription price was too high

It was too difficult to operate

It was uncomfortable

o
=
N

3
Number of responses

H
(]

Figure 6.7: Reasons reported for stopping use of device/apps (Total of 19 respondents, 8
individuals,5 carers and 6 health professionals (separated according to survey))
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xiii. False Alarms (Q. We are particularly interested in false alarms. Please share any opinions or
experiences you may have with false alarms).

Concerns were expressed about false alarms 18 (of 61) responses made reference to false
alarms, being, stressed, worrying and annoying, as the examples listed below,

“It was very sensitive and went off every time | got on the bus” P14.

“It’s annoying because when you do have a seizure it doesn’t” always pick it up or if it does
then sometimes people dismiss it as the alarm screwing up” P25.

“In a false alarm, the user can ring the recipient or where they haven’t noticed, the
recipient may phone the user. There have been a couple of false alarms where the app
has just appeared to send a text for no reason. But we would rather have a false alarm
than no alarm” CO8.

“When my son self-regulated it would go off when he removed due to irritation when the
device had moved around his limb when he got up in the night to go to the toilet or eat”
Cc12.

“False alarms are mostly associated with bed sensors rather than wearables. Epihunter
might detect numerous subclinical seizure activity and for some patients, this might be
quite stressful” HO3.

“We have occasional false alarms on bed monitors, but most parents would rather have
one of those than miss a seizure” H11.

xiv. The benefit of having seizures monitored (Q. In your opinion, what is the benefit of having
seizures monitored by wearable epilepsy monitoring devices or apps (please select all that

apply))

Twenty-eight (of 36) individuals, all 14 carers and all 11 healthcare professionals responded,
they reported different benefits to have their seizures reported, as shown in Figure 6.8.
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Generating automated alarms
requesting assistance when a
seizure is detected

information with your doctor
own knowledge

0% 20% 40% 60% 80% 100%

B Individuals ® Carers M Healthcare professionals

Figure 6.8: Summary of 53 of 61 responses for the benefits of having seizures monitored by
wearable epilepsy monitoring devices (outer max 100%).

xv. Currently used non-wearable epilepsy monitoring devices (Q. Please tell us about any non-
wearable epilepsy monitoring devices (like mattress sensors) that the individuals with
epilepsy CURRENTLY use)

One (of 36) individual responded saying they use anti-suffocation pillows. Two (of 14) carers
responded saying the individuals they care for use anti-suffocation pillows and bed alarms.
Seven (of 11) healthcare professionals reported caring for individuals who use different types
of non-wearable devices such as mattress sensors, fall alarms, alert mats, and audio
monitoring devices.

“I use anti suffocation pillows so that I’'m safe during bed and | also have adapted lights
so that | can eliminate strong lights” PO2.

. “I have just ordered a bed alarm as my daughter has had cluster seizures and we have
been told she could have tonic-clonic” CO2.

“They currently use anti suffocation pillows” CO4.
“Brio, NightGuard, bed movement sensors, audio monitoring, CCTV” HO3.

“most families of children with nigh-time seizures have a mattress sensor. These are
available via a charity. The family self refers to apply” HOS.
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6.4.5. PSSUQ for 11 (of 36) individuals’ responses.

Figures 6.9 summarises the 11 (of 36) individuals’ responses, indicating a wide spread of
opinions and a significant amount of dissatisfaction. There is a low level of satisfaction and a
significant amount of strong dissatisfaction, a strong dissatisfaction particularly for the
effectiveness of information quality. The response shows a much higher degree of satisfaction
with liking the monitoring device, interface quality.
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os-screen - | s
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mes-roncrons - [ ]
mos:sanseacion | ]
0% 100 20% 308 A0% S0 6% T B L 100%

W1 Sronghy Agree B2 W3 4 m5 m& W7 Srongly Disagres

Figure 6.9: Summary of 11 (of 36) individuals PSSUQ responses for System Usefulness (SU),
Information Quality (1Q) and Interface Quality (INQ).

6.4.6. PSSUQ for seven (of 14) carers responses
Figure 6.10 summarises the seven (of 14) carers responses, indicating a wide spread of
opinions, half of the carers being satisfied, and half being dissatisfied. The carers indicated a

higher level of satisfaction for the system usability and a fair satisfaction for information
quality and interface quality. The details of the carers’ responses are included in the appendix.
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Figure 6.10: Summary of seven (of 14) carers PSSUQ responses for System Usefulness (SU),
Information Quality (1Q) and Interface Quality (INQ).

6.4.7. PSSUQ from four of 11 healthcare professionals’ responses

The responses from four (of 11) healthcare professionals for system usefulness indicated a
wide spread of options and a fair amount of dissatisfaction. The responses presented a
significant dissatisfaction for the information quality, clarity and interface quality, functions,

as shown in Figure 6.11. The results of the healthcare professionals’ responses are included
in the appendix.
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Figure 6.11: Summary of Four (of 11) healthcare professionals PSSUQ responses for System
Usefulness (SU), Information Quality (IQ) and Interface Quality (INQ).

Summary PSSUQ Scores

Table 6.3 lists the mean and standard deviation (SD) PSSUQ scores. As shown, individuals’
overall PSSUQ mean score of 4.58 indicates less satisfaction than the “neutral” value of 4. The
component scores of 4.55, 4.83 and 4.11 indicate mild dissatisfaction and neutral opinions for
system usefulness and information quality and interface quality, respectively.

The carers’ overall mean PSSUQ score of 3.78 indicates mild satisfaction close to neutral. The
responses indicated slightly more satisfaction amongst carers than individuals. System
usefulness achieved the lowest (best) satisfaction of 3.59 from carers whereas the most
satisfaction amongst individuals was interface quality. Both individuals and carers agreed that
information quality was the least satisfying aspect.
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The healthcare professionals’ overall PSSUQ mean of 3.49 suggests mild satisfaction close to
neutral with information quality the most satisfying aspect. However, with only four
responses from healthcare professionals, it would be inappropriate to make conclusions.

Table 6.3: Individuals, carers, and healthcare professionals PSSUQ scores by subscale.

Scale Individuals (n=11) Carers (n=7) Healthcare

Mean (SD) Mean (SD) professionals (n=4)
Mean (SD)
System usefulness (SU1 — SU6) 4.55 (2.32) 3.59 (2.53) 3.79 (1.93)
Information quality (1Q1 —1Q6) 4.83 (1.95) 3.91(2.47) 3.20(1.52)
Interface quality (INQ1 - INQ4) 4.11 (1.85) 3.84(2.32) 3.50(0.93)
Overall 4.58 (2.11) 3.78 (2.43) 3.49 (1.57)

Abbreviation: SD: Standard Deviation.

6.4.8. Additional comments and suggestions from respondents

The last question of the three questionnaires sought any additional comments and
suggestions from respondents. The responses show a diversity of opinions. Below are some
of responses examples from the individuals, carers, and healthcare professionals reported
about the wearable epilepsy monitoring devices,

“It kept a record of a very nasty night of status epilepticus where | had 6 seizures and no
regaining of consciousness in between.” P24.

“If there was something else, | could use | would try it as long as it’s affordable but until
then I’m just stuck.” P25.

“That the devices can seem good on paper. But they are so expensive that my partner
wouldn’t get one. If it was (sic) recommended by his doctor, he would probably use one.”
CO5.

“Are there any that detect focal epilepsy where there are no falls, but the recipient might
eg (sic) bite their tongue or suffer absences/confusion.” C0O8.

“Need to be affordable, reliable, easy to use with a backup plan when they break. Try
before you buy would be good.” HO6.

“The main benefit appears to be, that they provide reassurance and confidence for the
family, that a seizure can be detected. Taking away the daily anxiety around the
unpredictability of a seizure.” H09.
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6.5. Discussion and Conclusion

The survey was limited to a total of 61 responses, only 11 of which were healthcare
professionals and 14 carers. The questionnaire was active during the COVID19 lockdown, and
it is expected that this had an impact on the number of responses. The lockdown also meant
that there were no opportunities to engage with individuals and healthcare professionals.

Nineteen of the 61 participants responded to the question about stopping the use of
monitoring devices/apps. The most reported reason was the generation of false alarms (9
responses) followed by missed seizures (7 responses), and device failure (6 responses) and
expense (6 responses).

The mean and standard deviation PSSUQ scores were calculated from survey respondents
with experience of using wearable epilepsy monitors or receiving alarm or alert message.
These included 11 of 36 individuals, 7 of 14 carers, and 4 of 11 healthcare professionals. The
results, summarised in Table 6.3, indicate that mean levels of satisfaction were close to
neutral (close to 4 on a scale from 1=strongly satisfied to 7=strong dissatisfied); slightly below
neutral for individuals and slightly neutral above for carers and health professionals, but with
quite a large spread of opinions indicated by individual and carer standard deviations greater
than two.

This empirical study addressed RQ4: What are user and stakeholder opinions and experiences
of wearable devices for epilepsy seizure monitoring? The results provided insights into a
range of concerns from stakeholders and identified mixed levels of satisfaction in device
performance both within and between stakeholders. These findings have implications for the
design of future devices and can inform and prioritise future designs.

Overall, survey responses indicate that stakeholders have mixed opinions of the wearable
epilepsy seizure monitors, and a degree of concern, particularly in terms of reliability, false
alarms and missed seizures. However, wearable epilepsy monitoring technology is still
evolving, and it is not unusual for early adopters to be disappointed by the performance of
early systems.

In the next chapter, conclusions and further research recommendations are summarised.

63



CHAPTER 7
CONCLUSIONS AND FURTHER RESEARCH

7.1. Introduction

The overarching aim of this research was to contribute toward future wearable epileptic
seizure monitoring and to the literature evaluating these devices. This chapter reflects on the
research questions and the methodologies used as well as the study outcomes and
implications. These reflections are structured according to each of the four research
guestions. The chapter concludes with conclusions and recommendations for further
research.

7.2. Reflections Related to Research Question One (RQ1)

RQ1: What evaluation evidence for available wearable epilepsy seizure monitors is
reported in the academic literature?

o RQl.1: What evaluation data is reported?

o RQ1.2: What methods are used?

The first research question (RQ1) underpinned the direction of the systematic literature
review. The sub-questions further focused the aims of the review toward the specifics of
reported evaluation data and the methods used for reported studies.

Performing the systematic literature helped to define the research direction by identifying
gaps in the field that motivated and informed the empirical studies. The review itself was
challenging because of the rigour required by the PRISMA systematic review process and
because of the large number of papers that required inspection for the sift stage. However,
on reflection, the systematic review methodology worked well in terms of motivating and
underpinning subsequent research and empirical studies. The implications of the review
findings are significant. The lack of evaluations in the literature and the paucity of reported
data mean that clinical and health technology communities are uninformed and unguided in
their efforts toward technology advances and future clinical studies and applications.

7.3. Reflections Related to Research Question Two (RQ2)

RQ2: How accurate and reliable are the wearable sensors used for epilepsy seizure
monitoring?

The second research question (RQ2) informed the direction of the first empirical study
exploring device performance. This research question was motivated by the finding of the
literature review which identified a lack of evaluation studies in the literature.

The experimental methodology of directly comparing wrist-worn PPG heart rate with chest
strap ECG heart rate has been used in other device evaluation studies [Takacs et al., 2014].
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Acquisitions from both treadmill walking and 12-hrs free-living have also been published in
prior work [Collins et al., 2019] but had not been reported for a data streaming wearable (nor
an epilepsy monitoring device). The data collection process, particularly for the 12-hrs free-
living, was challenging because of repeated difficulties maintaining the connectivity of the
data-streaming E4, for example, when participants moved out of range of the smartphone.
The COVID19 pandemic also affected the study and limited opportunities for repeating
recording attempts.

The exploration of rhythmic movement effects attempted during this study was not pursued
beyond the initial investigation but was reported in the thesis for completion. The
investigation demonstrated that false alarms do occur during everyday types of rhythmic
movements like wiping one’s shirt, shaking a bottle, fanning motions with hands, and tapping
a pen. However, the difficulty of replicating precise choreographed movements across
participants (i.e., the problem of controlling the experiment) proved challenging and for this
reason further investigation of false alarms and heart rate accuracy during rhythmic
movements was not pursued. On reflection this outcome might have been foreseen,
however, the investigation did provide some meaningful insights into the practicalities of
seizure sensing and, for example, the potential latency of alarm messages.

Overall, on reflection, the study succeeded in demonstrating accuracy failings of PPG heart
rate estimation during activity that would, for example, explain failures in investigations
relying solely on PPG-acquired estimates during motor seizures. Unfortunately, researchers
may assume better performance of wearable PPG heart rate estimation, and particularly of
medical grade data streaming wearable devices like the E4. The implication of this is that
future studies may include data of low accuracy, and datasets that incorporate low accuracy
data may be generated and reused. There is scope for improvements both in device
performance and understanding of device accuracy amongst system designers, researchers
and health professionals.

7.4. Reflections Related to Research Question Three (RQ3)
RQ3: To what extent do wearable user interface designs affect usability?

The third research question (RQ3) was motivated by the lack of seizure monitor evaluation
studies and wearable user interface design studies in the literature. This research question
informed the direction of the second empirical study evaluating the wearable user interface
design of the Empatica Embrace.

There is very little evaluation of wearable interfaces in the literature, this made the study
design decisions challenging. The methodology adopted comprised two components, i) an
innovative experimental assessment of the guessability of each interface state, and ii) a
heuristic evaluation based closely on Jakob Nielsen’s User Interface Design Heuristic
Evaluation which is more usually used for non-wearable interface design evaluations of
mobile and desktop apps.

The COVID19 pandemic also affected this study and limited opportunities for recruiting more
participants. On reflection the study methodology succeeded in evaluating aspects of the
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usability of the user interface, for example, on one hand recognizing the simplicity, clarity,
and potential memorability of the display and, on the other, identifying concerns about the
reliance on recall and the potential for confusion about the device state communication. The
implications of the findings are that individuals and caregivers (including, for example,
colleagues and co-workers) may fail to identify important device communications such as a
seizure event detected. There is scope for improvements in wearable interface designs and
improved understandings amongst system designers, researchers, and health professionals
about the usability of these wearable interfaces.

7.5. Reflections Related to Research Question Four (RQ4)

RQ4: What are user and stakeholder opinions and experiences of wearable devices
for epilepsy seizure monitoring?

The fourth research question (RQ4) informed the direction of the third empirical study
exploring stakeholders’ experiences and opinions on wearable epilepsy seizure monitors. This
research question was motivated by the lack of qualitative assessments and evaluations
based on stakeholder opinions and real-world experiences of devices, as identified in the
systematic literature review.

The methodology comprised a survey (delivered via Epilepsy Action) of stakeholders’
experiences and opinions of wearable devices and a PSSUQ usability questionnaire. The
PSSUQ is a popular and well-established post-study usability questionnaire that had been
used by one of the qualitative seizure monitoring studies identified in the systematic review
[Meritam et al., 2018].

The methodology worked well, and the support of Epilepsy Action was very beneficial. On
reflection preparation for this study could have started earlier to allow more time for the
ethics and permission processes for both the university and Epilepsy Action charity, as well as
for the preparation of the three separate questionnaires. Initiating the survey before studies
one and two would have allowed more time for preparation and processes, and also more
time for acquiring stakeholder responses. However, given the COVID19 pandemic and the
significant challenges faced by all healthcare professionals, it was pleasing that the survey
achieved 11 healthcare professional responses and an overall total of 61 stakeholder
responses.

The findings provided insights into a range of concerns from stakeholders and identified
mixed levels of satisfaction in device performance both within and between stakeholders.

These findings have implications for the design of future devices and can inform and prioritise
future designs.

7.6. Conclusions

The main conclusions from the research are summarised in this section.
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The systematic literature review demonstrated a lack of evaluation of available wearable
seizure monitoring devices, a lack of details in reported studies, a lack of qualitative studies
and a lack of evaluations based on real-world use of devices. Across the reviewed works there
was a lack of full detail, including details required to establish important metrics such as
sensitivity, specificity, and false alarm rates. Ideally, future seizure sensing systems and
algorithms would benefit from detailed qualitative and quantitative assessments of wearable
epilepsy seizure device performance. However, clinical, and free-living assessments of
wearable epilepsy device performance, require investments in time and resources, their
timescales are at odds with the iterative updating of digital technologies, and they present
additional difficulties in terms of truth data.

The first empirical study demonstrated a lack of wearable heart rate accuracy during activity.
In the absence of motion artefacts, PPG heart rate estimates may perform reliably and may
be used, for example, to detect ‘preictal’ epileptic seizure onset heart rate variations.
However, researchers should be aware that attempting to detect heart rate variations during
activity or during a motor seizure could produce unreliable results as it did for Vandecasteele
et al. [2017]. Despite these challenges, wearable epilepsy seizure detecting devices offer
important opportunities to reduce injuries and save lives. However, researchers using data
streaming research and medical-grade wearables should be aware of device performance
during periods of activity and should be cautious regarding the accuracy of wearable heart
rate datasets acquired during activity.

The second empirical study, interface evaluation, demonstrated confusions and concerns
about interface display indications. The conclusion of this study was that there is a need for
clearer and more intuitive interface designs for wearable seizure monitors, particularly for
devices used in critical health monitoring scenarios with different wearer user and non-
wearer user stakeholders.

The findings from the third empirical study, surveying epilepsy stakeholders, demonstrated
mixed opinions of wearable epilepsy seizure monitors and a degree of concern about missed
seizures and dissatisfaction about false alarms that leads to some individuals abandoning use
of the devices. Most individuals reported that having seizure information for themselves and
to share with their doctor was beneficial, but far fewer reported automated alarms as
beneficial. In contrast healthcare professionals felt that sharing data about seizures was less
beneficial but both carers and healthcare professionals felt that automated alarms were
beneficial.

In terms of stakeholder levels of satisfaction based on experience, the satisfaction of
individuals was lower than that of carers and healthcare professionals. Of course, wearable
epilepsy monitoring technology is still evolving, and it is not unusual for early adopters to be
disappointed by the performance of early systems. However, the opinions and experiences of
stakeholders and early adopters are important to the evolution of better systems, and is,
currently, lacking in the literature.
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Reflecting on the study outcomes and their connected contributions to the overall aim of
the research: In reflecting on the research as a whole, the overarching aim to contribute
toward future wearable epileptic seizure monitoring was underpinned by the systematic
literature review that identified i) a lack of device performance evaluations in the literature
and a lack of consistent and complete data reporting, and ii) a lack of evaluations based on
real-world stakeholder opinions and experiences. The first and second empirical studies
contributed directly to i) with assessments of device heart rate acquisition and interface
design. The third and final empirical study contributed to ii) with insights into a range of
opinions, concerns and priorities from stakeholders and identifying mixed levels of
satisfaction in terms of device performance. The studies can also be seen as evaluations of
wearable seizure monitors from the inside out, that is, from an evaluation of the internal
heart rate sensor performance, through to an evaluation of the physical device interface and,
further beyond, to the opinions and experiences of stakeholders.

Contribution to future digital healthcare design: The findings of this thesis contribute to the
digital healthcare design community by i) highlighting the lack of evaluation studies (which
may itself motivate further investigations), ii) increased awareness of the inaccuracy of
optically sensed heart rate during movement and the importance of accuracy for seizure
detection using wearable epilepsy seizure monitors, iii) informing the design of future
wearable interface designs and providing a guessability method to identify the meaning of
displayed states, iv) informing future designers and developers of stakeholder opinions,
concerns and levels of satisfaction about wearable epilepsy seizure monitors.

7.7. Recommendations for Further Research

Further research is needed to contribute towards the performance, reliability, and usability
of wearable epileptic seizure monitoring devices. The following further research
recommendations are proposed based on the results presented in this thesis.

Currently there is a lack of evaluation information in the literature. Further evaluations of
available seizure monitors are recommended. Ideally, these studies will also report more
complete details about data quality and device performance and provide more detailed
information about assessments, including device model and version numbers as well as
detailed contextual information about the wearers and their activity.

Future investigations need to be conducted into wearable epilepsy seizure monitor
performance for non-motor seizures such as absence seizures. ldeally, future work should
also include an evaluation of the intrinsic performance of wearable epilepsy seizure monitors
and improving wearable epilepsy seizure monitors sensing performance for diverse cohorts
of users.

Further research is also recommended for the design of interface displays for wearable
seizure monitors (and other critical health monitoring devices), so that the displays are more
intuitive and understandable. Ideally this will involve usability studies with significant cohorts
of representative stakeholders.
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Additionally, there is much scope for further research evaluating available wearable seizure
monitors. In particular, further qualitative studies are recommended for eliciting stakeholder
opinions and experiences from real-world experiences of device usage.
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Appendix A: Study One: Heart Rate Performance

Appendix A.1: The version details for the devices used in the experiment

The Embrace wristband version EMB-MB-S, data acquired via Alert app version 2.1.1 and
Mate app version 4.3.7.

The E4 wristband version SP069-B-20150001, data acquired via E4 real-time app version 2.1.1
(8202) and E4 Manager version 2.0.3 (5119).

The treadmill was an h/p/cosmos Pulsar treadmill, h/p/cosmos Sports & Medical Gmbh,
Nussdorf Traunstein, Germany. (cos100420b; ID: X239W80479043; OP19: 0319 1139).

The Polar H10 chest heart rate monitor (FCC ID: INW1W; Model: 1W; IC: 6248A-1W; SN:
C7301W0726005; ID: 14C00425; Firmware: 2.1.9 and data acquired via Polar Beat 2.5.3.
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Appendix A.2: Ethical documentation

Approval

Keelg University FNS Non-psychology Faculty Research EthicsKe e l e

Committes:

naturalsciences.ethics@keelesculd | B | VER S | TY

Gth March 2020

Dear Tendai,
Project Title: Wearable User Interface Evaluation
REC Project —
Reference:
;‘;lﬁi;:ﬁon Main application

Keela University's Faculty of Matural Sciences Non-peychelogy Research Ethics Committee reviewed
the above project application.

Favourable Ethical opinion
The members of the Committes gave a favourable ethical opinion of the above research on the basis

described in the application form, protocol and supporting documentation, subject to the condiions
specified below.

Conditions of the favourable opinion
The favourable opinion is subject to the following conditions being met prior to the start of the project.

| 1. | NOME

Repaorting requirements
The University's standard operating procedures give detsiled guidance on reporting requirements for
studies with a favourable opinion including:

#» Motifying substantial amendments

#»  Maotifying issues which may hawe an impact upon ethical opinion of the study

# Progress reports (where required)

»  Maotifying the end of the study

Approved documents
The documents reviewed and spproved are:

Document Version Date

Application form 2 08/03720
Consent form 2 080320
Participant information form 2 08/03720

“ours sincerely,

Professor Clare Holdsworth
Lead Reviewer




Participant Information Sheet

Keele a

UNIVERSITY

Information Sheet

Wearable Technology Evaluation
Invitation
Keele University students and staff are invited to take part in the research study. The research will be undertaken
by Computer Science researchers in the Centre for Computer Science Research at Keele University. The
research is undertaken by PhD researcher Tendai Rukasha (lead supervisor Dr 8 Woolley and co-supervisor Dr
T Kyriacou).

Please take time to read this Information Sheet carefully and if there is anything that is unclear and needs further
explanation please do get in touch, the contact details are at the end of the information sheet.

Aims of the Research
The aim of the research is to evaluate the E4 wristband, a commercial wearable technology used to record

physiological signals.

This research will further help epileptic seizure prone individuals to avoid dangerous and embarrassing seizures
episodes that will be of harm to themselves as well as other individuals around them.

Why have | been invited?

As students”/staff members at Keele University, you have been invited to participate in a research study based in
the Centre for Computer Science Research. Keele University staffi'students are more accessible to the research;
this is why you are being invited to participate in the research.

Do I have to take part?

Participating in this assessment will not affect the participants® daily life as well as their studies, this is
completely voluntary. If you do decide to take part. you will be provided with information and instruction
handbook regarding the wristband. There will be advice and instructions on how to use the wristband and
discussing the specific events that should be recorded down by each participant regarding their daily activities.

Information sheet for recording daily events, general specifications and additional information, will be required
and should be filled in the daily log.

You will have an opportunity to ask questions and, if you are satisfied to proceed, you will be asked to sign a
consent form. You will be free to withdraw from this study without giving reasons. If you elect to withdraw you
will have to notify the researcher 2 weeks after participation and your data will be withdrawn and destroyed.

What will happen if | take part?

Participation will involve wearing 4 E4 wristbands and complete a brief questionnaire at the end of the
assessment, for recording age range, height, weight, perceived fimess, physical activity level and general
comments. You will also be asked to attend a 10-15 min interview and complete a daily log that you will be
provided with.

Participation will also involve wearing a Polar HI0 pro chest strap for 30min whilst walking on the treadmill.
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What are the benefits (if any) of taking part?

The assessment will assist in Keele future research work, the ethical approval process and in advancing the
quality effectiveness and efficiency of sensor technology for epileptic seizures. Participating in this assessment
will not affect the participants” daily life as well as their studies, this is completely voluntary.

What are the risks (if any) of taking part?

There are no risks expected from the use of the commercial, Empatica E4 wristband and the Polar H10 pro chest
strap, however, if vou were to experience any discomfort or have any concern at all regarding the E4 wristband
and the Polar H10 pro chest strap, you must immediately discontinue use. The commercial, Empatica E4
wristhband is completely risk assessed and has a CE certification for health, safety and environment and FCC
certification for electromagnetic interference from the device under limits. In the event of any abnormal
recordings that may indicate a possible health condition, you will be provided with all your data and advised to
discuss these with vour GP.

How will information about me be used?

The recordings gained from the E4 wristband app (real-time app) and the Polar H10 pro chest strap app (Polar
beat app) and all completed questionnaires, interview answers and the daily log will be held securely, as
required by research processes, for a minimum of five years.

Whao will have access to information about me?

All information obtained during the assessment will remain confidential. All participant names will be replaced
with numerical identifiers and all data will be anonymeous in publication. The recordings gained from the E4
wristband, Polar H10 pro chest strap and all completed questionnaires, interview answers and daily log/diary
will be held securely, as required by research processes. All personally identifiable data will be destroyed after a
minimum of five years. Only the Centre for Computer Science Research lead supervisor and co-supervisor will
have access to the study data. Any paper records will be stored in a locked filing cabinet and all electronic data
will be stored on secure, password protected drives.

Who is funding and organising the research?
This phase of the research is unfunded.

What if there is a problem?

If you have a concern about any aspect of this study. you may wish to speak to the principal researcher who will
do their best to answer your questions. You should contact the principal investigator, T Rukasha
trukashaf@keele.ac.uk. Alternatively, if you do not wish to contact the principal investigator vou may contact
the lead supervisor Dr 8§ [ Woolley s.i.woollevin keele.ac.uk or co-supervisor Dr T Kyriacou

tkyriacou@keele.ac.uk

*PLEASE NOTE: E4 IS NOT WATERPROOF, PLEASE TAKE EXTRA PRECAUTION WHEN
HANDLING LIQUIDS WHILST
WEARING THE E4*
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Consent Form

CONSENT FORM

Wearable Technology Evaluation

Nam e and contact details of Principal Investigator: Tendai Rukasha, School of Computing and Mathematics,

Keele University, ST55BG. Email: t.rukasha@keele.ac.uk

As a student/staff at Keele University, you have been invited to participate in this study. You should only

participate if you want to. Participation is voluntary and will be of no advantage or disadvantage to your studies.

Before you decide whether you want to take part, please take time to read the Information Sheet, listen to the
instruction regarding the use of the systems and please ask if there is anything that is not clear or if you would
like more information.

Please tick the box if you agree with the
statement

1. Ihave read and understood the Information Sheet and have been provided with an opportunity to ask
any questions.

2. The nature of the research has been explained to my satisfaction. I understand what is expected of me
and any questions I had have been answered to my satisfaction.

3. T understand that if I experience any discomfort, I will immediately discontinue its use.

4. T understand that if I decide that I no longer wish to participate in this project, I can notify the
researchers up to 2 weeks after participation and my data will be withdrawn and destroyed.

5. 1 consent to the processing of my data for the purposes of this research study and for its use in
anonymized form in the dissemination of study findings and in research publication.

6. 1 understand that recorded data will be stored in electronic format. All information relating to this
study is to remain confidential and it will only be used for the research. I understand that all data will
be preserved for a minimum of 5 years in accordance with research requirements.

Name Date Signature

Name Date Signature
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Appendix B: Study Two: Interface Evaluation

Appendix B.1: The ethical documentation

Approval

Keelg University FNS Non-psychology Faculty Research EthicsKe e l e

Committes:

naturalsciences.ethics@keelesculd | B | VER S | TY

Gth March 2020

Dear Tendai,
Project Title: Wearable User Interface Evaluation
REC Project —
Reference:
;‘;lﬁi;:ﬁon Main application

Keela University's Faculty of Matural Sciences Non-peychelogy Research Ethics Committee reviewed
the above project application.

Favourable Ethical opinion
The members of the Committes gave a favourable ethical opinion of the above research on the basis

described in the application form, protocol and supporting documentation, subject to the condiions
specified below.

Conditions of the favourable opinion
The favourable opinion is subject to the following conditions being met prior to the start of the project.

| 1. | NOME

Repaorting requirements
The University's standard operating procedures give detsiled guidance on reporting requirements for
studies with a favourable opinion including:

#» Motifying substantial amendments

#»  Maotifying issues which may hawe an impact upon ethical opinion of the study

# Progress reports (where required)

»  Maotifying the end of the study

Approved documents
The documents reviewed and spproved are:

Document Version Date

Application form 2 08/03720
Consent form 2 080320
Participant information form 2 08/03720

“ours sincerely,

Professor Clare Holdsworth
Lead Reviewer




Participant Information Sheet

Keele
UNIVERSITY
PARTICIPANT INFORMATION SHEET

Wearable User Interface Evaluation

Name and Contact Details of Researcher: Tendai Rukasha, Lrukasha@keele.ac uk

Supervisors: Dr Sandra | Weolley, s.i.woolley@keele.ac.uk and

Dr Theocharis Kyriacou, t.kyriacou(@keele.ac.uk

Invitation

As a student or member of staff with user interaction design experience and expertise, we would like to invite
you to take part in our research study. Participating in the research study is entirely up to you. Before you
decide we would like you to understand why the research is being done and what it would involve for you. The
research will be undertaken in the Centre for Computer Science Research at Keele University.

Please take time to read this participant information sheet. If there is anything that is unclear and needs
further explanation, please ask.

Research Summary
This study is concerned with wearable user interface evaluation; it is part of a programme of PhD research
relevant to wearable devices. The evaluation will take approximately 15-20 minutes of your time.

‘What is the purpose of the research?
The aim of the research is to evaluate wearable user interface designs, identify usability issues and contribute
toward recommendations for future devices.

‘Why have | been invited?
You have been invited to participate because you are a student or member of staff with user interaction design
experience and expertise at Keele University,

Do | have to take part?

Participating in this research study is completely voluntary. If you do decide to take part, you will be requested
to respond to the questionnaires, an audio recorder will be used to record their responses and the researcher
will complete the questionnaires based on the participants’ responses.

‘What will happen if | take part?

Participation will involve a brief discussion on your use and opinion of wearable devices/trackers and to
perform an evaluation of an interface design. An audio recorder will be used to record the participant's
FESpONSes.

What are the possible disadvantages, burdens and risks (if any) of taking part?
There are no risks expected from taking part in this study.

What are the possible advantages or benefits (if any) of taking part?
Participants will not receive direct personal benefit from participating but society may benefit from advances
wearable user interface designs.
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'Will my data be kept confidential?
MNa identifying comments will be published. The ancnymous responses will be collated and will be made
available on request to other researchers for the purpose research towards new technology.

You can find out more about how we use your information
https:/ fwww keele ac uk/privecynotices/privacynotice-researchparticipants/ or by contacting the University's

Data Protection Officer at doo@keele ac.uk.

If you have a concern about any aspect of this research study, you may wish to speak to the researcher Tendai
Rukasha t.rukasha@keele.ac.uk. Alternatively you may contact the supervisor Dr Sandra | Woolley
s iwoolley@keele ac uk or Dr Theocharis Kyriacou tkyriscou@keele ac uk

‘Who has reviewed the study?
This study has been reviewad by Keele University Research Ethics Committee [Ethics REC: N5200058).

Thank you
Thank you for taking time to read this information sheet and for considering volunteering for this research.
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Consent Form

CONSENT FORM

Wearable Technology Evaluation

Nam e and contact details of Principal Investigator: Tendai Rukasha, School of Computing and Mathematics,

Keele University, ST55BG. Email: t.rukasha@keele.ac.uk

As a student/staff at Keele University, you have been invited to participate in this study. You should only

participate if you want to. Participation is voluntary and will be of no advantage or disadvantage to your studies.

Before you decide whether you want to take part, please take time to read the Information Sheet, listen to the
instruction regarding the use of the systems and please ask if there is anything that is not clear or if you would
like more information.

Please tick the box if you agree with the
statement

1. Ihave read and understood the Information Sheet and have been provided with an opportunity to ask
any questions.

2. The nature of the research has been explained to my satisfaction. I understand what is expected of me
and any questions I had have been answered to my satisfaction.

3. T understand that if I experience any discomfort, I will immediately discontinue its use.

4. T understand that if I decide that I no longer wish to participate in this project, I can notify the
researchers up to 2 weeks after participation and my data will be withdrawn and destroyed.

5. 1 consent to the processing of my data for the purposes of this research study and for its use in
anonymized form in the dissemination of study findings and in research publication.

6. 1 understand that recorded data will be stored in electronic format. All information relating to this
study is to remain confidential and it will only be used for the research. I understand that all data will
be preserved for a minimum of 5 years in accordance with research requirements.

Name Date Signature

Name Date Signature
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Appendix B.2: Questionnaire

Keele a

UNIVERSITY

QUESTIONNAIRE

The aim of the research is to evaluate the E4 wristband, a commercial wearable technology used to record
physiological signals.

Date:
Reference #:
Age Range
<20

20-30
30-40

40-50

JoooO

=50

Gender
Female

Male

Job

Other

Occupation
Student

]
Staff |:]

Height (cm)

Weight (kg)
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Appendix C: Study Three: Stakeholders Opinion and Experiences

Appendix C.1: The ethical documentation

Approval

Keels University FMS Non-psychology Faculty Research Ethics Committes

naturaI5|:iencs.ethics@keele.ac.ukKe e ] e
UNIVERSITY

5th March 2020
Dear Tendai,

Proect Title: A Survey of Stakehelder Opinions and Experiences of Wearable
! . Devices for Epilepsy Seizure Detection

REC Project N5-200056

Reference:

T‘"}E.m . Amendment

Application

Amendment NE-200063

Reference:

Amendment Sth March 2020

Date:

Keele University’s Faculty of Natural Sciences Mon-Psychology Research Ethics Committee
reviewed the above amendment.

Favourable Ethical opinion
The members of the Committee gave a favourable ethical opinion of the above research on
the basis described in the application form, protocol and supporting documentation, subject

to the conditions specified below.

Conditions of the favourable opinion
The favourable opinion is subject te the following conditions being met prior to the
implementation of the amendment:

‘ 1 | NONE

Reporting requirements
The University's standard operating procedures give detailed guidance on reporting
reguirements for studies with a favourable opinion including:
s Netifying substantial amendments
s Notifying issues which may have an impact upon ethical opinion of the study
#® Progress reports (where required)
& Notifying the end of the study

Approved documents
The documents reviewed and approved are:

Document Version Date

Application form 2 05/03,/20
Epilepsy Action research resource application 2 05/03/20
Amendment form 1 05,03/20
Participant information sheet 1 05,03/20

Yours sincerely,
i f

(kg™

Professor Clare Holdsworth
Lead Reviewer



Participant Information

Keele a

UNIVERSITY

PARTICIPANT INFORMATION SHEET

A Survey of Stakeholder Opinions and Experiences of Wearable Devices for Epilepsy Seizure
Detection

Researcher: Tendai Rukasha, t.rukasha@keele.ac.uk
Supervisors: Dr Sandra | Woolley and Dr Theocharis Kyriacou
Invitation

We would like to invite you to take part in our research study. Participating in the research study is
entirely up to you. Before you decide we would like you to understand why the research is being
done and what it would involve for you. The research will be undertaken by researchers in the
Centre for Computer Science at Keele University.

Please take time to read this participant information sheet. If there is anything that is unclear and
needs further explanation please do get in touch, the contact details are at the end of the
participant infarmation sheet.

Research summary

This study is concerned with opinions and experiences of wearable devices for epilepsy. We are
seeking participants who are people with epilepsy, carers, family, friends, "alarm receivers’™ and
healthcare professionals.

Participation in the research would require you to complete an online questionnaire linked from
the Epilepsy Action website which will take approximately 15 minutes of your time.

(*i.e., anyone receiving SMS messages or alerts from epilepsy monitoring devices).
What is the purpose of the research?

This research study aims to collect and analyse opinions and experiences of wearable devices that
will contribute to the evaluation and future developments of seizure-detecting wearables.

Why have | been invited?

You are invited to participate in this study via Epilepsy Action if you are aged 18 years or older and
if you are an individual with epilepsy, a healthcare professional or other epilepsy stakeholders, or a
career, family member, friend or colleague of an individual with epilepsy.

Do | have to take part?

Participating in this research study is completely voluntary.
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What will happen to me if | take part?

If you do decide to take part, you will be asked to complete an online questionnaire about your
epilepsy or that of the individuals in your care/ network and to answer questions about your
opinions and any experiences of wearable devices for seizure detection.

Participation will involve completing an online guestionnaire linked on the Epilepsy Action website.
The guestionnaire will take approximately 15 minutes to complete. You will be required to
complete the guestionnaires by 31 May 2020,

Note: You are welcome to complete more than one online questionnaire. For example, if you are a
healthcare professional who has epilepsy, you are welcome to fill out both applicable
guestionnaires.

What are the possible disadvantages, burdens and risks (if any) of taking part?
There are no anticipated risks associated with completing the online gquestionnaires.
What are the possible advantages or benefits (if any) of taking part?

Participants will not receive direct personal benefit from participating but society (or a sub-group of
society) may benefit from the research contribution toward wearable devices for epilepsy.

Will my data be kept confidential?

No identifying comments will be published. Anonymous guestionnaire responses will be collated
and will be made available, on request, to other researchers investigating technologies for epilepsy.
All data will be stored securely for 10 years in line with Keele University research requirements. You
can find out more about how we use your information

here https://www.keele.ac.uk/privacynotices/privacynotice-researchparticipants/ or by contacting
the University’s Data Protection Officer at dpo@keele.ac.uk.

Who has reviewed the study?

This study has been reviewed by Keele University Faculty of Natural Sciences (non-Psychology)
Research Ethics Committee (Ethics Reference Number: N5-200056).

Contact information

If you have a concern about any aspect of this research study, you may wish to speak to the
researcher Tendai Rukasha t.rukasha@keele.ac.uk. Alternatively, you may contact the supervisor Dr
Sandra | Woolley s.i.woolley@keele.ac.uk

If you have a concern or complaint that is not resolved by the researcher or their supervisor, you
may elect to contact the approving Research Ethics Committee via their administrator at
naturalsciences. ethics@keele.ac.uk (Telephone. 01782 733615).

Thank you for taking the time to read this information sheet and for considering participation in the
study.

93



Appendix C.2: Questionnaires for individuals with epilepsy, carers, and healthcare
professionals. Questionnaire for People with Epilepsy Aged 18 and Over

Questionnaire for people with epilepsy aged 18

and over ]< eele
I am, Tendzi Rukasha, 8 Computer Science PhD candidate at Kesle University

C

researching wearable epilepsy monitors. | am supervised by Drs Sandra UNIVERSITY
‘wigolbey and Theacharis Kyriacow

If you are 3 person with epilepsy, aged 18 or aver, we would really like to know your opinions and amy
experiences of wearable and non-wearable monitoring devices or apps.

We would be grateful if you would complete this guestionnaire. We are looking for your opinions and
SXpEriences - we are not asking you to take part in any trisls. We welcome all opinions and please feel free

to tell us of any experiences that inform your opinions.

The results of this questionnaire will be published and shared with Epilepsy Action. No identfying
comments will b2 published and no quotes from responses will be used without permission. Full
participant information details are availzble.

Mote: You are welcome to complets more than one online questionnaire. For example, if you are 3
heslthcare professionzl or carer who has epilepsy, you are welcome to fill out both applicable
guestionnaires.

Thank you wery much for your help.

Tendai Rukzsha (Lrukasha@ kesle.acuk).

ABOUT ¥OU AND ¥YOUR EPILERSY

1. Eender

Mark only one oval.
Female

rdalz

Other:

2. AgE Range
Mark only ome oval.
Under 20

20-23

30-39

40-45
50-55
60 and over

3. How long hawve you had epilepsy? (years).

4. what age were you when you received a formzl diagnosis of epilepsy? (years).

5. Pleass comment on your fitness and general level of activity, ez, “regular desk working with oocasional
walking and jogging” or “intermittent vigorous work and regular gymfootball” or “regular moderate activity

such as gardening and housework”.

5. Wwhat types of seizure have you had in the [3st 5 years? [Please select all that zpply).

111
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Tick all that apply.

|:| Tonic

|:| Clonic

|:| Tonic-glonjc,

| | Myoclonic

|:| Atonic

|:| Absence

|:| | haven't had any

|:|Iarr1 not sure

Cther:

7. Broadly, plesss tell us abowt the seizures. How frequent are they and how long do they last? On averags,
how long does it take for full recovery from a seizure?

WEARABLE DEVICES OR APPS
E. Plezse tell us about amy wearable epilepsy monitoring devices or apps and any other wearable activity
manitoring devices {like Fitbits) that you CURRENTLY use.

L. if you are CURRENTLY using & wearable epilepsy monitoring device, please tell us why you chose it
10. How many emergency contacts do you have? What i your relationship with them?

11. Pleass tell us about any wearable epilepsy monitoring devices that you wsed IN THE PaST (ie., devices that
you i longer use). (If you have not previously used any devices please procesd to question 14).

12, How long did you use the wearable epilepsy monitoring devices or apps IN THE PAST?

13. Fleas= tell us of any reason why you stopped using the devices or apps? [Please select all that apply).
Tick all that apply.
|:| It broke or stopped working
|| 1t was uncomfortable
|| It was too difficultto operate
[ |1t generated falsealams
|:| | do not think | need one
|:| It missed seizures
|:| It was too slow at detecting seizures
|| It was too slow at sending alarms for assistance
|:| The device was 10D expensive
|:| The subscription price was too high

Other: D
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14, W are particularly interested in false alarms. Please share any opinions or experiences you may have with
falz= alarms.

15. In your opinion, what are the benefits of having your seizures monitored by wearable epilepsy monitoring
devices ps? (Please select all that apply)-

Il that appiy.

D Hawing the information for your own knowledge

Being able to share the information with your doctor

Generating sutomated alarms reguesting 3ssistance when & seizure is detected Other:
MOMN-WEARAS VICES
18. Pleaz=tellu ut-amy non-wearable epilepsy monitoring devices {like mattress sensors) that you
CURREMTLY use.

17. Pleas=s tell us your opinions and experiences from ANY PAST USE of nonwearable epilepsy monitoring
dewices.

POST-5TUDY USABILTY QUESTIONMAIRE
If you have any experience of using a wearzble epilepsy monitoring device or if you receive alarm/alert
MEsIages.
Flzase reflect on this use and complete this usability guestionnaire, otherwize please go to guestion 19.
overall, | was satisfied with how easy was it to use epilepsy monitoring devices or apps.
Mark only one ovol.
1 z 3 4 5 [ 7

Strongly Agree Strongly Disagree

It was simple to use epilepsy monitoring devices or 2pps.
Mark only one ovol.
2 z 3 4 5 & 7

Strongly Agree Strongly Disagree
I 'was able to complete the tasks quickly using epilepsy monitoring devices or apps.
Mark only one ovol.
3 z 3 4 5 6 7
Strongly Agree Strongly Disagree

| felt comfortable using epilepsy monitoring devices or apps.
Mark only one owal.
4 z 3 4 5 [ 7

Strongly Agree Strongly Disagree
It was easy to learn to use epilepsy monitoring devices or apps.
Mark only one ovol.
5 z 3 4 5 (3 7
Strongly Agree Strongly Disagree
| believe | could become productive guickly using epilepsy monitoring devices or apps.
Mark only one ovol.
& z 3 4 5 [ 7
Strongly Agree Strongly Disagree

Epilzpsy monitoring devices or apps gave error messages that dearly told me how to fix problems.
Mark only one ovol.
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Strongly Agree Strongly Disagree
whenever | made a mistake using epilepsy monitoring devices or apps, | could recover easily and quickhy.

Mark only one owval.
2 z 3 4 5 & 7

Strongly Agree Strongly Disagree
The information {swch as online help, on-screen messages, and other documentation) provided with epilepsy
manitoring devices or apps was clear.
Mark only one oval.
3 z 3 4 5 & 7

Strongly Agree Strongly Disagree

It was easy for me to find the information | needed.
Mark only one owal.
4 z 3 4 5 & 7

Strongly Agree Strongly Disagree

The information was effective in helping mz complete the tasks.
Mark only one owal.
5 z 3 4 5 & 7

Strongly Agree Strongly Disagree

The organisation of information on the epilepsy monitoring devices or apps screens was clear.
Mark only one owal.
& z 3 4 5 6 7

Strongly Agree Strongly Disagree

The interface of epilepsy monitoring devices or 3pps was pleasant.
Mark only one owal.
7 z 3 4 5 6 7

Strongly Agree Strongly Disagree

| liked using the interface of epilepsy monitoring devices or apps.
Mark only one oval.
& z 3 4 5 & 7

Strongly Agree Strongly Disagree

Epilepsy monitoring devices or apps have all the functions and capabilitias | 2xpect them to have.
Mark only one oval.
9 z 3 4 5 & 7

Strongly Agree Strongly Disagree
averall, | am sztisfied with epilepsy monitoring devices or apps.
Mark only one owal.
10 z 3 4 5 & 7
Strongly Agree Strongly Disagree

1o, Are there are any COMMENTs or SUEEestions you would like to share with us about wearable and non-
wearable 2pilepsy monitoring devices.

20. Permission to use quotes. We will never use any quotes from questionnainzs unless we hawe your
permission. Please indicate your preference below.

| give permission to use quaotes from my responses.

Nark only one oval,
Yas
T No

[ 1]

THANE YO WVERY MUCH FOR YOUR TIME.

This content is neither crested nor endorsed by Google.
Google

Forms
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Questionnaire for Carers, Family, Friends, and Alarms Receivers* of Individuals with Epilepsy
Questionnaire for carers, family, friends, and alarms receivers* of
individuals with epilepsy.

I am, Tendai Rukasha, a Computer Science PhD candidate at Keele University researching wearable
epilepsy monitors. | am supervised by Drs Sandra Woolley and Theocharis Kyriacou.

If wou are a carer or other stakeholder with an interest or responsibility for individuals with epilepsy,
we would really like to know your opinions and any experiences of wearable and non-wearable
monitaring devices or apps.

We would be grateful if you would complete this questionnaire. We are just looking for your opinions
and experiences —we are not asking you to take part in any trials. We welcome all opinions and please
feel free to tell us of any experiences that inform your opinions.

The results of this questionnaire will be published and shared with Epilepsy Action. No identifying
comments will be published and no quotes from responses will be used without permission. Full
participant information details are available.

Mote: You are welcome to complete more than one online gquesticnnaire. For example, if you are a
healthcare professional or carer who has epilepsy, you are welcome to fill out both applicable
questionnaires.

Thank you very much for your help.

Tendai Rukasha [Lrukasha@ keele.ac.uk).
(*i.e., anyone receiving SM3 messages or alerts from epilepsy monitoring devices).

ABOUT ¥YOU AND YOUR ROLE

1. What is your current role? Please tell us your relationship to the individual/s with epilepsy.

2. Please tell us how many individual/s with epilepsy are in your care? (What are their ages and gender?).

3. What types of seizures do they have? (Please select all that apply).
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Tick all that apply.

|:|Tc|ni-:
|:| Clonic

|:| Tanic-clonic
|:| Myoclonic

|:| Atonic

|:| Absence

Other: |:|
WEARAELE DEVICES OR APPS
4. Do the individual/s with epilepsy CURREMTLY use wearable epilepsy monitoring devices or apps? (If the
individual,s do not use any wearable epilepsy monitoring devices please proceed to question &). If they do, i)
please tell us {if you know) which devices or apps they us.

and ii) are these devices that you recommended? What is your opinion of the device?

5. Do vou receive the alarm messages from the individual/s wearable epilepsy monitoring devices or apps? If
50, please tell us your opinion of the messages?

6. Please tell us about any wearable epilepsy monitoring devices or apps that the individual/s with epilepsy
used IN THE PAST (i.e., devices that they no longer use). (If they have not used any wearable epilepsy
monitoring devices please proceed to guestion ).

7. How long did they use the wearable epilepsy monitoring devices or apps IN THE PAST?

£. Please tell us of any reason you know why they stopped using the devices or apps? [Please select all that
apply).
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Tick all that apply.

|:| It broke or stopped working

|:| It was uncomfortable

|| It was too difficultto operate

|| It generated falsealams

|:| It missed seizures

|:| It was too slow at detecting seizures

|| 1t was too slow at sending alarms for assistance
|:| The device was too expensive

|:| The subscripticn price was too high

Cther: |:|

. We are particularly interested in fals2 alarms. Please share any opinions or experiences you may have with
fals= alarms.

10. In your opinion, what is the bensfit of having seizures monitored by wearable epilepsy monitoring devices
or apps? {please select all that apply).

Trn.'_.?lan'.l that apply:

Having the information for your/their knowledge
D To share information with individual,s with epilepsy in my cara
Generating automated alarms requesting assistance when a ssizure is detected Other:

11. Fleass tell u@un OWH OPINIOM of wearable epilepsy monitoring devices or apps.

MNOM-WEARASLE DEVICES
1Z. Pleass tell us about any non-wearable epilepsy monitoring devices (like mattress sensors) that the
individualys with epilepsy CURRENTLY us=.

13. Pleass tell us about any non-wearable epilepsy monitoring devices that the individual/'s with spilepsy used
IM THE P&ST [i.2., devices that they no longer use).

POET-5TUDY USABIUTY QUESTIONMAIRE

If you hawe any experience of using wearable spilepsy monitoring devices or if you receive alarm/alert
MEssages.

Plzase reflect on this experience and complete this usability guestionnaire, otherwise pleass procesd to
question 15.

averall, 1 was satisfied with how =3sy it was to use epilepsy monitoring devices or apps.

Mark only one oval.
1 2 3 4 g B 7

Strongly Agree Strongly Disagree

It was simple to use epilepsy monitoring devices or 3pps.
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Mark orly one oval.
1 2 3 4 g B 7

Strongly Agree Strongly Disagree
| wias able to complete the tasks quickly using epilepsy monitoring devices or apps.

Mark only one oval.
2 2 3 4 E B 7

Strongly Agree Strongly Disagree

| felt comfortable using epilepsy monitoring devices or apps.

Mark only one oval.
3 2 3 4 5 ] 7

Strongly Agree Strongly Disagree

It was egsy to l2arn to use epilepsy monitoring devices or apps.

Mark only one oval.
4 2 3 4 5 ] 7

Strongly Agree Strongly Disagree

| believe | could become productive guickly using epilepsy monitoring devices or apps.
Mark only one oval.
5 2 3 4 g ] 7

Strongly Agree Strongly Disagree

Epilzpsy monitoring devices or apps gave error messages that clearly told me how to fix problems.

Mark only one oval.
& 2 3 4 5 ] 7

Strongly Agree Strongly Disagree
Whenever | made a mistake using epilepsy monitoring devices or apps, | could recover easily and gquickhy.

Mark only one oval,
7 2 3 4 & b 7

Strongly Agree Strongly Disagree

The information |swch as onling help, on-screen massggss and other documentation] provided with spilepsy
maonitoring devices or apps was clear.

Mark orly one oval.
8 2 3 4 g B 7

Strongly Agree Strongly Disagree

It was easy for me to find the information | needed.

Mark orly one oval.
9 2 3 4 E B 7

Strongly Agree Strongly Disagree

The information was effective in helping me complete the tasks.

Mark only one oval.
10 2 3 4 5 ] 7
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Strongly Agree Strongly Disagree

The organization of information on the epilepsy monitoring devices or apps screens was clear.

Mark omly one oval.
1 2 3 4 5 ] 7

Strongly Agree Strongly Disagree

The interface of epilepsy monitoring devices or apps was pleasant.
Mark only one oval.
2 2 3 4 5 ] 7

Strongly Agree Strongly Disagree

| liked using the interface of epilepsy monitoring devices or apps.

Mark only one oval.
3 2 3 4 g B 7

Strongly Agree Strongly Disagree

Epilepsy monitoring devices or apps have all the functions and capabilities | expect them to have.

Mark omly one oval.
4 2 3 4 5 2] 7

Strongly Agree Strongly Disagree
awerall, | am satisfied with epilzpsy monitoring devices or apps.
Mark omly one oval.
5 2 3 4 g ] 7

Strongly Agree Disagree Agree

15. Are there any comments or suggestions, you would like to share with us abowt wearable and non-wearablz
epilzpsy monitoring devices?

16. Permission to wse quotes. We will never use any quotes from guestionnzires unless we have your
permission. Please indicate your preference below.
| give permission 1o use quotes from my responses.
Mark only one oval.
S Yes

Y Mo
THANE YOU VERY MUCH FOR YOUR TIME.

This content is nefther created nor endarsed by Gaagle.

Googleforms
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Questionnaire for Healthcare Professionals

Questionnaire for healthcare professionals.

| am, Tendai Rukashs, 2 Computer Science PhD candidate at Keels University researching wearable
epilzpsy monitors. | am supervised by Drs 53andra Woolley and Theocharis Kyriscou.
I you are a healthcare professional, we would reslly like to know youwr opinicns and any experiences
of wearabls and non-wearsble monitoring devices or spps.
‘We would be grateful if you would complete this questionnaire. We are just looking for your opinions
and experiences —we are not asking you to take part in any trials. We welcome all opinions and
please fes free to tell us of any experiences that inform your opinions.
The results of this questionnaire will be published and shared with Epilepsy Action. No identifying
comments will be published and no quotes from responses will be used without permission. Full
participant information details are avsilable.
Mote: You are welcome to complete more than one online questionnaire. For example, if you sre s
heslthcare professionzl or carer who has epilepsy, you are welocoms to fill out both spplicable
guestionnairas.
Thank youw very rmuwch for your help.
‘We recognise That healthcars workers are busy during this critical time.
Tendsi Rukaszha (t.rukasha@kesle.ac.uk).

ABCUT YOU AMND ¥YCO'UR ROLE

1. what is your current roks?

Nark only one owal.

~ Mezurclogist

1 Epilepsy Nurse

< Feneral

Practitioner

Other:
2. Fleass tall us how many individual/s with epilepsy are in your care? (What are their sges and gender?).

3. wWhat types of seizures do they have? (Pleass select all that apply].
Tick all that apply.

|:| Tonic

|:| Clonic

|:| Taonic-clanic
L] Myoclonic
|:| Atonic

|:| Absence

Other: |:|
WEARAELE DEVICES OR APPS
4. Do the individual/s with epilepsy CURRENTLY use wearakble epilepsy monitoring devices or apps? (If the
individuzl/s do not use any wearable epilepsy monitoring devices please procssd to question 7). If they do, i]
please tell us (if you know) which devices or 2pps they use.

and ilj are these devices that you recommended? What is your opinion of the devices?
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5. Flezse tell us about any wearzsble epilepsy monitoring devices or apps that the individual's with epilepsy
used IM THE PAST (i.e., devices that they no longer uss). (if they have not used any wearable epilepsy
monitoring devices plezse proceed to guestion 3]

&. How long did they use the wearable epilepsy monitoring devices or apps IN THE PASTY

7. Flezzs tell us of any reason you know why they stopped using the devices or apps. [Please select all that
apply).

Tick all that apply.

|:| It broke or stopped working

|:| It was uncomfortable

|:| It was too difficultto operate

|| It generated false alarms

|:| It missed seizures

|:| It was too slow at detecting seizures

|:| It was too slow at sending alarms for assistance

|:| The device was too expensive

|:| The subscription price was too high

Cther; |:|

E. W are particularly interested in fals2 alarms. Please share any opinion or experience you may have with
falze alarms.

2. In your opinion, what is the bensfit of having seizures monitored by wearzble epilepsy monitoring devices
or apps ¥ [Please select all that apply).
il thiot opply.
Having the information for yourtheir own knowledge
D Tao share information with individusl/s with epilepsy in my care
Generating automated alarms reguesting assistance when a s=izure iz detected CJther:

10. Flezss tell u@un CWH OPINIOM of wearable epilepsy monitoring devices or apps.

MOMN-WEARASLE DEVICES
11. Pleass tell us about any non-wearable epilepsy monitoring devices (like mattress sensors) that the
individualy's with epilepsy CURRENTLY us=.

12. Fleass tell us about any non-wearzble epilepsy monitoring devices that the individual/'s with =pilepsy used
IM THE P&ST [i.e., devices that they no longer use).

FOST-5TUDY USABIUTY QUESTICOMMAIRE
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If you have any experience of using wearable epilepsy monitoring devices or if you receive slarm/alert
MEss3EEs.

Please reflect on this experience and complets this usability guestionnzire otherwize please proceed to
question 14.

Qeerall, | was setisfied with how sasy it was to use epilepsy monitoring devices or 2pps.

Mark only one oval,
1 2 3 4 & B 7

Strongly Agree Strongly Disagree
It was simple to use epilepsy monitoring devices or 3pps.

Mark only one oval.
2 2 3 4 5 ] F)

Strongly Agree Strongly Disagree

| wias able to complete the tasks quickly using epilepsy monitoring devices or apps.

Mark only one oval,
3 2 3 4 g B Fi

Strongly Agree Strongly Disagree

| fielt comfortable using epilepsy monitoring devices or apps.

Mark orly one oval,
4 2 3 4 g B 7

Strongly Agree Strongly Disagree

It was easy 1o l2arn to use epilepsy monitoring devices or apps.

Mark only one oval.
5 2 3 4 5 ] F)

Strongly Agree Strongly Disagree
| b=lieve | could become productive guickly using epilepsy monitoring devices or apps.

Mark only one oval,
& 2 3 4 & B i

Strongly Agree Strongly Disagree

Epilepsy monitoring devices or apps gave error messages that dearly told me how to fix problems.

Mark only one oval.
7 2 3 4 E B 7

Strongly Agree Strongly Disagree
Wwhenever | made a mistake using epilepsy monitoring devices or apps, | could recover easily and quickhy.
Mark only one oval.

] 2 E 4 L L5 7
Strongly Agree Strongly Disagree

The information {such as online help, on-screen messages, and other documentation) provided with epilepsy
monitoring devices or apps was clear.
Mark only one oval,
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Strongly Agree Strongly Disagree
It was easy for me to find the information | needed.

Mark only one owal.
2 2 3 4 L b 7

Strongly Agree Strongly Disagree

The information was effective in helping me complete the tasks.

Mark only one owval.
3 2 3 4 E & 7

Strongly Agree Strongly Disagree
The organization of information on the epilepsy monitoring devices or apps screens was clear.

Mark only one owval.
4 2 3 4 5 B 7

Strongly Agree Strongly Disagree

The interface of epilepsy monitaring devices or 3pps was pleasant.
Mark only one owval.
a 2 3 4 5 6 7

Strongly Agree Strongly Disagree

1 liked using the interface of epilepsy monitoring devices or apps.
Mark only one oval.
& 2 3 4 5 B 7

Strongly Agree Strongly Disagree

Epilzpsy monitoring devices or apps have all the functions and capabilitizs | expect them to have.

Mark only one oval.
7 2 3 4 5 B 7

Strongly Agree Strongly Disagree
oeerall, 1 am satisfied with epilepsy monitoring devices or apps.

Mark anly one oval
g 2 3 4 E & 7

Strongly Agree Strongly Disagree
14. are there any comments or suggestions, you would like to share with us abowt wearable and non-wearshble
epilepsy monitoring devices?

15, Permission to wse quotes. We will never use any quaotes from questionnaires unless we hawve your
permission. Please indicate your preference below.

| give permission to use quotes from my responses.
Aark only one oval.
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Appendix D: Papers

Appendix D.1: The International BCS Human-Computer Interaction Conference

Evaluation of Wearable
Epileptic Seizure Monitors

Tendai Rukasha
Keele University
Staffordshire ST5 5B8G, UK
trukasha@keele.ac.uk

Waarahla haalth davicas that datect apilaptic saizuras have tha patantial to hail timaly assistance for
individuals, inform their treatment and assist care and self-management. New wearable seizure-
detecting devices are becoming availabie to individuals, carers and researchers but there is scope
for improvements in device performance and for more evaluations in the research literature. This
position paper outlines research that includes a review of the evaluation literature and both

quantitative and qualitative device evaluations,

Keywords: wearable devices, health technology, usability, epilepsy, seizure detection.

1. INTRODUCTION

Epilepsy is a neurological disorder that affects 50
million people worldwide. It is characterised by
selzures that can present in very different ways, for
example, from short absences to protracted
convulsions. Although seizures can be controlled
with antiepileptic drugs, 30% of people with epilepsy
have drug-resistant seizures (Sheng et al., 2018),
The onset of a seizure is associated with changes in
temperature, perspiration and heart rate
(Wannamaker et al 1985, Baumgartner et al,
2001). These changes have the potential to be
detected wearable skin temperature,
electrodermal activity (EDA) and optical pulse
'photoplethysmography’ (PPG) sensors,
respectively. During a seizure, rhythmic shaking
movements or the lack of movement can be
detected via signals from a wearable accelerometer,
Wearable seizure-detecting devices that include
these sensors are now becoming available to
Individuals, carers, healthcare professionals and
researchers. However, reliable seizure detection is
difficult in everyday life and devices can miss
seizures and produce false alarms (Johansson et
al., 2018).

2. RESEARCH SCOPE

The PhD research surveys and evaluates wearable
epileptic seizure monitoring devices with the aim of
contributing toward improving future device designs
and evaluations.

© The Authors. Published by
BCS Leaming and Development Ltd.
Proceedings of BCS HC/ 2020. Keele University, UK.

2.1 Research Directions
The aims and objectives are as follows:

* To survey and evaluate wearable seizure
monitor performance.

o To identify issues in wearable interface
design and recommend improvements.

e To collect and analyse the opinions and
experiences of people with epilepsy, carers,
family, friends, alarm receivers and
healthcare professionals.

The research questions that guide the research
aims and objectives:

(i) How to evaluate the performance of
wearable devices for epilepsy seizure
monitoring?

(1)  To what extent do wearable user interface
designs affect usability?

(i)  What are epilepsy stakeholders’ perceptions
and experiences of consumer wearable
devices?

Systematic literature review. A systematic
literature review of wearable seizure-monitoring
device evaluations was performed and has been
published in MDPI electronics journal (Rukasha et
al., 2020). The devices and apps available are
summarised in Figure 1. Published evaluations

reported varying levels of detail about performance
metrics such as sensitivity, specificity, positive

predictive and negative predictive values, and false
alarm rates for detecting different types of epileptic
seizures.
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The review demonstrated that despite a very large
body of research into novel methods for seizure
detection, there is a lack of research reporting
evaluation data for available devices, and, in
particular, there is a lack of studies reporting on real-
world use and experiences of epilepsy stakeholders.

)
LU
(@) (b) G}

Figure 1. Wearables and apps for epilepsy seizure
detection: (a) dedicated wrist-worn sensing device and
companion app (e.g., Embrace (Empatica) and Epi-Care
free (Danish Care Technology) devices). (b) app using
sensed data from a compatible consumer wrist-worn
tracker (e.g., the SmartWatch Inspyre app (Smart
Monitor) with an Apple or Samsung device). (c) a
nonwrist wearable with a base station (NightWatch
(LivAssured, B.V) device).

Study One - Performance evaluation: Even in
well-resourced clinical studies, it is still very
challenging to test the performance of selzure-
detecting wearables because it requires the
recruitment and observation of epileptic individuals
into laboratory environments where EEG and/or
other truth data can be achieved. But, seizures are
intermittent and should not be provoked, so it may
take very many hours of clinical resource to capture
a sufficient number of seizures for device evaluation.

An alternative to seizure-monitoring evaluation is the
evaluation of sensing performance. If wearable
sensing devices are to perform well at detecting and
monitoring seizures, they should perform well at
recording their sensed values. However, reliable
heart rate sensing is challenging during activity
[Oniani, 2018).

In this study, heart rate sensing evaluations were
completed for 12-hour everyday living and 15-
minute treadmill activity data collections. An
Empatica E4 wrist-worn wearable (a research
version of an Empatica Embrace epileptic seizure
monitor) and the Polar ECG chest strap were used
intesting. Figure 2 shows an example of the different
recorded heart rates from both devices worn by the
same participant during 12-hour everyday living

Figure 2. Example concurrent acquisitions of 12-hour
everyday living heart rate recordings from a E4 wearable
(biue line) and a Polar ECG chest strap (orange line).

Study Two - Interface Evaluation: This study
involved a heuristic evaluation (using Neilsen's
Usability Heuristics for User Interface Design
[Neiisen, 1994)) of the minimal circular coloured light
LED interface of the Empatica ‘Embrace’ wearable
epilepsy seizure monitor.

Minimal interface indicators and alerts can quickly
become familiar to individuals wearing devices
every day. But, in critical healthcare applications
there can be other 'stakeholder users' acting in

support during episodes when the wearer may be
incapacitated or confused [Rukasha, 2020b).

A number of participants assessors with HCI
experience were recruited to perform a heuristic
evaluation and to try to guess the meaning of
different light patterns.| Figure 3 shows box plot
results for the light pattern indicating an “unusual
event detected”, i.e., reporting a potential seizure.
As demonstrated by the example, assessors lacked
confidence about the meaning of the display and
had difficulties disambiguating between sets of
possible conditions.

JASFRIRE,
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Figure 3. Box Plot Responses of Guessed Interface
Visualisation: Likert scale responses (5=Definftely is and
1= Definitely isn't): Q2: Displayed “Unusual event
detected”, the correct answer (AB) is shaded green.

Study Three - Stakeholder Evaluations: With
Keele University ethical approval, a survey of
stakeholder opinions and experiences collection is
currently in progress. Three questionnaires survey
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opinions and experiences for i) people with epilepsy,
ii) carers, and iii) healthcare professionals. These
questionnaires are available at the time of writing on
the Epilepsy Action charity website,
https://www.epilepsy.org.uk/research/takepart/proje
cts-you-can-take-part-in/wearabledevices. Epilepsy
Action is a charity that improves the lives of people
affected by epilepsy, by giving advice, improve
healthcare and fund research and campaign for
change.

3. DISCUSSION

The findings of the research so far indicate that there
is enthusiasm for wearable epilepsy seizure
monitoring among individuals, carers and health
professionals but there are also concerns about
performance and false alarm rates.

The review of the literature highlighted the lack of
both qualitative and quantitative published research
evaluating the devices. This research aims to
contribute to the area.
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Abstract:  Epilepsy is a neurological disorder that affects 50 million people worldwide.
It is characterised by setzures that can vary in presentation, from short absences to protracted
convulsions. Wearable electronic devices that detect seizures have the potential to hail imely assistance
for individuals, inform their treatment, and assist care and self-management. This systematic review
encompasses the literature relevant to the evaluation of wearable electronics for epilepsy. Devices
and performance metrics are identified, and the evaluations, both quantitative and qualitative,
are presented. Twelve primary studies comprising quantitative evaluations from 510 patients
and participants were collated according to preferred reporting items for systematic reviews
and meta-analyses (PRISMA) guidelines. Two studies (with 104 patients/participants) comprised
both qualitative and quantitative evaluation components. Despite many works in the literature
proposing and evaluating novel and incremental approaches to seizure detection, there is a lack of
studies evaluating the devices available to consumers and researchers, and there 1s much scope for
more complete evaluation data in quantitative studies. There is also scope for further qualitative
evaluations amongst individuals, carers, and healtheare professionals regarding their use, experiences,
and opinions of these devices.

Keywaords: wearable electronics; epilepsy; seizure detection; smart watch; systematic review

1. Introduction

Epilepsy is a neurological disorder affecting 50 million people worldwide [1]. While setzures can
be controlled with antiepileptic dmgs, more than 30% of people with epilepsy have drug-resistant
seizures [2]. The timely detection of seizures is important in hailing assistance that can reduce
the potential for injuries and sudden unexpected death in epilepsy (SUDEP) events [3,4]. This paper
reviews the literature relevant to qualitative and quantitative assessments of the wearable electronics
available to individuals and researchers for the detection of epilepsy seizures.

The onset of epileptic seizures is associated with autonomic changes including flushing, sweating,
and heart rate changes [5,6] that have the potential to be detected by wearable temperature,
electrodermal activity (EDA), and optical pulse “photoplethysmography” (PPG) sensors, respectively.
The setzures themselves can be convulsive or nonconvulsive. Convulsive setzures involve repeated
involuntary contractions and relaxations of muscles that appear as repetitive, rhythmic, shaking
motions. The pronounced motor activity of convulsive seizures makes them potentially recognisable
with accelerometery. In contrast, nonconvulsive seizures can be difficult to detect; they can appear as
simple absences or losses in muscle strength. Seizure types are described according to their type of

presentation as tonic, clonic, tonic-clonic, myoclonic, atonic, and absence as summarised below:
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»  Tonic seizures (TS) associated with contractions of the muscles;

*  Clonic seizures (CS) assodated with repeated contractions and relaxation of muscles;
#  Tonic-clonic seizures (TCS) associated with stiffening followed by shaking;

s  Myoclonic setzures (MS) associated with twitching regions of muscles;

s Atonic setzures associated with loss of muscle strength;

*  Absence seizures associated with individuals appearing detached or inattentive.

The management and treatment of epilepsy relies on the assessment of seizure presentation
and frequency, but patient self-reports and carer recall can be unreliable [7] and patient seizure diares
can underestimate seizure frequency [5,9]. In a review of electroencephalography (EEG) and other
selzure reporting technologies for epilepsy treatment, Bidwell et al. [10] highlighted “a strong need
for better distinguishing between patients exhibiting generalized and partial seizure types as well as
achieving more accurate seizure counts” but concluded that high false positive seizure detection rates
meant that most technologies failed to surpass patient self-reporting performance.

Whilst EEG is used in clinical laboratory settings for seizure assessment and diagnosis,
new research toward wearable ambulatory EEG sensing [11] offers future opportunities for assessment
and monitoring beyond the clinical environment. However, currently, despite “great interest in the use
of wearable technology across epilepsy service users, carers, and healthcare professionals™ [7],
the monitoring of seizures outside the clinic, in real-world settings and during the activities of everyday
living, is limited to the sensing afforded by a small set of available wearable epilepsy seirune-sensing
devices. Additionally, some nonwearable devices are available, for example, sensors designed to
attach to a bed or mattress to detect night-time setzures; however, the focus of this review is on
wearable devices.

1.1. Wearable Electronics for Epilepsy Seizure Dietection

There has been strong interest and market growth in wrist-worn wearable health and well-being
devices [12] incorporating digital thermometers for temperature, conductivity sensors for EDA,
micro-electromechanical systems (MEMS) for accelerometery, and light-emitbing diodes (LEDs)
and photodiedes for PPG pulse wave detection [13], as well as new advances toward flexible
skin-inspired sensors [14]. Despite reliability concerns related to ambulatory sensing [15], wearable
devices are increasingly used in clinical and healthcare applications. Low- and mid-range wearable
devices typically comprise optical PPG pulse, EDA, temperature, and three-axis accelerometer
sensors [16-19]. As illustrated in Figure 1, wearable electronics for epilepsy seizure detection, based
on wrist- and arm-wom sensor configurations, are now available to individuals and researchers for
the purpose of detecting and reporting seizures and alerting carers for timely assistance. Additional
sensors such as gyroscopes and GPS (global positioning system) receivers can detect rotational
movements and location, respectively. Signals from these sensors can be used to detect “preictal”
periods before a seizure by electrodermal activity and heart rate changes, or, during the seizure, shaking
motor movernents (or lack of movement during absences), and can be used to locate, report, and log
seizure events. It is, however, difficult to reliably detect seizures in everyday life [20], and the challenge
of disambiguating seirures and normal everyday (setzure-like) movements such as teeth brushing
may result in false alarms that require repeated cancellations and which may disincentivise uptake
among patients.

Table 1 summarises the currently available wearable consumer seizure-detecting devices that
have been evaluated in the literature. These include the Embrace setzure-detecting wrist-worn sensor,
developed by Empatica [21]. Embrace is a maturing product that is available to consumers via
device purchase and monthly subscription (subscriptions, at the time of writing, are £9.90-£44.90 per
month). Empatica also market an “E4” (previously “E3") research version of their Embrace device
that provides researchers with access to the raw sensor data that can be used to test seizure-detecting
algorithms. Also, as shown in Table 1, other devices reported in the literature include the Epi-Care
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free [22], NightWatch [23], and SmartWatch [24]. Epi-Care free is a wrist-worn (or ankle-worn) sensor
incorporating an accelerometer, gyroscope, and GPS to detect seizure motor activity and send alerts to

family members or telecare services (subscriptions, at the time or writing, are £995 and £1115 per year).

The NightWatch sensor is an armband wearable that senses pulse and activity to detect and report
nocturnal seizures. The Smart Monitor SmartWatch is a seizure detector that makes use of wearable
heart rate and activity data (originally from prototype wearable devices and now the app, named
“Inspyre”, can access data from compatible Apple and Samsung Galaxy and Gear watches) and summon
help to the GPS location of the wearer (subscriptions, at the time of writing, are from £9.99 to £24.99
per month). Other wearable consumer products for epilepsy seizure detection include Brio, Epilert (no
longer available), Pulse Companion, and Open Seizure Detector (App). However, these devices have
not been assessed in the literature.

5 mea
IERNW1T

(a

Figure 1. Wearables and apps for epilepsy seizure detection: (a) dedicated wrist-worn sensing device
and companion app (e.g., Embrace and Epi-Care free); (b) app using sensed data from a compatible
consumer wrist-worn tracker (e.g., the SmartWatch Inspyre app with an Apple or Samsung device); (¢)
anon-wrist wearable with a base station (NightWatch).

Table 1. Wearable electronics for epilepsy seizure detection.

Device Sensoes Masnuf ppli pplicati Hardw ae/Platfurm
Py ——
PG
[e— 2 Toeng Empatica Inc /Set (Bosdon, Alert App ApplojAndroid
E4 EDA USAMilas, Baly) Mk App Semartphone
Cyrascope
(Eanbrace 2)
. Acoslerometer Dunish Care Tichnology ApS . - Applu/Androad
Epi-Cans froe Cyrascope (Sons, Denmark) EpiCane App Sesartphone
: Accdumenwier LivAssured BY. (Luiden, : 3 :
NightWatch i e it NightWakh onliew portal  Deticated b station
ApplejAndrosd
Senact Manitoe JySweT— Senast Manitoe App Semartphonw
(SaartWasch/Tnspym App) G Suaart Moaitor (San Jam, URA) Wb Portal and comngutiblo Samsung

and Apple Wabches

Detection Performance

Figure 2 summarises seizure detections in terms of true/false and positive/negative outcomes
and the related sensitivity, specificity, positive predictive value (PPV), and negative predictive
value (NPV), and the associated formulae, including the false alarm rate (FAR), are summarised
in Equations (1)-(6).

Sensitivity = TP/(FN + TP) (1)

Specificity = TN/(TN + FP) (2)

Positive Predictive Value (PPV)/Precision = TP/(TP + FP) (3)
Negative Predictive Value (NPV) = TN/(FN + TN) (4)

112



Electromics D020, 9, 965 dof13
Accuracy = (TP + TN)/(TP + TN + FP + FN) (5)
False Alarm Probability = FPjday (3]

Epileptic seizure
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=TPATP+EN) = TNAFP +TN)

Figure 2. Seizure detection performance metrics.

Ideally, assessments of wearable devices would present results for these metrics for significant
numbers of subjects over sufficient duration for testing detection of a substantial number of selzures of
different types. In addition, assessments would also ideally support repeatability by clearly specifying
test conditions, device models, and, also, version information [25]. Given the importance of timely
alerts for seizure detection and the need to reduce the anxiety and alarm fatigue assodated with high
false alarm rates (FARs), detection latency and FARs should also be reported.

2. Method

A systernatic review of primary studies evaluating wearable seizure-detecting devices spanning
almost fifteen years (from 1 January 2005 to 31 October 2019, when the review was initiated) was
conducted with an evidence-based methodology [26,27] and in accordance with PRISMA guidelines [25].
A requirement of the review was that devices were identified and available to individuals or researchers

(i.e., not unavailable, proof-of-concept, laboratory prototypes).

2.1. Search Strategy

Both technology and medical digital libraries were used to identify primary studies. These were
Association for Computing Machinery (ACM), Institute of Electrical and Electronics Engineers (IEEE)
Xplore Digital Library, Medline, ScienceDirect, and Wiley Online Library.

The keyword search string below was evolved to identify primary studies relevant to wearable
epilepsy sensing devices:

(“wearable” OR “smart watch” OR “smart watch” OR “wrist-worn™ OR “wrist wom™ OR “wrist
worn” OR “wristband” OR “armband ™) AND (“epileptic” OR “epilepsy™).

2.2, Eligibility Criteria and Selection
Studies were eligible for selection if they met all three of the following inclusion criteria:
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1. Primary studies in peer-reviewed literature;
2. Studies where the main theme is consumer wearable electronics for epilepsy seizure detechon;

3. Studies reporting quantitative and/for qualitative assessment data.

The relevant papers were assessed for quality according to screening criteria including rigour,
credibility, and relevance [29].
3. Results

Following the PRISMA systermatic review guidance outlined in Figure 3, a total of 12 papers
satisfied the eligibility criteria. A second researcher checked the screening and eligibility of papers
and a third researcher moderated the results.

BRecards identified through database
b ng
£ archi
= ACMn=18)
& IEEE Xplore (n=10¢)
.E Medline (n=115)
ﬁ Science Direct (n=2410)
\ r Wiley Online Library (n=479)
N total = 3126
]
-5 Dhaplicates remaved
5
—f Records sareerved
(abstracts and titles) + Records excluded
=21
( Y =40 (=2
& '
% Full-text artides assessed for
ﬁ eligibility _ Fecards excuded
fn=20) =6
| —
: l
b
’E Studies included in qualitative Studies included in quantitative
E synthesis synthesis
n=2) {n=12)

|

Figure 3. Flow diagram of the systematic review according to preferred reporting items for systematic

reviews and meta-analyses (PRISMA) guidelines.
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As summarised in Table 2, all 12 studies reported qualitative assessments (8 conducted in clinical
settings and 4 in free-living conditions). Two of the 12 studies also reported gualitabive assessments,
While the search process did initially identify qualitative papers on wearable devices for epilepsy, some
of these studies [30,31] were assessments of perceptions about the potential of such devices rather than
assessments of actual use. No studies reported solely qualitative assessment data for the real use of

available wearable devices for seizure detection.

Table 2. Overview of studies and participant numbers.

No. Studies =12

No. Quantitative =12 No. Qualitative =2
Clinical setting = 8 Free-living =4 -
No. participants/patients = 341 No. partidpants/patients = 169 No. participants/patients = 104
TOTAL = 510 TOTAL = 04

3.1, Quantitative Studies

3.1.1. Clinical Setting

Eight of the 12 quantitative studies were conducted in clinical settings. All eight were evaluation
studies [32-39] with data gathered from epileptic inpatients and outpatients; none were two-arm
or controlled studies with healthy participants. Most studies compared recorded device data with
other clinical reference recordings, including EEG, video EEG (vEEG), electromyography (EMG),
and electrocardiogram (ECG). The studies are summarised in Table 3 in terms of the devices used,
the numbers of participants, the numbers of seizures detected, and, where specified, the study
duration. As shown in the summary in Table 3, four of the studies used Empatica E3, E4, and Embrace
devices, three used Smart Monitor’s evolving SmartWatch devices, and one used the Epi-Care free.
The numbers of patient participants varied from 3 to 135. A study [33] with three participants selected
1 h recorded segments rather than continuous recordings. Otherwise, observation durations varied
within studies [33,38,39] as well as between studies from 17 h to 487 days, and two studies [35,57]
did not report durations. The total number of seizures detected in studies varied from 7 and 55 and,
across all studies, a total of 226 seizures were reported as detected. Only one study [33] did not report
the number of detected seizures.

Table 3. Clinical setting studies with number of seizures and duration.

Clinical Scttings
MNa. No. Selzures
Stady Drevice Participants Detected Duration
Heldberg et al., 2015 [32) E3 & 55 3 days
AlBakri et al., 2018 [33] E4 3 unspecified 4-5 days {1 h intervals)

Vandecasteehe ot al., 2007 [34] E4 11 47 29 days
Regalia et al., 2009 [35] Embrace and E4 135 40 unspecified

Lackman et al, 2011 [3] SmartWarch &0 T 487 days
Patterson et al., 2015 [37] SmartWarch 41 n unspecified

Veloz et all, B0is [35] SmartWatch 30 iz 1-9 days
Beniczky ef al., 2013 [25] Epi-Care free 73 15 17-171 hours

. . TOTAL = 341 TOTAL = 23% .

Table 4 summarises the performance assessments of the studies. The reporting of performance
metrics was variable and sparse across most of the studies. For example, false alarm rates for only three
studies could be identified. The studies using the Empatica E3 and E4 implemented machine learning
detection methods (KMN: k-nearest neighbour; RF: random forest; MB: naive Bayes; SVM: support
vector machine). Regalia et al,, 2019 [35] made brief reference to previously unpublished assessments
with 135 patients and 22 seizures with 100% sensitivity and an FAR of 042 per day for a “fixed
and frozen” algorithm. Mo methodology, sensitivity, or other assessment information was provided,
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and the paper largely focused on compiling and comparing other Empatica wristband performance
indicators. Heldberg et al., 2015 [32] reported the sensitivity and spedficity for two different classifiers.
Vandecasteele et al. [34] compared the performance of SVM classifiers on hospital ECG with wearable
ECC and E4 PPG recordings. PPG motion artefacts (which would have been largely induced by
the setzures themselves) made more than half of the setzures undetectable via this approach and resulted
in a poor sensitivity of 32%. The studies encompassed different seizure types but with TCS and “motor”
seizures often included. Dramatically different performance results were observed. For example,
sensitivities of 100% and 16% were reported by the authors of [35] and [37], respectively. Notably,
the latter paper [37] comprised a large number of (undetected) nonmotor seizures. The levels of
patient activity and any movement constraints were not generally explicitly reported and, in any case,
are difficult to convey. However, in the clinical setting, worn sensors usually benefit from reduced
interference from activities of daily living. For example, the good wearable performance for the small
study in [33] was achieved from recordings taken simultaneously with EEGs, ie., when one would
expect patients to be inactive.

Table 4. Performance assessments in clinical settings.

N Paticipnts Device Seirune Semmitivity Spucificity FAR PR
Heldberg o al, 515 [32] - 515 (kW) LW A S
8 puticipanis = TS, L 7% RF) 5.2% (RF)
% (NBY 5% {NH}
Al Baksi ot al, HILE [13] - Groictal i} furictall o)
3 partacipanks B TES (NB AP {WH)
prvictal wakw)  fpreictal wke]
Vandecas ek ot al, 3007 [14] .
11 pueticipunits E4 (FFG) TS, OFS 2% (SYM) - LB per Buour 14T
Regalia v al, 39 [35]
136 gt Ed sl Frboriscs GTC s - 042 pur day
Loxckmu ot al., 311 [36] .
A0 puicticiguuniy SerartiVasch TS 5%
Pathrion ot al., 315 [37] , TS, OTC, M, .
4l partisipant Semartich TS, PS5 e
Virkes et al., JE [35] .
it Smmartivch s 2%
Beniceky o al, 2003 [35] . § -
T patstoanis et i ws o . 02 pee iy . =
Seiyure Abbreviations: CF5: mnp]ﬂ P.urhal seirures, GIC: grnmJ tonic-clomic, MS: m},ru:l.m'nl: seirures, MTS:
myoclonic-tonic seizures, PMS: pmdnmuunl:ly b i PMNMS: pred ty nonmabor seixures, PS: partial

onset seirures, TOS: bonic-clonic seizures, TLS: Irmpma“ubesmumﬁ tonic seieure. Classifier Abbreyiations:
kMM k-:ml'ﬂd:n:lghbnul BH: maive Bayes; RF: random forest; SVM: support vechor machine. Other Abbreviations:
FAR: False Alarm Rate; FPV/H: Positive Predictive ValueRate.

Smart Monitor s SmartWatch was used in three of the eight clinical assessments. Patterson et al. [37]
reported the lowest sensitivity (16% overall: 31% for general tonic-clonic (GTC) and 0% for MS) in a
study of 41 patients aged 541 years. Citing Lockman et al. [36], the authors did not record false
positives “because these are well known”. Lockman et al. [36] did report 204 false alarm occurrences
in their SmartWatch study with 40 patients between “March 2009 and June 2010 but did not specify
an FAR or confirm the duration of actual usage within the study perod. Velez et al. [35] referred to
&1 false alarms but also did not specify an FAR (and one cannot be estimated because of the varying
durations of 1-9 days). Beniczky et al. [39] reported a sensitivity of 90% and an FAR of 0.2 per day
in a study with 73 participants with GTC setzures who were monitored for 17-171 hours. An average
detecton latency of 55 s was reported.

3.1.2. Free-Living Environment

Four of the 12 quantitative studies report free-living environment evaluations. These studies are
summarised in Tables 5 and & and comprise 169 parbidpants and 850 seizures.
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Table 5. Free-living studies with number of seizures and duration.

Free-Living Settings
References Device Particip No. Sei Dy d D
Onorati et al., 2017 [40] E3and E4 69 2 247 days
Van de Vel etal, 2014 {3] Epi-Care free 1 9 19 nights
_ 15 moaths median
Meritam et al,, 2018 [5] Epé-Care free 7 (34 dags 456 yossn)
Arends et al, 2018 [41] NightWatch 2% s» 1526 nights
- . TOTAL = 169 TOTAL = 850
Table 6. Performance metrics in a free-living setting.
betorty s Device Seisure Semsitvity  Spedificity FAR PPV/R  Detection Latency
e 029 per day
(Classifier 1) (Clasifier 1) 312 & (Cliinas D
Owwoeati ot al, 3007 [401] il BICS, FIC RTIN . 021 per day ”1_'3"“'.5 -
69 partic (Clausifier 1) (Chafier 11) - ’
et 020 pue day 293 4 (Chasifier 1)
{Classifier 0I) {Classifier IH)
Van de Vel et al, 200413 3
fass ';F"’.'f‘ T ppiCae e TSGTCS an . Q05 pwr night
Meritam ot al, 218 5] ) W ETCS 01 per day
71 partici Epl-Chud fote e median - median -
Aronds et a1, 2018 [41] N MS, TC, TCS, s 025 per night s
28 partic NightWasch Hypechiont 86% median - i, Base
Sei Abbreviati BTCS: bil, 1 tonic-clonic seiz CS: clonic sed FTC: focal tonic-clonic, FS: focal
MS: myoclonic sei TCS: tonic-clonic seizures, TS: tonic seizures. Other Abbreviations: FAR: false

alarm rate, PPV/R: positive predictive value/rate.

Onorati et al. [40] reported a range of classifier performances for the E3 and E4 with sensitivities
from 83.64% to 94.55% and FARs of between (.2 and 0.29 per day. Vande Veletal. [3]and Meritam etal. [§]
both reported Epi-Care free evaluations with 71 and 1 participants, respectively. For the 71 patients [8],
a sensitivity of 90% and an FAR of 0.1 per day were reported. Arends et al. [41] reported a sensitivity
of 86% for the NightWatch arm-worn nocturnal seizure monitor, an FAR of 0.25 per night, and a PPV
of 49%.

3.1.3. Data Failures—Missing and Unusable Data

In addition to missed seizures caused by algorithms failing to detect seizures in acquired data,
seizures can also be missed when data are not recorded, not received, or not usable (for example, if they
are so corrupted as to be unusable). There were limited discussions of data failures or the “missingness”
of data in the studies. Examples are summarised in Table 7.

Table 7. Missing data.

Studies Device Participants Data Failures Reasons
Mosion artedacss
“PPG signal was deastically affocted ..

Vanducasende ot al, D17 |34] B4 n e 55% af the sizuns could not be detechd
“ " Becassw of motion artefacts . .. oo relialde
HR could be uxtracted”
s ; 2 winthess comemunication faures and
Videx et al, 2016 |38] SesartWatch 30 3 oousiarns 1 duvice 5ot worn during seizure
Buniczky o4 al., 2013 [34] Epi-Cars frw n “15 times” “Dvics dollchinciar™ (ieidding

“tixhnical eroe”, 11x "battery failuse™)

3.2. Qualitative Studies

Only two studies provided qualitative assessment data for device evaluations. Both of these
studies also reported quantitative evaluations that were included in the earlier sections. Summaries of
patient and stakeholder views and observations are listed in Table 8.
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Table 8. Cualitative studies.

Stady/

Mao. Partlcipants Stakeholder Views and Observations

Benefits Barrsers Concerns

] Ezi}'.mpmmmurgmtﬂmm s Skin iritaton.
Arends et al., J015[41) - '--’“""“"'-.W E‘“d"_'ﬂ - s Armband not fitting properdy.
33 qualitative carer respondents * Helps carers give better care. Poar signal reception.
*  More autonomy for people with epdepsy
s High false alarm rate.
o Skin lrritation or discoengot.
s Cood overall device satisfaction (3.57) s Low effectiveness for
s Easy touse detecting seizunes.
Meritam ot al., 3008 [¢] #  Clear alarm signals. s  Unstable sensor communication
M qualitative patient respondents * Timely alerts enabled 0% reduction in injuries. and interfenenoe issmes.
s Feeling of security and a decreased s  Limited bartery life and lack of
psvchological burden. waler Fesistance.

s 1P of paticnts stopped using
the device for devicerelated reasons.

Arends et al., 2018 [41] evaluated the NightWatch might-time upper arm seizure monitor using a
multifactor questionnaire with 33 carer stakeholder respondents comprising 30 nurses, 2 parent carers,
and 1 “not specified”. Meritam et al., 2018 [5] performed a qualitative evaluation of the Epi-Care free
monitor with 71 patient participants aged 7-72 vears using a post-study systems usability questionnaire
(FS5UQ) comprising 13 questions and requiring a 1-7 Likert-scale response from participants on
aspects on monitor usability.

Both studies identified concerns in terms of {a) physical intrusion, e.g., discomfort or irritation,
and (b} performance concerns, e.g., signal reception or detection failures. Participants in both studies
agreed with the benefits of the monitors in terms of the potential for improved responses to selzure

events and the potential for improved care outcomes.
4. Discussion

The aim of this review was to collate and analyse qualitative and quantitative assessments of
wearable electronics for epilepsy setzure monitoring that are available to individuals and researchers.
Although there are over 3000 works in the literature discussing, proposing, and evaluating novel
and incremental approaches to epilepsy seizure detection, there are very few that report evaluation
data and, as observed previously [42], none that report comparative results of large-scale studies.
In terms of the Oxford Centre for Evidence-Based Medicine 2011 Levels of Evidence 1-5 scale [43],
none of the reviewed studics would qualify as the highest level of evidence (Level 1), and most would
rank as Level 3 or below.

The diversity of the reviewed studies in terms of motor and nonmotor seizure types and levels of
patient activity/freedom of movement is matched by the diversity of results including, for example,
very high and very low sensitivities.

Across the reviewed works there was a lack of full detail, including details required to establish
important metrics such as false alarm rates (FARs) and details important to reproducbility such as
device, firmware, and app version numbers [44]. Ideally, the frequency, duration, impact, and cause
of all data recording failures (resulting in the “missingness” of data) would also be provided in all
performance assessment studies. There was also a lack of detail regarding the performance of
the devices themselves in terms of seizure detection and estimation of key parameters such as heart
rate. In a recent study [45], researchers compared consumer-grade and research-grade heart rate (HR)
and heart rate varability (HRV) estimating wearables {including the Empatica E4 and two other HR
sensing devices) and observed that “while the research-grade wearables are the only wearables that
provide users with raw data that can be used to visnalize PPG waveforms and calculate HRV, the HR
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measurements tended to be less accurate than consumer-grade wearables. This is especially important
for researchers and clinicians to be aware of when choosing devices for clinical research and clinical
decision support.” [45] This very difficult problem of achieving accurate and reliable continuous sensor
data in nonsedentary scenarios is highly significant and worthy of more attention if researchers are to
develop robust methods and make valid conclusions from acquired data.

Wearable electronic devices for epilepsy seizure detection have the potential to improve patient
outcomes and to afford carers more freedom. However, the technology is still evolving. There are
opportunities for improvements in system reliability and algorithm detection performance and, ideally,
monitors would be sensitive across the range of seizure types whilst maintaining acceptably low
false alarm rates. Ideally, future seizure sensing systems and algorithms would benefit from detailed
qualitative and quantitative assessments of their performance. However, we should appreciate
that assessing technology in critical health scenarios is not easy. Clinical assessments are onerous
and resource-expensive undertakings, and their timescales are at odds with the iterative updating of
digital technologies. Free-living assessments in particular require investments in time and resources,
and they present additional difficulties in terms of truth data.

5. Conclusions

There is much scope for further research and improved performance reporting of wearable devices
for epilepsy seizure detection and monitoring. There is a lack of qualitative studies eliciting feedback
and stakeholder recommendations from real-world experiences of device usage. Ideally, future studies
will report on the data quality and reliability of the sensing devices and provide much more detailed
information regarding assessments, including device model and version numbers as well as detailed
contextual information about the wearers and their activity.
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Abbreviations

The following abbreviations are used in this manuscript:

BTCS Bilateral tonic-clonic seizures
CcPs Complex partial seizures
cs Clonic seizures

ECG Electrocardiogram

EDA Electrodermal activity
EMG Electromyography

FN False negative

FNV/R False negative value/rate
FP False positive

FPV/R False positive value/rate
FS Focal seizures

FIC Focal tonic—clonic

GTC General tonic-clonic

HRV Heart rate variability
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kNN k-nearest neighbour

MS Myoclonic seizures

MTS Myoclonic-tonic seizures

NB Naive Bayes classifier

NPV/R Negative predictive value/rate

PMS Predominantly motor

PNMS Predominantly tor

PPG Photoplethysmography

PPV/R Positive predictive value/rate

PRV Pulse rate variability

rs Partial onset seizures

RF Random forest

SUDEP Sudden unexpected death in epilepsy
SVM Support vector machine

TGS Tonic-clonic seizures

TLS Temporal lobe seizures

N True negative

TP True positive

TPV/R True positive value/rate

TS Tonic seizures

vEEG Video electroencephalogram
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ABSTRACT streaming device similar to Empatica’s Embrace FDA-approved

Wrist-worn devices afford convenient and unobtrusive heart rate
sensing, however, motion artifacts can lead to unreliable data record-
ings. This paper evaluates heart rate estimates acquired during
treadmill walking and 12 hours of everyday living from a medical-
grade Empatica E4 data streaming wristhand wearable compared to
a Polar H10 chest strap ECG sensor. For treadmill walking, heart rate
Mean Absolute Percentage Errors (MAPEs) were between 7.2% and
29.2% and IntraClass Correlations (ICCs) between 0.6 and 0.5, indi-
cating moderate agreement and strong disagreement, respectively.
During 12-hour everyday living acquisitions, heart rate estimate
MAPEs were between 5.3% and 13.5% and ICCs between 0.7 and
0.1, indicating good to poor agreements.
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1 INTRODUCTION
Optical heart rate acquisitions from wrist-worn photoplethysmog-
raphy (PPG) sensors are known to lack reliability during periods
of activity due to the interfering effects of moton artifacts [3, 7).
However, the opportunity to achieve continuous, unobtrusive, low-
cost patient monitoring and to incentivize patients toward positive
health behaviors has resulted in many clinical research and health-
care applications nfcnnsumrr-gradr wearables, despite manufac-
turers making no medical device claims.

The Empatica E4, at the time of writing, is a class 2a medical-
grade device used in “over 1000 studies and trials” [4]. It is a data
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wearable epilepsy monitor, comprising PPG, temperature, conduc-
tivity and accelerometer sensors, and is used by researchers for
physiological data acquisition for a variety of healtheare applica-
tions, as well as for epileptic seizure detection research. Despite
many studies proposing novel and incremental contributions for
seizure detection, there are few studies evaluating wearable seizure
monitoring devices in the literature [8].

Improvements in version reporting [2, ICI] and standardized re-
porting practices [6] have been recommended to support the re-
producibility of findings from studies using wearable devices. Bent
et al. [1] reported on the wearable heart rate recording accura-
cies of ‘consumer-grade’ Fithit Charge 2, Apple Watch 4, Garmin
Vivosmart 3, and Xiaomi Miband, wearables and ‘research-grade’
data-streaming Biovotion Everion and Empatica E4 devices, and
observed that “absolute error during activity was, on average, 30%
higher than during rest” and that “Consumer-grade wearables were
found to be more accurate than research-grade wearables at rest.” The
study provides summarized statistics, but no examples of heart rate
recordings or signal behaviors as provided here.

2 METHOD AND MATERIALS

Healthy participants were recruited with ethical approval (KUFREC
M5-190021) for wearable data recording during i) treadmill walking
at speeds of 3.2, 4.8 and 6.4 km/h for five minutes at each speed,
and ii) 12 hours of everyday living. Participants wore a Polar H10
ECG chest strap sensor and an E4 wristband on their non-dominant
wrist. Heart rate data was downloaded from the Polar Flow and
Empatica E4 Connect apps. !

3 RESULTS

Acquired treadmill and 12-hour everyday living heart rate record-
ings are summarized for participants Pr01-04 and P, 01-04 in Figure
1, and the corresponding Mean Absolute Percentage Errors (MAPEs)
and IntraClass Correlations (ICCs) are summarized in Table 1. Pe-
riods of data missingness affected the E4 and, to a lesser extent,
the Polar recordings. Two E4 12-hour recordings failed to main-
tain connectivity and there were some periods of missing data for
Ppi1-4.

"Matesial details: (i) Empatica E4 wristband SP069-B-20150001, with E4 real-time app
v 2.1.1 (8202}, E4 Manager version 2.0.3 (5119 (i) Polar H10 chest heart rate monitor
FCC [D: INWTW, with Polar Flow and Polar Beat App version 3.4.0 (i) Trendmill:
h/pleosmos Pulsar treadmill.
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Figure 1: (top) Treadmill heart rates for participants Py01-
4, (bottom) 12-hour everyday living heart rates for partici-
pants Pp01-4,

4 DISCUSSION AND CONCLUSIONS

The disagreement between the E4 wristband and the Polar chest
strap was large enough to be evident, even in this small study, with
treadmill MAPEs ranging from 7.2% to 29.2%, and ICCs between 0.6
and -0.5, indicating moderate agreement and strong disagreement,
respectively, and 12-hour everyday living MAPEs from 5.3% to 13.5%

Tendai Rukasha, Sandra | Woolley, and Tim Collins

Table 1: MAPEs and ICCs

Participant  Activity ICC (upper/lower bounds) MAPE
Pr01 0.4 (0.4 / 0.36) 19.17%
Pr02 g 0.61 (0.64 / 0.58) 7.21%
P03 L -0.53 (-0.44 / -0.61) 29.25%
P04 0.32 (0.54 / -0.02) 10.54%
Ppo1 0.11(0.2/0.01) 13.45%
P02 &L 0.21 (0.27 / 0.15) 13.54%
Pp03 i 0.66 (0.69 / 0.63) 7.86%
P04 0.59 (0.6 / 0.58) 532%

and ICCs between 0.7 and 0.1 indicating good to poor agreement
[5]- In the absence of motion artifacts, PPG heart rate estimates may
perform reliably and could be used, for example, to detect ‘preictal’
epileptic seizure onset heart rate variations. However, attempting
to detect heart rate variations during activity or during a motor
seizure could produce unreliable results as reported in [9).

Despite these challenges, wearable epilepsy seizure detecting de-
vices offer important opportunities to reduce injuries and save lives.
However, researchers using data streaming research- and medical-
grade wearables should be aware of device performance during
periods of activity. As underlying technologies mature, we can
hope to sce improvements in both signal acquisition and algorithm
performance.

ACKNOWLEDGMENTS
TR thanks Evaresto Rukasha and Betty Rukasha for PhD support.

REFERENCES

[t] Brinnae Bent, Benjamin A. Goldstein, Warren A. Kibbe, and Jessilyn P. Dunn.
2020. Investigating sources of inaccuracy in wearable optical heart rate sensors.
npj Digital Medicine 3, 1 (Feb 2020).

[2] Tim Collins, Sandra 1. Woolley, Salome Oniani, Ivan Miguel Pires, Nuno M. Garcia,
Sean J. Ledger, and Anand Pandyan. 2019. Version Reporting and Assessment
Approaches for New and Updated Activity and Heart Rate Monitors. Sensors 19,
7 (Apr 2019), 1705.

[3] RCouceira, P Carvalho, R P Palu.J Hi
of motion artifact p in pk sgraphic signals based on time and

period domein analysis. Physiokigical 35, 12 (2014), 2369.

[4] Empatica Inc. Boston, USA and Empatica Srl, Milano, Baly. 2020. Empatica
Embrace. Available online: https://www.empatica com (accessed on 5 Sept 2020).
(2020).

[5] Terry K Koo and Mae Y Li. 2016. A guideline of select . ',,' dl
correlation coefficients for reliability ]aumal a[ hi i dici
15, 2 (2016), 155-163.

[6] Benjamin W. Nelson, Carissa A. Low, Nicholas Jacobson, Patricia Arein, John
Torous, and Nicholas B. Allen. 2020. Guidelines for wrist wear-
able assessment of heart rate in biobehavioral h. npj Digital Medicine 3, 1

2020).

[7] 5. Oniani, S 1. Woolley, 1. M. Pires, N. M. Garcia, T. Collins, 5. Ledger, and A.
Pand; 2018. Reliability A of New and Updated Consumer-Grade
Activity and Heart Rate Monitors.. In JARIA SensorDevices.

[8] Tcndm Ru.huhn. Sandra I Woolley, Theocharis Kyriacou, and Tim Collins. 2020.

of W ble Ele scs for Epilepsy: A Sy ic Review. Elec
9,6 (Jun mvo). 968.
[9] Kaat Vandecasteele, Thomas De Cooman, Ying Gu, Evy Cleeren, Kasper Claes,
V\' \nn szmd\cn. Sabine Van Huffel, and Borhala Hunyadi. 2017. Automated
seizure d ion based on ble ECG and PPG in a hospital envi-
mnmzm. Sensors 17, 10 (2017), 2338,
{10] Sandra L. Woolley, Tim Collins, James Mitchell, and David Fredericks. 2019.
Investigation of wearable health tracker version updates. BMJ Health & Care
Informatics 26, 1 (Oct 2019), e100083.

and | Muchlsteff. 2014. D

124



Appendix H.4: Ubiquitous Computing/ International Semantic Web Conference

Wearable Epilepsy Seizure Monitor User Interface
Evaluation

An Evaluation of the Empatica ‘Embrace’ Interface

Tendai Rukasha Sandra I Woolley Tim Collins
School of Computing and School of Computing and Department of Engineering
Mathematics Mathematics Manchester Metropolitan University
Keele University Keele University Manchester, UK
Staffordshire, UK Staffordshire, UK t.collins@mmu.ac.uk
t.rukasha@keele.ac.uk siwoolley@keele.ac.uk
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Wearable health devices have the potential to incentivize in-
dividuals in health-promoting behaviors and to assist in the
monitoring of health conditions. Wearable epilepsy seizure
monitoring devices are now evolving that can support in-
dividuals and their caregivers via the automated sensing,
reporting and logging of epileptic seizures. This work con-
tributes a novel reflection on the interface requirements of
wearer users and non-wearer stakeholder users. We eval-
uate the “guessability” of the light pattern interface of the
Empatica Embrace wrist-worn epileptic seizure monitor and
provide box plot results for eight interface indications. We
also report summarised feedback from a heuristic analysis
with fourteen participant evaluators. The results indicate
some satisfaction with the minimal aesthetic of a simple
light pattern interface as well as some concerns about confu-
sion between different indications, accessibility and reliance
on recall.
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1 INTRODUCTION

Patient monitoring systems capable of accurate recording
in the real-world, during the activities of everyday living,
create opportunities to make real-time assessments of patient
well-being, respond to potentially critical events and support
clinical decision making [8].

Epilepsy is a neurological condition that affects 50 mil-
lion people worldwide [11]. While antiepileptic drugs can
control the seizures of many individuals, more than 30% of
people with epilepsy have drug-resistant seizures [9). Epilep-
tic seizure types vary considerably between convulsive and
non-convulsive seizures including “tonic’ and “clonic” mus-
cular contractions and relaxations, ‘atonic’ losses of muscle
strength and "absence” episodes where individuals can lapse
awareness and appear detached. For epileptic individuals, the
hailing of timely care with automated messages at seizure
onset has the potential to reduce injuries and, potentially,
save lives.

Epilepsy seizure detection and wearable patient monitor-
ing are active areas of research but there is currently a lack
of work evaluating the seizure monitoring technologies cur-
rently available to individuals and researchers [7]. This work
makes a novel contribution to this area.

Woearable Device Interfaces

Achieving useful and unambiguous information delivery via
the small screens and minimal interfaces of wearable devices
poses interesting design challenges [5, 13, 14]. At the same
time, it is important that devices are aesthetically acceptable
[3] and, particularly in the case of health-condition monitor-
ing, it is important that devices are discreet [10] and do not
stigmatize wearers [4].
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Figure 1: Embrace LED Interface Examples.

Minimal interface indicators may very quickly become
familiar to individuals wearing devices every day. But, in erit-
ical healthcare applications there are often other stakeholder
users beyond the wearer users and, during critical episodes
such as an epileptic seizure, the wearer may be incapacitated
or confused for some extended period of time during and
after the event.

Examples of non-wearer stakeholder users include a par-
ent or grandparent, teacher, caregiver, colleague, classmate,
friend, or First Aid responder. These non-wearer stakehold-
ers may normally have little reason to observe the interface
or respond to low priority indications such as “Battery Low™.
However, the correct identification of a seizure (“Unusual
Event Detected”) indication could be an important source of
seizure corroboration. A correctly interpreted display could
also provide some reassurance about automated messaging
that could reduce the responder’s burden of seizure report-
ing and messaging. Likewise, the misinterpretation of a non-
seizure display as a seizure could have consequences that,
like false alarms in general, can disincentivize users.

The Empatica Embrace

The Empatica Embrace epilepsy seizure monitor is one of the
few currently available wearable epilepsy seizure monitors
[2]. It has a multicolor LED (light-emitting diode) interface
that includes blinking and rotating animations indicating
a range of conditions and states as indicated by the illus-
trations in Figure 1. Compared to visually-richer displays
the LED interface has benefits in terms of aesthetics, inter-
nationalization and energy consumption, but has potential
drawbacks in terms of usability.

Rukasha et al.

2 EVALUATION
Method and Materials

Fourteen Computer Science students and researchers expe-
rienced in heuristic evaluation were recruited according to
Keele University Faculty of Natural Sciences Research Ethics
Committee approval (N5-200058) to evaluate the LED in-
terface of the Empatica Embrace wearable seizure monitor.
For repeatability [1, 12], the device version was an Empatica
Embrace wristband EMB-MB-S (purchased 26th February
2019 with firmware version current between 11th to 13th
March 2020).

Participants comprised two academic staff members, three
PhD researchers, and four masters and five undergraduate
Computer Science students. Seven participants reported own-
ership or experience of using wearable health trackers.

Participants were shown each of the eight animated inter-
face indications shown in Figure 1 and were asked to guess
on a scale of 5-1 (5 = definitely is and 1 = definitely isn’t) what
each of eight LED interface patterns signified: Battery Low,
Disconnected, General Connection Problem, Memory Full,
Rebooted, Reconnected, Time and Unusual Event Detected.
The LED patterns were displayed in random order (indicated
by Figure 2 labels Q1-08). On completion, participants were
shown the correct answers for each condition and asked to
complete a heuristic evaluation based on Neilsen’s 10 Usabil-
ity Heuristics for User Interface Design [6]: 1) visibility of
system status, 2) match between system and the real world,
3) user control and freedom, 4) consistency and standards, 5)
error prevention, 6) recognition rather than recall, 7) flexibil-
ity and efficiency of use, 8) aesthetic and minimalist design,
9) help users recognize, diagnose, and recover from error, and
10} help and documentation. Participant evaluations were
audio recorded and summarized.

3 RESULTS

Figure 2 presents box plot results for the 5-1 (5 = definitely
is and 1 = definitely isn't) Likert scale guesses for each of
the eight Embrace LED interface examples illustrated. Ide-
ally, the correct LED patterns (shaded in green) would have
averages close to 5 and the all incorrect conditions would
have averages close to 1.

Table 1 summarizes the participant evaluations for each
of the 10 Nielsen user interface design heuristics [6].

4 DISCUSSION

As demonstrated in Figure 2 by the quantity of average guess
values between 2 and 4, as well as the similarity of scores
between some interface displays, participants found it diffi-
cult to disambiguate between sets of conditions. For example,
participants could not discern between the orange and red
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Table 1: User Interface Design Heuristics [6] with Summarized Descriptions and Participant Evaluations.

Heuristics

Participant Evaluations

Visibility of system status:

The system keeps users informed of what
is going on, through appropriate feedback
within reasonable time.

Match between system and the real
world:

The system should speak the users’ language
and follow real-world conventions in a natu-
ral and logical order.

User control and freedom:
Support undo and redo and have an “emer-
gency exit”.

Consistency and standards:
Users should not have to wonder about mean-
ings (device should follow conventions).

Error prevention:
A design that avoids errors and requests user
confirmations.

Recognition rather than recall:
Users should not have to remember informa-
tion from one part of the dialog to another.

Flexibility and efficiency of use:

The system should be able to efficiently
cater for both inexperienced and experienced
users.

Aesthetic and minimalist design:
Dialogues should not contain information
which is irrelevant.

Help users recognize, diagnose, and re-
cover from errors:

Error messages should specify the problem
and suggest a solution.

Help and documentation:

The system should provide help and docu-
mentation (easy to search, focused on the
user's task, list steps to be carried out, and

P TR T T T Y

Some evaluators reported the LEDs as visible and elear but most identified
ambiguities.

“About half the LEDs made sense”

“Onee the user knows the patterns it could be readable”

“To the unversed person it seems confusing..”

Several evaluators reported a good match for the red color and a warning
condition. Opinions varied about the use of white and orange LEDs. Time
interface was thought to be intuitive. There was uncertainty about the
animations.

“The system does not speak our language or use conventional sym-
bols/signs”

“Red indicates a serious problem”

“Some animations matched real world... most do not”

Most participants felt that this heuristic was not applicable but one eval-
uator suggested customization control.

Evaluators generally agreed on the internal consistency of the LED dis-
plays but did not agree on a consistent standard beyond the use of red
for warning.

“LEDs don’t seem consistent with other products I am aware of”

Maost evaluators agreed that, although it is clear when an error or problem
has occurred, it was not clear what the error condition was.

“Where the LED shows red, this is most obvious that there is an issue, but
difficult to discern what the error it is”

There were also concerns aboul the accessibility of the display for color
blind individuals.

Although there were some intuitive elements of the interface, most eval-
uators felt the interface relied largely on recall.

“The problem is having to remember what it means..”

“You would have to rely on memorizing the LED patterns..”

Evaluators agreed that the interface was efficient and international.

Some evaluators liked the minimalist aesthetic, but most felt it was too
minimalistic.

“Possibly too minimalistic with such a variety of meanings..”

“A lack of text may make it hard to remember the meanings. "

Evaluators expressed different opinions but generally agreed that displays
were recognizable if LED patterns were learned, but no indications were
given about recovery.

“If users know the meanings, displays are distinet”

“There is little help provided for the user, if they don't know what the
lights mean, they won't know what to do”

Participants agreed that there was no help available via the interface.
“None is provided on the interface leading to a reliance on recall or
reference to a manual”
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Figure 2: Guessability Box Plots. Participant interface
guesses (5 = delinilely is, 1 = definilely ian't). Correcl in-
stances are shaded in green, “x” marks mean, bar marks me-
dion and box and whisleers indicate interquartile range and
mavimin, m:]larﬁwnly.

Rukasha et al.

Battery Low, Disconnected and General Connection Prob-
lem light patterns: all three received averages of 2.5 to 3.5
(3 = unsure) no matter which pattern was displayed. Sim-
ilarly, the white Rebooted and Reconnected LED patterns
were confused with each other.

The Time display was the most recognized display. Only
one participant was confident the Time display was not Time
and, at most, one participant guessed that Battery Low, Dis-
connected and General Connection Problem, were Time in-
dicators.

Unfortunately, the spinning red Unusual Event Detected
display that can signify a seizure was not guessed well and
was confused with Battery Low, Disconnected and General
Connection Problem. When displayed. to participants the
Unusual Event Detected display received an average score
for the correct answer of 3.13 (3 = unsure) which was lower
than the (incorrect) Disconnected guess that received an
average of 3.53. Overall, for four out of the eight displays, at
least one incorrect answer had a higher average guess score
than the correct answer.

In Table 1, the heuristic feedback summarises the opinions
amongst participant evaluators that, on the one hand, recog-
nize the simplicity, clarity and potential memorability of the
display and, on the other. raises concerns about the reliance
on recall and the potential for confusion. For example, one
evaluator observed that the interface was "Quite aestheti-
cally pleasing but as intuitive as a Star Trek control panel”™
The use of color, eg., "Red indicates a serious problem” was
seen as appropriate as a real-world convention but some
concerns were raised about accessibility for individuals with
colar-vision deficiencies.

5 CONCLUSIONS

Minimal light pattern displays have a pleasing aesthetic but
can be confusing to users lacking familiarity with the in-
terface. Ideally, each displayed pattern could be correctly
guessed from the set of possible meanings.

There is need for further research and improvements in
the design of interface displays for wearable devices and
particularly for devices used in critical health monitoring
scenarios with wearer users and non-wearer user stakehold-
ers.
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Introduction

Wrist-worn devices afford convenient and unobtrusive heart rate
sensing, however, motion arfifacts can lead to unreliable data
recordings. This paper evaluates heart rate estimates acquired
during treadmill walking and 12 hours of everyday living from a
medical-grade Empatica E4 data streaming wristband wearable
compared to a Polar H10 chest strap ECG sensor.

Optical ~ heart  rate  acquisions  fom  wrist-worn
photoplethysmography (PPG) sensors are known to lack reliability
during periods of activity due to the interfering effects of motion
artifacts [1], [2]. However, the opportunity to achieve continuous,
unobtrusive, low-cost patient monitoring and to incentivize patients
toward positive health behaviors has resulted in many clinical
research  and of grad
wearables, despite manufacturers making no

medical device claims.

The Empatica E4 is a class 2a medical-grade device used in “over
1000 studies and trials” [3]. It is a data streaming device similar to
Empatica's Embrace FDA-approved wearable epilepsy monitor,
comprising PPG, temperature, conductivity and accelerometer
sensors, and is used by researchers for physiclogical data
acquisition for a variety of healthcare applications, as well as for
epileptic seizure detection research. Despite many studies
proposing novel and incremental contributions for seizure
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Keele University, UK
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Results

Acquired treadmill and 12-hour everyday living heart rate recordings are summarized for participants P;01-04
in Figure 1 and P;01-04 in Figure 2, and the comresponding Mean Absolute Percentage Erors (MAPES) and
IntraClass Correlations (ICCs) are summarized in Table |. Periods of data missingness affected the E4 and, to
a lesser extent, the Polar recordings. Two E4 12-hour recordings failed to maintain connectivity and there
were some periods of missing data for P14,
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Discussion and Conclusions

The disagreement between the E4 wristband and the Polar chest
strap was large enough to be evident, even in this small study, with
treadmill MAPEs ranging from 7.2% ta 29.2%, and ICCs between
06 and -0.5, indicating moderate agreement and strong
disagresment, respectively, and 12-hour everyday living MAPEs
from 5.3% to 13.5% and ICCs between 0.7 and 0.1, indicating good
to poor agreement [9]

In the absence of motion artifacts, PPG heart rate estimates may
perform reliably and could be used, for example, to detect ‘preictal’
epileplic seizure anset heart rate variations. However, attempting to
detect heart rate variations during activity or during a motor seizure
could produce unreliable results as, for example, reported by
Vandecasteele et al. [10].

Despite these challenges, wearable epilepsy seizure detecting
devices offer important opportunities to reduce injuries and save
lives. However, researchers using data streaming wearables
should be aware of device performance during periods of activity.
As underlying technologies mature, we can hope lo see
improvements in  both signal acquisiton and algorithm
performance.
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Fatient monitoring systems capable of accurate
recording in the real world, during the activiies of
everyday living, create opportunities to make real-fime
assessments of patient welibeing, respond fo
potentially critical events and support clinical decision
making [1].

Introduction

Epilepsy is 3 neurological condition that affects 50
million peagle warldwide [2]. Whils antiepileptic drugs
can control the seizures of many individuals. more
than 20% of peogle with epilepsy have drug-resistant
seizures [3]. Epileptic seizure types vary considerably
between convulsive and non-comvulsive  seizures
including ‘tenic’ and ‘clonic’ muscular contractions and
relaxations. ‘stonic’ losses of muscle strength and
‘absence’ episodes whers individuals can lapse
awareness and appear detsched. For epileptic
individuals, the hailing of timefy care with automated
messages at seizure onset has the potential to raduce
injuries and, potentially, save lives

Epilepsy seizure detection and wearable patient
monitoring are active areas of ressarch but there is
currently a lack of work evaluating s=izure manitoring
technologiss currently svailable to individuals and
researchers [4]. This work makes a novel contribution
to this area

Achieving useful and unambiguous information
defvery vis the small screens and minimal interfaces
of wearable devices poses design challengss. Al the
same time, # is important that devices are
i and, in the case
of health-condition monitoring, it is important that
devices ars diserest and do not stigmatize wearsrs

Minimal interface indicators can quickly become
familiar to individuals wearing devices every day. But,
in critical healthcare applications there are other
stakeholder users or observers beyond wearer users,
for example, caregivers, famiy members or
colleagues.

~

'/ Method and Materials

~

Fourtzen Science  students  and
in heuristic

were recruited according to Keele University Faculty

of Matursl Sciences Research Ethics Committes

approval (N5-200058) to evaluste the LED interface

of the Empatica Embrace wearable seizure monitar.

Computer

Participants  comprised two  academic  staff
members, three PhD researchers, and four masters
and five undergraduste Computsr Science students.
Participants were shown each of the sight animated
interface indications shown in Figure 1 and were
asked to guess on a scale of 51 (5 = definiely is
and 1 = definitely isn't) what each of eight LED
interface  patterns  signified:  Battery  Low,
Di d.  General i Problem,
Mzmaory Full. Rebooted, Reconnected. Time and
Unusual Event Detecied.

EEEE

Dicannectsd
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Figure 1: Embrace LED Interface Examples.

Distectad

On completion, participants were shown the comect
anzwers for e3ch condition and asked to complate 3
heuristic evaluation based on Meilsen's 10 Usabil
Heuristics for User Interface Design [5]: 1) visibility
of system status. 2) match betwesn system and the
real world, 3) user control and freedom, 4)
consistency and standards. 5) error prevention, §)
recognition rather than recall, 7) flexibiity and
efficiency of use, 8) aesthetic and minimalist design,
2) help users recognize. diagnose. and recover from
error, and 10} help and documentation.
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Figure 2 presents box plot results for the 5-1 (5 = definitely is
and 1 = definitely isn't) LED interface guesses. Ideally, the
comect LED pattems (shaded in gresn) would have averapes
close to 5 and the incorrect condifions would be clos=to 1.
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'/—Conclusions & Further Work—\'

The Time display was the most recognized display.
Only one participant was confident the Time display
was not Time and, at most, one particizant guessed

that Battery Low, Disconnected and General
Connection  Problem, were  Timz  indicators.
Unfortunately. the spinning red Unusual Event

Detected display that can signify a seizure was not
guessed well and was confused with Battery Low,
Disconnected and Gensral Connection Problem.

Minimal WBght pattern displays have 3 pleasing
sesthetic but can be confusing to users lacking
familiarity with the interface. Idzally, 2ach displayed
pattern could be comectly guessed from the sst of
possible meanings.

Impravements in the design of interface displays for
wearable devices and particularly for devices used in
criical health monitoring scenarios with wearsr users
and non-wearsr user staksholders.
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