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Abstract

Introduction

Fatigue is prevalent across a wide range of medical conditions and can be debilitating and
distressing. It is likely that fatigue is experienced differently according to the underlying
aetiology, but this is poorly understood. Digital health technologies present a promising

approach to give new insights into fatigue.

The aim of this study is to use digital health technologies, real-time self-reports, and
qualitative interview data to investigate how fatigue is experienced over time in participants
with myeloma, long COVID, heart failure, and in controls without problematic fatigue.
Objectives are to understand which sensed parameters add value to the characterisation of

fatigue and to determine whether study processes are feasible, acceptable, and scalable.

Methods and Analysis

An ecological momentary assessment study will be carried out over two or four weeks
(participant defined). Individuals with fatigue relating to myeloma (n=10), heart failure
(n=10), long COVID (n=10) and controls without problematic fatigue or a study condition
(n=10) will be recruited. ECG patches will measure heart rate variability, respiratory rate,
body temperature, activity, and posture. A wearable bracelet accompanied by environment
beacons will measure physical activity, sleep, and room location within the home. Self-
reports of mental and physical fatigue will be collected via smartphone app four times daily
and on-demand. Validated fatigue and affect questionnaires will be completed at baseline and
two weeks. End of study interviews will investigate experiences of fatigue and study

participation. A feedback session will be offered to participants to discuss their data.

Data will be analysed using multilevel modelling and Machine Learning. Interviews and

feedback sessions will be analysed using content or thematic analyses.
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Ethics and dissemination: Approved by East of England — Cambridge East Research Ethics
Committee (22/EE/0261). Results will be disseminated in peer reviewed journals and at

international conferences.

Registration: Clinicaltrials.gov NCT05622669

Strengths and Limitations of this Study

Integrates granular data from digital sensing technologies with participant self-reports

and in-depth qualitative data

e Will use artificial intelligence techniques alongside multilevel modelling to detect
patterns within temporal data

e Allows participants to reflect on their sensed data during bespoke feedback sessions,
using qualitative data from these sessions to inform data interpretation

e Is not powered to quantify significant differences in fatigue ratings between groups of

participants with different conditions
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Introduction

Fatigue is a major clinical problem and is prevalent in most chronic medical conditions.
Problematic fatigue is experienced by up to 98% of individuals with myeloma (1), around
50% of those with heart failure (2) and over 70% of those with long COVID (3). Fatigue is a
multifaceted, fluctuating symptom which embodies biological, biochemical, physiological,
psychological, emotional, and behavioural processes (4). Fatigue is distressing and causes

reduced quality of life (5), and diminished economic productivity (6).

Fatigue is considered as a single, poorly defined symptom, but fatigue as a symptom is likely
to encapsulate multidimensional experiences and fatigue is unlikely to be a single entity.
There are likely to be specific patterns or characteristics of fatigue that vary according to the
underlying mechanisms. For example, Powell et al. showed that individuals with multiple
sclerosis (MS) were more likely to have fatigue that peaked in the afternoon, that came on
more suddenly, and that was more likely to be present after physical activity compared to

healthy controls (7).

People with long COVID commonly describe triggers that worsen fatigue, such as physical
activity, stress, and sleep disturbance (8,9). In people with heart failure, tissue hypoperfusion
and a mismatch between catabolic and anabolic processes can cause skeletal myopathy (10).
This is thought to contribute to fatigue, particularly during physical exertion, and fatigue is
often experienced alongside breathlessness (10). Fatigue is a common side effect of myeloma
therapies, and during first treatment for myeloma, targeted medicines, chemotherapy agents,
and steroids are often given in cycles (11). Fatigue is likely to vary during treatment cycles

(12), but this is under-explored.

Despite its high prevalence, fatigue is under-researched and poorly understood (13). Fatigue
research can be challenging because fatigue is changeable, subjective, and influenced by a
wide range of individual, environmental, and external factors. Fatigue also poses clinical
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challenges. When individuals present to clinicians with undifferentiated “tiredness”, standard
diagnostic tests are usually unhelpful (14,15). There are limited personalised treatment

options for fatigue and fatigue often remains untreated (16).

Ecological momentary assessment (EMA) studies collect relatively intensive, repeated, real-
time data from participants who are living their everyday life (17). EMA methods have been
used to gain insights into fatigue in several chronic medical conditions including renal
failure(18) , MS (7)and cancer (19). EMA studies have the advantage of minimising
participant recall bias and highlighting temporal variations within data (17). Few EMA
studies have attempted to make comparisons between individuals with different clinical
diagnoses. Furthermore, advances in digital health technologies offer new opportunities to
combine participant self-reports of symptoms with real-time objective physiological and

environmental data.

This paper describes the protocol for an EMA study of fatigue. Digital health technologies
will be used to capture in-depth objective physiological, activity, self-report, and
environmental measurements from individuals with myeloma, long COVID, heart failure,
and a control group without these conditions. These medical conditions have been chosen
because they are likely to involve different underlying mechanisms of fatigue, and different

patterns of fatigue.

The aim of the study is to measure fatigue within individuals over time, to quantify variations
in fatigue levels within individuals, and to describe relationships between patient-reported

fatigue, patient-reported triggers for fatigue, and sensed parameters (including activity levels,
sleep, heart rate variability, and other physiological parameters). Qualitative and quantitative
data will be combined to investigate differences in the fatigue experience within and between

individuals over time.
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This study is exploratory and will test the feasibility, acceptability and practicalities of
deploying the digital technologies and of the study procedures with a view to conducting a
large-scale investigation into replicable, measurable, quantitative differences in fatigue
patterns between groups of individuals with different medical conditions. The study will also
develop artificial intelligence (Al) algorithms and explore the value of Al techniques in

analysing and interpreting EMA study data.

Methods

Study design and setting

This EMA study will be conducted remotely, enrolling participants from anywhere within the
United Kingdom (UK). Participants will self-rate their physical and cognitive fatigue four
times daily and on demand over two or four weeks (according to participant preference). The
study is an exploratory feasibility study, and the primary objective is to use both quantitative
and qualitative methods to characterise lived experiences of fatigue and to explore temporal
patterns in fatigue within individuals with different medical conditions.

Outcomes

The primary outcome is descriptive and concerns how patient reports of fatigue change over
time, and the temporal relationships between fatigue, self-reported triggers for fatigue, and

sensed parameters (see below).

Secondary outcomes relate to the feasibility of the study procedures. Secondary outcomes
include ability to recruit eligible participants at the required rate; attrition rate; suitability of
the study questionnaires and patient reported outcome measures (PROMS); acceptability and
desirability of the study procedures; usability of the technologies; logistics of remote study
assessments and data collection; and potential predictors of missing self-report data during

the EMA study.
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Sample Size
The study will aim to enrol 40 participants, including 10 participants with myeloma, 10 with

heart failure, 10 with long COVID, and 10 control participants. It may be the case that the
sample sizes in the groups are not evenly matched. This will be determined by participant
interest and response. It is also possible that some participants provide limited data or have
high levels of missing data (for example, due to sensor failure or poor adherence to EMA
ratings). The research team may decide to recruit additional participants into a group in which
participants have high levels of missing data, where missing data precludes meaningful
insights into the participant’s fatigue experience, and this will be judged during the study by

the lead researcher.

This is a feasibility study without a quantitative primary outcome measure. As such, a formal
sample size calculation is not required, however the sampling design has been chosen to
sufficiently capture the expected within-day variability in fatigue following discussions with
patient partners. In parallel group pilot trials, a sample size of 12 participants per group is
suggested as a “rule of thumb” that will give adequate data to inform future definitive studies
(20). The EMA study design employed here differs from traditional parallel group studies in
that multiple observations are taken in the same individual over time, allowing for detailed
within person descriptions of the phenomenon and temporal relationships/associations. In this
study, granular patient reported outcome data will be combined with rich qualitative data.
The estimate of ten patients per group is a pragmatic one that considers the primary study
objective, researcher capacity, study duration, number of daily EMA ratings, and availability

of sensors and other technical equipment.

Eligibility Criteria

Inclusion and exclusion criteria are listed in Table 1. Eligible participants are adults with

fatigue (considered by them to be worse than “normal tiredness”) related to myeloma, long
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COVID, or heart failure, and control group participants without a study condition who do not

experience problematic fatigue (worse than “normal tiredness™).

Table 1: Inclusion and Exclusion Criteria

Group Inclusion criteria Exclusion criteria
allocation
All Willing to participate in intermittent Difficulty communicating in English
participants | ecological momentary assessments of Adults lacking capacity to consent
fatigue, to wear an electrocardiogram Under 18 years of age
(ECG) patch, to provide questionnaire Declines to participate
responses Under investigation for or starting treatment for an
endocrine, metabolic, or thyroid condition where the
participant has not been established on a stable
therapeutic dose of a licensed therapy for that
condition
A confirmed diagnosis of sleep apnoea or narcolepsy
HADs depression and anxiety score at baseline greater
than 8 on the depression questions (21), which might
indicate untreated or undertreated depression
Shift work that involves overnight working between
the hours of 9pm and 9am
Group A, A confirmed diagnosis of myeloma Uncontrolled hypercalcaemia
individuals | Has experienced fatigue that is perceived | Current or previous diagnosis of heart failure or long
with by the participant to be worse than COVID
myeloma “normal tiredness” and that they associate | An active primary cancer diagnosis other than
with myeloma or treatment for myeloma myeloma
Group B, A formal diagnosis of heart failure A current or previous diagnosis of myeloma or long
Individuals | All stages of heart failure and all COVID
with heart | aetiologies and with no specific ejection Active cancer
failure fraction cut-off
Has experienced fatigue that is perceived
by the participant to be worse than
“normal tiredness” and that they associate
with their cardiac disease or its treatment
Group C, Experiencing fatigue that is perceived by A current or previous diagnosis of myeloma or heart
Individuals | the participant to be worse than “normal failure
with long tiredness”, with or without other physical | Active cancer
COVID or psychological symptoms that developed
during or after an infection consistent with
COVID-19
The fatigue (plus or minus any other
symptoms) has continued for greater or
equal to 12 weeks, and is not explained by
an alternative diagnosis
Group D, Individuals aged 18 years or over without | Presence of myeloma or another active cancer, heart
control the disease conditions specified in Groups | failure, or long COVID
group AtoC One or more chronic medical conditions which are

unstable, poorly controlled, AND perceived by the
individual to be causing fatigue
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1

2

3 Persistent or severe fatigue symptoms that are
4 perceived by the individual to be worse than “normal
Z tiredness”

7 Taking sedating medications to manage anxiety or
8 insomnia including but not limited to benzodiazepines
9 or “Z” drugs, zopiclone, zolpidem, and others in this
10 British National Formulary Class

1; Recruitment and consent

13 Eligible patients with myeloma will be invited to participate by clinicians from the

14

12 haematology clinic at University College London Hospital. Eligible patients with heart failure
17

18 will be invited to participate by clinicians working in NHS Grampian’s heart failure nursing
19

20 service. Participants with heart failure will also be recruited from General Practices in NHS
21

;g Grampian, facilitated by the NHS Research Scotland Primary Care (NRS Primary Care)

24

25 network.

26

27 . . . 3 . :

28 Participants with myeloma, heart failure, or long COVID who took part in previous focus

29

30 groups as part of this project and who have consented to being contacted about future related
31

gg research will be invited to participate by email. Relevant charity and patient advocacy

34 .. . . . . . .

35 organisations will also be invited to share study information leaflets with their members.

36

28 Control group participants will be recruited via staff mailing lists at collaborating academic
39

40 institutions, patient involvement groups, and from community walking organisations.

41

42 . . . .

43 The study may be advertised on X (formerly known as Twitter) if recruitment targets are not
44

45 achieved via other routes.

46

47

48 Individuals identified by NHS clinicians will be handed an invitation letter, information

49

g (1) sheet, reply slip and reply-paid envelope by their clinicians and asked to contact the study

52 . . . C . . . .

53 team if they are interested in participating. Those recruited by General Practices will be

54

55 identified by searches of electronic medical records and sent invitation packs by post. Those
56

g; invited by email will receive the participant information sheet and invitation letter as an

59 . . . ..

60 attachment and will be asked to reply by email to the study team to indicate their interest.
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Interested individuals will have an initial telephone or Teams video call, during which a
researcher will explain the study and answer any questions. Eligibility screening will be
conducted, and for eligible participants who wish to participate, audio-recorded verbal
consent will be taken. A paper consent form will be initialled and signed by the researcher

and a copy will be sent to the participant.

Participants will be offered a £50 voucher as a token of thanks.

Participant timeline and Data Collection Methods

The participant timeline is summarised in Figure 1.

Baseline Assessments
At study baseline, participants will complete the Mental and Physical State and Trait Energy

and Fatigue Scales (STEF) parts one and three (22-24); Positive and Negative Affect Scales
(PANAS) for “past few weeks” time frame (25) and the Modified Fatigue Impact Scale
(MFIS)(26). These questionnaires were chosen as they have been validated and administered
together, they will give insights into both physical and mental fatigue, “usual” fatigue (as a

complement to the EMA measures), emotions, and the impact of fatigue on the individual.

Sensors
Participants will be posted a study kit containing an android smartphone with data SIM, an

ECG patch (Vital Patch, Vital Connect Inc, California, USA), a wearable bracelet containing
accelerometer accompanied by four environment beacons (Panoramic Digital Health SAS,

Grenoble France).

.The VitalPatch ECG is an approved medical device and will be worn for the first seven days
of the study. The patch measures respiratory rate, a single lead ECG with RR interval, heart
rate parameters (including heart rate variability), body temperature, activity levels
(actimetry), and body position. The ECG patch communicates by Bluetooth with a dedicated

app (Medibiosense Ltd, UK) pre-installed on the study phone.
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The Panoramic digital health bracelet (Panoramic Digital Health SAS, Grenoble, France) is a
wrist worn device containing a three-axis accelerometer, three axis magnetometer, three
gyroscope, temperature sensor and atmospheric pressure sensor to measure physical activity
and sleep. The bracelet is used alongside four Bluetooth beacons, which are placed within
labelled positions within the participants’ homes (e.g., kitchen, living room, bedroom, top of
stairs). The beacons communicate with the bracelet and generate data about the wearer’s
proximity to each beacon, and also record temperature, sound level and light level in their

location, providing environmental context to the bracelet sensor data.

EMA Assessments
Participants will use the m-path app (https://m-path.io), which is a GDPR compliant research

tool developed by the Katholieke Universiteit Leuven. The app will be pre-loaded onto the
study smartphone, or participants can opt to download this on their own device if they prefer.
The app will be used to send participants short questionnaires four times daily to rate their
cognitive fatigue and physical fatigue from zero to ten, and to note any associated triggers for
improvements in or deteriorations in fatigue. The anchoring and wording of the self-rating
questions is based on “state” fatigue items from the Mental and Physical State and Trait
Energy and Fatigue Scale (22). A full summary of the self-rating questions is provided in text
box 1.

M-path will send audible alerts to the smartphone at pre-determined intervals, spaced
throughout the day and pre-agreed with the participant to fit with work or personal
commitments. Participants will be able to miss self-reports and will be asked to add extra

reports on-demand if they notice that their fatigue levels are better or worse than usual.
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Text Box 1: Self-rating prompts within the m-Path app

Page 12 of 21

1. Overall, how fatigued do you feel at the moment?

. I feel no fatigue, strongest feeling of fatigue ever (0-10 slider)

2. How do you feel right now with regard to your capacity to perform your typical
PHYSICAL ACTIVITIES....

. I feel no fatigue — 0-10 slider — Strongest feelings of fatigue ever felt

3. How do you feel right now with regard to your capacity to perform your typical
MENTAL ACTIVITIES....

. I feel no fatigue — 0-10 slider — Strongest feelings of fatigue ever felt

4. Is your fatigue better, the same, or worse than usual?

CONDITIONAL

. IF the same — no further questions

. IF better — question about factors making better

. IF worse — question about factors making worse

Factors making better:
Do you think that any of the following might have affected your current levels of fatigue
(select all that apply)?

. Exercise or physical activity within the last day

. Exercise or physical activity more than a day ago
. Taking a medicine (please specify)

. Taking rest

. Taking caffeine

. Less emotions or stress

. My mood

. Spending time with other people

. The weather

. Quiet time

. Something else (please specify) — free text option

Factors making worse:
Do you think that any of the following might have affected your current levels of fatigue
(select all that apply)?

. Exercise or physical activity within the last day
. Exercise or physical activity more than a day ago
. Taking a medicine (please specify)

. Emotions or stress

. My mood

. Tasks or work relating to my employment

. Tasks or work relating to my home life

. Spending time with other people

. The weather

. Noise

. Other (please specity)
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End of study assessments
Participants complete all baseline questionnaires again after two weeks and participate in an

end of study qualitative interview, conducted according to a schedule (Supplementary data
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file 1). They are invited to participate in an optional feedback and “sense-making” session,
during which a researcher provides them with feedback on the data provided and any
interesting features of the data are discussed. Feedback sessions are audio-recorded and used
in analyses.

Data Management and analysis

ECG patch data will be downloaded manually from the phone by the research team when the
phone is returned. Raw encrypted data from the Panoramic bracelets are also downloaded
directly from the bracelets by the research team, where data are decrypted, quality checked
and analysed. Periods of non-wear are detected using the temperature sensor and
accelerometer. The raw accelerometer data is processed using the open source OxWearables
algorithms to measure step count per minute (27), sleep and level of activity (28). The beacon
data is processed to label the processed bracelet sensor data with location in the home, by
identifying the beacon with the highest Bluetooth received signal strength indicator (RSSI).
Visual inspection of the output of these algorithms alongside the VitalPatch output can be
viewed in a data annotator to identify features of interest in the data including timing of
getting out of bed, timing of any stair climb, and timing of any period of immobility
following movement in the home. m-Path app data are downloaded from an on-line study

dashboard

Summary data can be generated from the Panoramic digital health platform, including: total
sleep time, step count per hour over the day, time spent and activity in each room per day,
time spent and activity when away from home. More granular data can also be determined
including time taken to get out of bed, number of room transitions per day, average daily
time climbing stairs (where applicable), cadence for walking, and total period of immobility
following movements within the home, and whether the participant gets out of bed when they
wake up at night (eg: to go to toilet or kitchen) or stay in bed. Data on directional change (e.g.
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turning/changing walking direction), change in height (e.g.: going up stairs, walking up

slopes) can also be generated

Patient feedback reports will be created manually, identifying potentially interesting or
unexplained features from self-report and sensed data (for example, particularly high or low
self-reported fatigue scores, or rapid changes in fatigue scores. Visualisations will be
produced (format and content will be iterative and refined during the study based on
participant feedback). Feedback sessions with DH, CS, or RA will be audio-recorded and
used to give insights into the face validity of the sensed data and the fatigue experience more

broadly.

Artificial intelligence (AI) algorithms will be created by VM and SG (University of
Cambridge) to automatically handle multi-variety/multidimensional data, detect symptom
fluctuation over time, and identify patterns, trends, and groups. New algorithms using
machine learning (ML) will be developed and tested to understand patterns of fatigue and
relationships between sensed parameters. Within and between person and within and between

group differences will be analysed using multi-level modelling and machine learning.

Qualitative data from interview transcripts will be analysed using Framework and thematic

analysis.

Multiple investigators will be involved in the analyses.

Patient and Public Involvement

Six on-line focus groups were conducted with individuals with fatigue (qualitative results will
be reported separately). Participants with experience of a study condition gave insights into
their lived experience of fatigue and their thoughts about using digital technologies to

measure aspects of the fatigue experience. The results from the focus groups directly

informed study design, including study duration. Some participants would find four weeks of
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data collection onerous, whereas for others, two weeks of data collection would be
insufficient to capture perceived patterns in their fatigue (e.g. during myeloma treatment

cycles).

The focus groups also led to the inclusion of the participant feedback session. It was
important to participants that their sensed and self-reported data were explained to them and

that they were given the opportunity to reflect on this data with an experienced researcher.

A patient partner with myeloma liaised with the study team during the preparation of the

study documents and gave feedback on the protocol and patient information sheet.

Ethics and dissemination

The study was approved by the East of England — Cambridge East Research Ethics
Committee (22/EE/0261). The study team are interdisciplinary researchers spanning primary
care (clinical), health psychology, engineering, medical physics, human computing
interaction, and artificial intelligence. Results will be disseminated in a range of peer
reviewed journals spanning these disciplines, and at international conferences.

Study Status

The study is currently recruiting. Participant recruitment commenced on 7™ December 2022
and is expected to finish recruiting by 18" December 2023.
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Figure 1: Participant timeline and flow chart

Email via specified mailing lists NHS myeloma, cardiology clinic or general
Social media and organisations practice
Patient information leaflet and Patient invitation letter, patient information
contact information form sheet, contact information form and reply-
attached paid envelope provided
|

Participant contacts research

l team to express interest

Patient contacted by telephone by research assistant to provide information about study, to answer any
questions, and to send participant information leaflet to those who had not previously received it (e.g.,
response via social media).

Eligibility screening questions and Hospital Anxiety and Depression Scoring

Appointment made (>48 hours later for those receiving PIL for first time) for study enrolment with
those who wish to participate — can be done there and then if desirable for those who have received PIL
> 48 hours previously

If eligible to participate

Patient contacted via telephone by Research Assistant

Audio-recorded telephone consent

Relevant Case Report Form completed

Baseline study questionnaires completed - Mental and Physical State and Trait Energy and Fatigue Scales
(STEF) PARTS 1 and 3 only; Positive and Negative Affect Scales (PANAS) for “past few weeks” time
frame Modified Fatigue Impact Scale (MFIS).

Study equipment posted to participant

v

Patient contacted via telephone or Microsoft Teams (video call) to explain the equipment and how to use
it. Optional courtesy call offered after first week with Research Assistant to check progress/any problems

Patient starts using the equipment and
contacts the Research Assistant as required
for assistance/with queries/to withdraw.

A4

Those participating for four weeks swap study equipment at 2 weeks (exchanged via courier) to
download data/mitigate against sensor failure/lost data

Baseline questionnaires repeated at 2 weeks

Participant contacted via telephone or Microsoft Teams (video call) after two or four weeks (participant-
led study end-date) for end of study telephone/video interview with research assistant, which is audio-
recorded

Participant sends digital devices back via
courier and data downloaded

A

Participant is posted or emailed a summary of their study data (self-reported fatigue scores, activity
levels, any other potentially relevant data collected). Participant is offered a bespoke feedback and
“sense-making” session with researcher to discuss their data. Feedback session is audio recorded.
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¥ UNIVERSITY
TOPIC GUIDE FOR END OF STUDY INTERVIEWS of ABERDEEN

Understanding Patterns of Fatigue in Health and Disease

Interviews will be directed to some extent by the participants. This document sets out topics that the

interviewer will aim to cover. It will be used flexibly.

INTRODUCTIONS

e Introductions and reminder that interview can be paused or stopped at any time. Audio-
recording device activated.

e Inthis interview, we would like to ask you about your experiences of fatigue over the study

period and your opinions about taking part in the study and using the study devices.

GENERAL CONTEXT

e How have you been in general over the past two weeks?
e Have these been typical weeks for you (prompts might include usual activity
levels/work/typical levels of fatigue)

FATIGUE EXPERIENCE

e Tell me about (any) fatigue that you have experienced over the last two weeks? Prompts
might include: severity, how often fatigue was experienced, whether fatigue was mainly
mental/physical and how it felt in the body.

If fatigue was experienced (control group participants may not have experienced fatigue):

e Do you remember any specific day to have been particularly more difficult or particularly
good (in terms of fatigue)?

e Can you think of any triggers or things that might have worsened your fatigue? (prompts
might include: physical activity, sleep, medications, stress, treatment cycle, menstruation,
weather)

e How did the fatigue impact your physical activity?

e How did the fatigue impact your cognitive ability?

e What did you do to cope with your fatigue or any things that have made the fatigue
better/helped?

FEASIBLITY

We would like to will discuss more specifically about some of the devices and ways that we have
collected your information throughout the study.
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. Did you face any difficulties using any of the devices? (Prompted to describe these, prompts
might include app set up, ECG patch set up, use of app, whether the devices were uncomfortable or
hindered activities/movements).

1. Panoramic Digital Health Bracelet and Bluetooth Tags
e What did you like most about using the bracelet?
e What did you not like about the device?
e How could it be improved?
e How easy or difficult it was to set up and use?

2. ECG Patch
e What did you like about using the ECG Patch?
e What did you not like, and could be different?
e How easy or difficult was it to use?

3. Daily fatigue scores (m-Path)

e Tell me about your experiences of using the app to enter fatigue scores. Prompts might
include:
How easy/difficult it was to use the app
How easy/difficult was it to enter the fatigue scores? Why?

o Whether the number and timings of the ratings were convenient/inconvenient,
whether the ratings were too frequent/not frequent enough/just right to
capture the difference/variability in fatigue

o Whether the questions were easy to understand

o Canyou think of any other questions that could better capture your daily
fatigue? What and why?

o Is there anything that you did you not like about scoring our fatigue daily? What
could be done better?

o How convenient was it to use the app?

o Would you rather have preferred a different method to input your daily scores?
How? Why?

4. We used three questionnaires at the start and end of the study (participant is reminded
about the nature of the questionnaires). Did you find the questions in these questionnaires
easy to understand? Do you think the questions were relevant to you?

SUMMING UP

e  Overall, how have you found participating in this study?

o Any positive things about taking part

o Any negative things about taking part
e  We have covered lots of things (give brief summary); is there anything else that you would
like to speak about that we haven’t covered?

Participant is thanked for their time and reminded that they will have the opportunity to get a
feedback session with a senior researcher to go over the data they have provided.

END of INTERVIEW
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Abstract

Introduction

Fatigue is prevalent across a wide range of medical conditions and can be debilitating and
distressing. It is likely that fatigue is experienced differently according to the underlying
aetiology, but this is poorly understood. Digital health technologies present a promising

approach to give new insights into fatigue.

The aim of this study is to use digital health technologies, real-time self-reports, and
qualitative interview data to investigate how fatigue is experienced over time in participants
with myeloma, long COVID, heart failure, and in controls without problematic fatigue.
Objectives are to understand which sensed parameters add value to the characterisation of

fatigue and to determine whether study processes are feasible, acceptable, and scalable.

Methods and Analysis

An ecological momentary assessment study will be carried out over two or four weeks
(participant defined). Individuals with fatigue relating to myeloma (n=10), heart failure
(n=10), long COVID (n=10) and controls without problematic fatigue or a study condition
(n=10) will be recruited. ECG patches will measure heart rate variability, respiratory rate,
body temperature, activity, and posture. A wearable bracelet accompanied by environment
beacons will measure physical activity, sleep, and room location within the home. Self-
reports of mental and physical fatigue will be collected via smartphone app four times daily
and on-demand. Validated fatigue and affect questionnaires will be completed at baseline and
two weeks. End of study interviews will investigate experiences of fatigue and study

participation. A feedback session will be offered to participants to discuss their data.

Data will be analysed using multilevel modelling and Machine Learning. Interviews and

feedback sessions will be analysed using content or thematic analyses.
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Ethics and dissemination: Approved by East of England — Cambridge East Research Ethics
Committee (22/EE/0261). Results will be disseminated in peer reviewed journals and at

international conferences.

Registration: Clinicaltrials.gov NCT05622669

Strengths and Limitations of this Study

Integrates granular data from digital sensing technologies with participant self-reports

and in-depth qualitative data

e Will use artificial intelligence techniques alongside multilevel modelling to detect
patterns within temporal data

e Allows participants to reflect on their sensed data during bespoke feedback sessions,
using qualitative data from these sessions to inform data interpretation

e Is not powered to quantify significant differences in fatigue ratings between groups of

participants with different conditions
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Introduction

Fatigue is a major clinical problem and is prevalent in most chronic medical conditions.
Problematic fatigue is experienced by up to 98% of individuals with myeloma (1), around
50% of those with heart failure (2) and over 70% of those with long COVID (3). Fatigue is a
multifaceted, fluctuating symptom which embodies biological, biochemical, physiological,
psychological, emotional, and behavioural processes (4). Fatigue is distressing and causes

reduced quality of life (5), and diminished economic productivity (6).

Fatigue is considered as a single, poorly defined symptom, but fatigue as a symptom is likely
to encapsulate multidimensional experiences and fatigue is unlikely to be a single entity.
There is no one widely accepted definition of fatigue, but fatigue is often described as
“extreme and persistent mental and/or physical tiredness, weakness or exhaustion”(7) Other
definitions encompass the negative impact that fatigue can have on the individual, for
example, an “overwhelming feeling of sustained exhaustion that is debilitating and interferes

with an individual’s ability to function and perform activities”(8).

There are likely to be specific patterns or characteristics of fatigue that vary according to the
underlying mechanisms. For example, Powell et al. showed that individuals with multiple
sclerosis (MS) were more likely to have fatigue that peaked in the afternoon, that came on
more suddenly, and that was more likely to be present after physical activity compared to

healthy controls (9).

People with long COVID commonly describe triggers that worsen fatigue, such as physical
activity, stress, and sleep disturbance (10,11). In people with heart failure, tissue
hypoperfusion and a mismatch between catabolic and anabolic processes can cause skeletal
myopathy (12). This is thought to contribute to fatigue, particularly during physical exertion,
and fatigue is often experienced alongside breathlessness (12). Fatigue is a common side
effect of myeloma therapies, and during first treatment for myeloma, targeted medicines,
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chemotherapy agents, and steroids are often given in cycles (13). Fatigue is likely to vary
during treatment cycles (14), but this is under-explored. Specific patterns of fatigue in

myeloma, heart failure and long COVID are under-researched.

Despite its high prevalence, fatigue is poorly understood (15). Fatigue research can be
challenging because fatigue is changeable, subjective, and influenced by a wide range of
individual, environmental, and external factors. Fatigue also poses clinical challenges. When
individuals present to clinicians with undifferentiated “tiredness”, standard diagnostic tests
are usually unhelpful (16,17). There are limited personalised treatment options for fatigue and

fatigue often remains untreated (18).

Ecological momentary assessment (EMA) (19) is a method that is primarily focussed on the
investigation of within-person dynamic processes with high levels of ecological validity,
using relatively intensive data collection techniques that monitor phenomena in real-time, or
close to real-time, whilst participants undertake their usual daily activities (19). EMA
methods have been used to gain insights into fatigue in several chronic medical conditions
including renal failure(20) , MS (9)and cancer (21). EMA studies have the advantage of
minimising participant recall bias and highlighting temporal variations within data (19). Few
EMA studies have attempted to make comparisons between individuals with different clinical
diagnoses (22). Furthermore, advances in digital health technologies offer new opportunities
to combine participant self-reports of symptoms with real-time objective physiological and

environmental data.

This paper describes the protocol for an EMA study of fatigue. Digital health technologies
will be used to capture in-depth objective physiological, activity, self-report, and
environmental measurements from individuals with myeloma, long COVID, heart failure,

and a control group without these conditions. Cancers, infectious diseases, and cardiovascular
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diseases account for a significant global disease burden (23). The exemplar conditions were
chosen because they involve fatigue as a core or highly prevalent symptom, and because they
are likely to involve different underlying mechanisms of fatigue, and different patterns of
fatigue. They are also conditions in which we expect to see fluctuations in the fatigue
experience over time that might be observable, predictable and explainable (for example,
according to medication cycle in myeloma, relating to post-exertional malaise in long

COVID or activity levels in heart failure).

The aim of the study is to measure fatigue within individuals over time, to quantify variations
in fatigue levels within individuals, and to describe relationships between patient-reported
fatigue, patient-reported triggers for fatigue, and sensed parameters including activity levels,
sleep, heart rate variability, and other physiological parameters. Physiological parameters
such as heart rate variability could give important insights into the fatigue experience. For
example, Heart Rate Variability (HRV) is the fluctuation in time intervals between each
heartbeat (24) and is linked to autonomic nervous system activation (25). Heart rate
variability can give insights into emotions and stress (25). It has been suggested that HRV
could be linked to fatigue severity in chronic fatigue syndrome (26). HRV has also been
studied as a marker of driver fatigue (27). In this study-qualitative and quantitative data will
be combined to investigate differences in the fatigue experience within and between

individuals over time.

This study is exploratory and will test the feasibility, acceptability and practicalities of
deploying the digital technologies and of the study procedures with a view to conducting a
large-scale investigation into replicable, measurable, quantitative differences in fatigue
patterns between groups of individuals with different medical conditions. The study will also
develop artificial intelligence (Al) algorithms and explore the value of Al techniques in
analysing and interpreting EMA study data.
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Methods

Study design and setting

This EMA study will be conducted remotely, enrolling participants from anywhere within the
United Kingdom (UK). Participants will self-rate their physical and cognitive fatigue four
times daily and on demand over two or four weeks (according to participant preference). The
study is an exploratory feasibility study, and the primary objective is to use both quantitative
and qualitative methods to characterise lived experiences of fatigue and to explore temporal
patterns in fatigue within individuals with different medical conditions.

Outcomes

The primary outcome is descriptive and concerns how patient reports of fatigue change over
time, and the temporal relationships between fatigue, self-reported triggers for fatigue, and

sensed parameters (see below).

Secondary outcomes relate to the feasibility of the study procedures. Secondary outcomes
include ability to recruit eligible participants at the required rate; attrition rate; suitability of
the study questionnaires and patient reported outcome measures (PROMS); acceptability and
desirability of the study procedures; usability of the technologies; logistics of remote study
assessments and data collection; and potential predictors of missing self-report data during
the EMA study.

Sample Size

The study will aim to enrol 40 participants, including 10 participants with myeloma, 10 with
heart failure, 10 with long COVID, and 10 control participants. It may be the case that the
sample sizes in the groups are not evenly matched. This will be determined by participant
interest and response. It is also possible that some participants provide limited data or have
high levels of missing data (for example, due to sensor failure or poor adherence to EMA

ratings). The research team may decide to recruit additional participants into a group in which
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participants have high levels of missing data, where missing data precludes meaningful
insights into the participant’s fatigue experience, and this will be judged during the study by

the lead researcher.

This is a feasibility study without a quantitative primary outcome measure. As such, a formal
sample size calculation is not required, however the sampling design has been chosen to
sufficiently capture the expected within-day variability in fatigue following discussions with
patient partners. In parallel group pilot trials, a sample size of 12 participants per group is
suggested as a “rule of thumb” that will give adequate data to inform future definitive studies
(28). The EMA study design employed here differs from traditional parallel group studies in
that multiple observations are taken in the same individual over time, allowing for detailed
within person descriptions of the phenomenon and temporal relationships/associations. In this
study, granular patient reported outcome data will be combined with rich qualitative data.
The estimate of ten patients per group is a pragmatic one that considers the primary study
objective, researcher capacity, study duration, number of daily EMA ratings, and availability

of sensors and other technical equipment.

Eligibility Criteria

Inclusion and exclusion criteria are listed in Table 1. Eligible participants are adults with
fatigue (considered by them to be worse than “normal tiredness”) related to myeloma, long
COVID, or heart failure, and control group participants without a study condition who do not
experience problematic fatigue (worse than “normal tiredness”). Participants will not be
given a specific definition of fatigue at the start of the study and no cut-off points will be used
for the severity of fatigue or its impact on function. Instead, the experience of fatigue will be
documented in detail for every participant using the combination of validated, sensed and

self-report measures described below.

Table 1: Inclusion and Exclusion Criteria
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Group Inclusion criteria Exclusion criteria
allocation
All Willing to participate in intermittent Difficulty communicating in English
participants | ecological momentary assessments of Adults lacking capacity to consent
fatigue, to wear an electrocardiogram Under 18 years of age
(ECQG) patch, to provide questionnaire Declines to participate
responses and to participate in an end of Under investigation for or starting treatment for an
study interview endocrine, metabolic, or thyroid condition where the
participant has not been established on a stable
therapeutic dose of a licensed therapy for that
condition
A confirmed diagnosis of sleep apnoea or narcolepsy
HADs depression and anxiety score at baseline greater
than 8 on the depression questions (29), which might
indicate untreated or undertreated depression
Shift work that involves overnight working between
the hours of 9pm and 9am
Group A, A confirmed diagnosis of myeloma Uncontrolled hypercalcaemia
individuals | Has experienced fatigue that is perceived | Current or previous diagnosis of heart failure or long
with by the participant to be worse than COVID
myeloma “normal tiredness” and that they associate | An active primary cancer diagnosis other than
with myeloma or treatment for myeloma myeloma
Group B, A formal diagnosis of heart failure A current or previous diagnosis of myeloma or long
Individuals | All stages of heart failure and all COVID
with heart | aetiologies and with no specific ejection Active cancer
failure fraction cut-off
Has experienced fatigue that is perceived
by the participant to be worse than
“normal tiredness” and that they associate
with their cardiac disease or its treatment
Group C, Experiencing fatigue that is perceived by | A current or previous diagnosis of myeloma or heart
Individuals | the participant to be worse than “normal failure
with long tiredness”, with or without other physical | Active cancer
COVID or psychological symptoms that developed
during or after an infection consistent with
COVID-19
The fatigue (plus or minus any other
symptoms) has continued for greater or
equal to 12 weeks, and is not explained by
an alternative diagnosis
Group D, Individuals aged 18 years or over without | Presence of myeloma or another active cancer, heart
control the disease conditions specified in Groups | failure, or long COVID
group AtoC One or more chronic medical conditions which are

unstable, poorly controlled, AND perceived by the
individual to be causing fatigue

Persistent or severe fatigue symptoms that are
perceived by the individual to be worse than “normal
tiredness”

Taking sedating medications to manage anxiety or
insomnia including but not limited to benzodiazepines
or “Z” drugs, zopiclone, zolpidem, and others in this
British National Formulary Class
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Recruitment and consent

Eligible patients with myeloma will be invited to participate by clinicians from the
haematology clinic at University College London Hospital. Eligible patients with heart failure
will be invited to participate by clinicians working in NHS Grampian’s heart failure nursing
service. Participants with heart failure will also be recruited from General Practices in NHS
Grampian, facilitated by the NHS Research Scotland Primary Care (NRS Primary Care)

network.

Participants with myeloma, heart failure, or long COVID who took part in previous focus
groups as part of this project and who have consented to being contacted about future related
research will be invited to participate by email. Relevant charity and patient advocacy

organisations will also be invited to share study information leaflets with their members.

Control group participants will be recruited via staff mailing lists at collaborating academic

institutions, patient involvement groups, and from community walking organisations.

The study may be advertised on X (formerly known as Twitter) if recruitment targets are not

achieved via other routes.

Individuals identified by NHS clinicians will be handed an invitation letter, information
sheet, reply slip and reply-paid envelope by their clinicians and asked to contact the study
team if they are interested in participating. Those recruited by General Practices will be
identified by searches of electronic medical records and sent invitation packs by post. Those
invited by email will receive the participant information sheet and invitation letter as an

attachment and will be asked to reply by email to the study team to indicate their interest.

Interested individuals will have an initial telephone or Teams video call, during which a
researcher will explain the study and answer any questions. Eligibility screening will be

conducted, and for eligible participants who wish to participate, audio-recorded verbal
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consent will be taken. A paper consent form will be initialled and signed by the researcher
and a copy will be sent to the participant. A copy of the participant consent form is provided

in Supplementary file 1.

Participants will be offered a £50 voucher as a token of thanks.

Participant timeline and Data Collection Methods

The participant timeline is summarised in Figure 1.

Baseline Assessments
At study baseline, participants will complete the Mental and Physical State and Trait Energy

and Fatigue Scales (STEF) parts one and three (30-32); Positive and Negative Affect Scales
(PANAS) for “past few weeks” time frame (33) and the Modified Fatigue Impact Scale
(MFIS)(34). These questionnaires were chosen as they have been validated and administered
together, they will give insights into both physical and mental fatigue, “usual” fatigue (as a

complement to the EMA measures), emotions, and the impact of fatigue on the individual.

Sensors
Participants will be posted a study kit containing an android smartphone with data SIM, an

ECG patch (Vital Patch, Vital Connect Inc, California, USA), a wearable bracelet containing
accelerometer accompanied by four environment beacons (Panoramic Digital Health SAS,

Grenoble France).

A wide range of technical options were considered to capture the data required in this study.
A selection of these and the factors that were considered when choosing the technologies are
presented in Supplementary file 2. The technologies were discussed within the whole study

team and consensus was reached about the technologies to deploy.

The VitalPatch ECG is an approved medical device and will be worn for the first seven days
of the study. The patch measures respiratory rate, a single lead ECG with RR interval, heart

rate parameters (including heart rate variability), body temperature, activity levels
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(actimetry), and body position. The ECG patch communicates by Bluetooth with a dedicated
app (Medibiosense Ltd, UK) pre-installed on the study phone.

The Panoramic digital health bracelet (Panoramic Digital Health SAS, Grenoble, France) is a
wrist worn device containing a three-axis accelerometer, three axis magnetometer, three
gyroscope, temperature sensor and atmospheric pressure sensor to measure physical activity
and sleep. The bracelet is used alongside four Bluetooth beacons, which are placed within
labelled positions within the participants’ homes (e.g., kitchen, living room, bedroom, top of
stairs). The beacons communicate with the bracelet and generate data about the wearer’s
proximity to each beacon, and also record temperature, sound level and light level in their

location, providing environmental context to the bracelet sensor data.

EMA Assessments
Participants will use the m-path app (https://m-path.io), which is a GDPR compliant research

tool developed by the Katholieke Universiteit Leuven. The app will be pre-loaded onto the
study smartphone, or participants can opt to download this on their own device if they prefer.
The app will be used to send participants short questionnaires four times daily to rate their
cognitive fatigue and physical fatigue from zero to ten, and to note any associated triggers for
improvements in or deteriorations in fatigue. The anchoring and wording of the self-rating
questions is based on “state” fatigue items from the Mental and Physical State and Trait
Energy and Fatigue Scale (30). A full summary of the self-rating questions is provided in text
box 1.

M-path will send audible alerts to the smartphone at pre-determined intervals, spaced
throughout the day and pre-agreed with the participant to fit with work or personal
commitments. Participants will be able to miss self-reports and will be asked to add extra

reports on-demand if they notice that their fatigue levels are better or worse than usual.
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Text Box 1: Self-rating prompts within the m-Path app

1. Overall, how fatigued do you feel at the moment?

. I feel no fatigue, strongest feeling of fatigue ever (0-10 slider)

2. How do you feel right now with regard to your capacity to perform your typical
PHYSICAL ACTIVITIES....

. I feel no fatigue — 0-10 slider — Strongest feelings of fatigue ever felt

3. How do you feel right now with regard to your capacity to perform your typical
MENTAL ACTIVITIES....

. I feel no fatigue — 0-10 slider — Strongest feelings of fatigue ever felt

4. Is your fatigue better, the same, or worse than usual?

CONDITIONAL

. IF the same — no further questions

. IF better — question about factors making better

. IF worse — question about factors making worse

Factors making better:
Do you think that any of the following might have affected your current levels of fatigue
(select all that apply)?

. Exercise or physical activity within the last day

. Exercise or physical activity more than a day ago
. Taking a medicine (please specify)

. Taking rest

. Taking caffeine

. Less emotions or stress

. My mood

. Spending time with other people

. The weather

. Quiet time

. Something else (please specify) — free text option

Factors making worse:
Do you think that any of the following might have affected your current levels of fatigue
(select all that apply)?

. Exercise or physical activity within the last day
. Exercise or physical activity more than a day ago
. Taking a medicine (please specify)

. Emotions or stress

. My mood

. Tasks or work relating to my employment

. Tasks or work relating to my home life

. Spending time with other people

. The weather

. Noise

. Other (please specity)

End of study assessments
Participants complete all baseline questionnaires again after two weeks and participate in an

end of study qualitative interview, conducted according to a schedule (Supplementary file 3).
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They are invited to participate in an optional feedback and “sense-making” session, during
which a researcher provides them with feedback on the data provided and any interesting

features of the data are discussed. Feedback sessions are audio-recorded and used in analyses.

Any adverse events relating to the use of technology or participating in the study will be
recorded. Any serious adverse events will be reported to the sponsor.

Data Management and analysis

ECG patch data will be downloaded manually from the phone by the research team when the
phone is returned. Raw encrypted data from the Panoramic bracelets are also downloaded
directly from the bracelets by the research team, where data are decrypted, quality checked
and analysed. Periods of non-wear are detected using the temperature sensor and
accelerometer. The raw accelerometer data is processed using the open source OxWearables
algorithms to measure step count per minute (35), sleep and level of activity (36). The beacon
data is processed to label the processed bracelet sensor data with location in the home, by
identifying the beacon with the highest Bluetooth received signal strength indicator (RSSI).
Visual inspection of the output of these algorithms alongside the VitalPatch output can be
viewed in a data annotator to identify features of interest in the data including timing of
getting out of bed, timing of any stair climb, and timing of any period of immobility
following movement in the home. m-Path app data are downloaded from an on-line study

dashboard

Summary data can be generated from the Panoramic digital health platform, including: total
sleep time, step count per hour over the day, time spent and activity in each room per day,
time spent and activity when away from home. More granular data can also be determined
including time taken to get out of bed, number of room transitions per day, average daily
time climbing stairs (where applicable), cadence for walking, and total period of immobility
following movements within the home, and whether the participant gets out of bed when they
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wake up at night (eg: to go to toilet or kitchen) or stay in bed. Data on directional change (e.g.

turning/changing walking direction), change in height (e.g.: going up stairs, walking up

slopes) can also be generated

Patient feedback reports will be created manually, identifying potentially interesting or
unexplained features from self-report and sensed data, for example particularly high or low
self-reported fatigue scores, or rapid changes in fatigue scores. Visualisations will be
produced (format and content will be iterative and refined during the study based on
participant feedback). Visualisations will show fatigue self-rating scores superimposed on
charts showing date, time, activity levels, sleep patterns, and location within the home or
being out of the home. The reports will also provide short narrative summaries about the
participants’ fatigue self-ratings and patterns that are being seen within the data. Feedback
sessions with DH (Professor of Digital Health), CS (Professor of Human-Computing
Interaction), or RA (academic General Practitioner) will be audio-recorded and used to give
insights into the face validity of the sensed data and the fatigue experience more broadly.

Participants will not be given medical or self-management advice.

Artificial intelligence (Al) algorithms will be created by VM and SG (University of
Cambridge) to automatically handle multi-variety/multidimensional data, detect symptom
fluctuation over time, and identify patterns, trends, and groups. New algorithms using

machine learning (ML) will be developed and tested to understand patterns of fatigue and

relationships between sensed parameters. Within and between person and within and between

group differences will be analysed using multi-level modelling and machine learning. Despite

the limited number of participants to be enrolled in this study, the high frequency of both the

sensor data and EMA responses makes it possible to build exploratory AI models that link

features derived from the sensor data and the EMA responses. Models will be exploratory but

15

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

e

‘salfojouyoal Jejiwis pue ‘Bulurel |y ‘Buiuiw elep pue 1xal 0] pale|al sasn 1o} Buipnjoul ‘1ybliAdoo Ag paloaloid
* Jooyoasaboysnwselq


http://bmjopen.bmj.com/

oNOYTULT D WN =

BMJ Open

could identify potential relationships between the sensor data and EMA responses that could

inform the design of future studies and larger scale Al models

Qualitative data from interview transcripts will be analysed using Framework and thematic

analysis.

Multiple investigators will be involved in the analyses. Pseudonymised data will be shared
using a data sharing platform approved by the University of Aberdeen. The final dataset will
be available to investigators whose proposed use of the data has been approved by the
Research Ethics Committee and who are parties to the project data sharing agreement.
Patient and Public Involvement

Six on-line focus groups were conducted with individuals with fatigue (qualitative results will
be reported separately). Participants with experience of a study condition gave insights into
their lived experience of fatigue and their thoughts about using digital technologies to
measure aspects of the fatigue experience. The results from the focus groups directly
informed study design, including study duration. Some participants would find four weeks of
data collection onerous, whereas for others, two weeks of data collection would be
insufficient to capture perceived patterns in their fatigue (e.g. during myeloma treatment

cycles).

The focus groups also led to the inclusion of the participant feedback session. It was
important to participants that their sensed and self-reported data were explained to them and

that they were given the opportunity to reflect on this data with an experienced researcher.

A patient partner with myeloma liaised with the study team during the preparation of the

study documents and gave feedback on the protocol and patient information sheet.

Potential Implications
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This is an exploratory feasibility study but an ambition for the work is that we start to identify

discrete patterns of fatigue in different individuals. Identifying different fatigue signatures
could lead to more effective classification of fatigue. Ultimately, a fatigue classification
system could help with diagnosis of unexplained or undifferentiated fatigue and to tailor

different management approaches.

The feasibility study will also provide practical details about the usability, reliability,
acceptability and utility of the sensors. Feedback sessions with the participants will help to
gauge face validity of the measurements, and which, if any, sensed parameters are
meaningful to people with fatigue. Objective digital measurements that correlate well with
subjective experiences in people with fatigue could enhance clinical trials of drug and non-
drug treatments for fatigue both by providing objective inclusion criteria, and endpoints for
efficacy. The measurements might also have implications for fatigue self-management.
Digital measurements could be used to objectively identify factors (e.g. activity patterns,
sleep patterns, diurnal variations) that improve or worsen fatigue levels, and that could
potentially be modified. The measurements may be used in the future to help to inform

pacing, goal setting, and other self-management approaches to fatigue management.”

Ethics and dissemination

The study is sponsored by the University of Aberdeen. It was approved by the East of
England — Cambridge East Research Ethics Committee (22/EE/0261). The study team are
interdisciplinary researchers spanning primary care (clinical), health psychology,
engineering, medical physics, human computing interaction, and artificial intelligence.
Results will be disseminated in a range of peer reviewed journals spanning these disciplines,

and at international conferences.
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Study Status

Participant recruitment commenced on 7% December 2022 and was completed in December
2023. Forty participants were consented. Feedback sessions with the researchers are ongoing
and new data are still being generated from these sessions. Data analysis is in the early stages.
Data collection is expected to be complete by September 2024. The approved protocol is
version 2.0, 8 December 2022.
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Figure 1: Participant timeline and flow chart. Key data collection time points are highlighted
in bold

Participant approached:

Email via specified mailing lists
and organisations

NHS myeloma, cardiology clinic
or general practice

Social media |

Participant contacts research team to
express interest

<
l

\4

Patient contacted by telephone by research assistant
Eligibility screening questions and Hospital Anxiety and Depression Scoring

If eligible to participate and has had
information sheet >48 hours

Audio-recorded telephone consent

Relevant Case Report Form completed

Baseline study questionnaires completed - Mental and Physical State and Trait Energy and Fatigue
Scales (STEF) PARTS 1 and 3 only; Positive and Negative Affect Scales (PANAS) for “past few
weeks” time frame Modified Fatigue Impact Scale (MFIS).

Study equipment posted to participant

Patient contacted via telephone or Microsoft Teams (video call) to explain the equipment and how to use
it. Optional courtesy call offered after first week with Research Assistant to check progress/any problems

Patient starts using the equipment and
< contacts the Research Assistant as required

v

Those participating for four weeks swap study equipment at 2 weeks (exchanged via courier) to
download data/mitigate against sensor failure/lost data

Baseline questionnaires repeated at 2 weeks

Participant contacted after two or four weeks (participant-led study end-date) for end of study
telephone/video interview with research assistant, which is audio-recorded

Participant sends digital devices back via
courier and data downloaded

A

Participant is posted or emailed a summary of their study data (self-reported fatigue scores, activity
levels, any other potentially relevant data collected). Participant is offered a bespoke feedback and
“sense-making” session with researcher to discuss their data. Feedback session is audio recorded.
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Participant identification number

RECORD OF PARTICIPANT’S VERBAL CONSENT

Understanding Patterns of Fatigue in Health and Disease

The following is a telephone script and record of verbal consent for participants who indicate to the
researchers that they would like to participate in the study. A copy of this consent form will be
scanned or photocopied and sent to the participant via email or by post (according to their
preference). Researcher introduces themself and the study and checks whether it is an appropriate
time to conduct the consent process. Researcher checks participant’s name and asks permission to
audio-record the consent process. Audio-recorder is then turned on.

e
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o

o

@
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@

o

o

<

(@]

©

. . . <
Chief Investigator: Dr Rosalind Adam Researcher z
initials =

>

c

2

1. |confirm that | have read and understand the information sheet (version .......... date @
o

............... ) for the above study, have had the opportunity to ask questions, and have had c

(7]

@

these answered satisfactorily. o

)

2

2. lunderstand that my participation is voluntary and that | am free to withdraw at any time, g
5]

without giving any reason, without my medical care or legal rights being affected. Only T

X

anonymised data collected up until the point of withdrawal may still be used in analysis. 2

o

5y

3. lagree to provide data collected via a wearable patch and a wrist worn device o
3

2

2

@

4. |agree to provide ratings of my fatigue via a smartphone app >
5

]

2

@

5. lagree to taking partin an interview with a researcher at the end of the study 2
0

6. |agree to my interview being audio-recorded. | understand that my recording will be kept 3
Q

confidential and that anonymous quotations from recordings may be used in presentations <

[¢]

>0

and publications. >

P Yes Ng

Q

@

Z

7. lagree to take part in a “feedback session” after my data have been analysed. | agree to this

session being audio recorded. | understand that my recording will be kept confidential and

that anonymous quotations from this session may be used in publications and presentations

. th H .
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8. lagree that Information about me can be stored on University of

Aberdeen computer servers.

9. lagree that my data can be shared with the collaborating investigators from University .

oNOYTULT D WN =

9 College London, University of Cambridge, University of Lancaster, Southampton University,

1 University of Glasgow and Panoramic Digital Health. | understand that identifiable .
information such as contact details will only be shared when it is necessary for a research
14 team member from one of these organisations to contact me about the study (for example,

16 in the feedback session).

18 10. | agree that researchers can contact my general practitioner in the case that any incidental

20 findings are noted during the study (for example, ECG changes that the researchers were not

seeking to find or investigating, but that have been noted by researchers and which might be

23 medically relevant)

Buipnjoul ‘1ybruAdoo Aq paroalolid

11. I understand that data collected during the study may be looked at by individuals from the

27 University of Aberdeen, the regulatory authorities or from NHS, where it is relevant to my

29 taking part in this research. | give permission for these individuals to have access to this

R

data.

=2
o

d1 01 parejal sasn oy

Yes

33 11. | would like to be invited to take part in future ethically reviewed and approved research

related to this study. | understand identifiable contact information will be kept after the

36 end of this study and this information will be held in accordance with data protection

* |jooyssaboysnwsel

38 regulation.

40 12. | agree to take part in the above study

(If Participant agrees to participate, researcher asks the participant to confirm their full name and
signs and dates below)

51 Name of Participant

"saifojouyoa) Jejiwis pue ‘Bulurel) |v ‘Buiuiw erep plre 1x

59 Name of Researcher Signature of Researcher Date and Time

. th H .
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Supplementary data file 2: Selecting technologies for the study

Selection of the technologies and platforms considered as part of the procurement
process

Philips health band
https://www.usa.philips.com/healthcare/product/HC422210064081/philips-health-
band#specifications

Philips Actiwatch 2

M-Path https://m-path.io/landing/

PRO Diary CamNtech PRO-Diary - CamNtech

LifeData experience platform LifeData Experience Sampling App - LifeData
Experience Sampling App for Research (lifedatacorp.com)

MediBiosense ECG patch technology:

Movisens EcgMove4, Move 4, SensorTrigger, EdaMove 4, LKightMove4 Products -

movisens GmbH

Key factors that were considered when choosing technologies to capture project data

Range of data parameters that can be captured or measured

Study team experience and knowledge of the technology and successful deployment
in other projects

Cost

Support infrastructure for technical problems

Ease of data download/supports data flow within the trial, maintaining privacy and
security

GDPR compliance

Accuracy (e.g. consensus that wrist-worn heart rate monitoring lacked the accuracy
required for our study)

Ease of use/setting up for end user/requirement for participant internet connectivity
for successful deployment

Ability to interact with raw data from devices/apply and test different algorithms to
raw data
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I 4 & 5

¥ UNIVERSITY
TOPIC GUIDE FOR END OF STUDY INTERVIEWS of ABERDEEN

Understanding Patterns of Fatigue in Health and Disease

Interviews will be directed to some extent by the participants. This document sets out topics that the

interviewer will aim to cover. It will be used flexibly.

INTRODUCTIONS

e Introductions and reminder that interview can be paused or stopped at any time. Audio-
recording device activated.

e Inthis interview, we would like to ask you about your experiences of fatigue over the study

period and your opinions about taking part in the study and using the study devices.

GENERAL CONTEXT

e How have you been in general over the past two weeks?
e Have these been typical weeks for you (prompts might include usual activity
levels/work/typical levels of fatigue)

FATIGUE EXPERIENCE

o Tell me about (any) fatigue that you have experienced over the last two weeks? Prompts
might include: severity, how often fatigue was experienced, whether fatigue was mainly
mental/physical and how it felt in the body.

If fatigue was experienced (control group participants may not have experienced fatigue):

e Do you remember any specific day to have been particularly more difficult or particularly
good (in terms of fatigue)?

e Canyou think of any triggers or things that might have worsened your fatigue? (prompts
might include: physical activity, sleep, medications, stress, treatment cycle, menstruation,
weather)

e How did the fatigue impact your physical activity?

e How did the fatigue impact your cognitive ability?

e What did you do to cope with your fatigue or any things that have made the fatigue
better/helped?

FEASIBLITY

We would like to will discuss more specifically about some of the devices and ways that we have
collected your information throughout the study.
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o Did you face any difficulties using any of the devices? (Prompted to describe these, prompts
might include app set up, ECG patch set up, use of app, whether the devices were uncomfortable or
hindered activities/movements).

1. Panoramic Digital Health Bracelet and Bluetooth Tags
e What did you like most about using the bracelet?
e What did you not like about the device?
e How could it be improved?
e How easy or difficult it was to set up and use?

2. ECG Patch
e What did you like about using the ECG Patch?
e What did you not like, and could be different?
e How easy or difficult was it to use?

3. Daily fatigue scores (m-Path)

e Tell me about your experiences of using the app to enter fatigue scores. Prompts might
include:
How easy/difficult it was to use the app
How easy/difficult was it to enter the fatigue scores? Why?

o Whether the number and timings of the ratings were convenient/inconvenient,
whether the ratings were too frequent/not frequent enough/just right to
capture the difference/variability in fatigue

o Whether the questions were easy to understand

o Can you think of any other questions that could better capture your daily
fatigue? What and why?

o Isthere anything that you did you not like about scoring our fatigue daily? What
could be done better?

o How convenient was it to use the app?

o Would you rather have preferred a different method to input your daily scores?
How? Why?

4. We used three questionnaires at the start and end of the study (participant is reminded
about the nature of the questionnaires). Did you find the questions in these questionnaires
easy to understand? Do you think the questions were relevant to you?

SUMMING UP

e  OQverall, how have you found participating in this study?

o Any positive things about taking part

o Any negative things about taking part
e  We have covered lots of things (give brief summary); is there anything else that you would
like to speak about that we haven’t covered?

Participant is thanked for their time and reminded that they will have the opportunity to get a
feedback session with a senior researcher to go over the data they have provided.

END of INTERVIEW
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g? 11b  Criteria for discontinuing or modifying allocated interventions for a given trial participaft (eg, drug dose __N/A
38 change in response to harms, participant request, or improving/worsening disease) §
39 o
40 11c Strategies to improve adherence to intervention protocols, and any procedures for mcugnitoring adherence N/A
41 (eg, drug tablet return, laboratory tests) 5
42 >
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45
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Outcomes

Participant timeline

Sample size

Recruitment

Methods: Assignment of interventions (for controlled trials)

Allocation:

Sequence
generation

Allocation
concealment
mechanism

Implementation

Blinding (masking)

11d
12

13

14

15

16a

16b

16¢c

17a

17b

g g
BMJ Open S 5 Page 32 of 35
£ <
Relevant concomitant care and interventions that are permitted or prohibited durl@ tr% trial 9,10
Primary, secondary, and other outcomes, including the specific measurement var@blé}(eg, systolic blood
pressure), analysis metric (eg, change from baseline, final value, time to event), mieth@d of aggregation (eg, __ 7
median, proportion), and time point for each outcome. Explanation of the clinical éle@mce of chosen
efficacy and harm outcomes is strongly recommended E S
) I\)
Time schedule of enrolment, interventions (including any run-ins and washouts), é(fssessments and visits for __Figure 1_
.. . . . o 2
participants. A schematic diagram is highly recommended (see Figure) gg‘ﬁ
LRIEN
Estimated number of participants needed to achieve study objectives and how it vz;aé getermined, including 7,8
clinical and statistical assumptions supporting any sample size calculations Q;—;g
292
QD =
Strategies for achieving adequate participant enrolment to reach target sample sizje§§ 10,11
558
"=
379
5 3
5 =
]
> 5
Method of generating the allocation sequence (eg, computer-generated random n@mlgers), and list of any N/A
factors for stratification. To reduce predictability of a random sequence, details ofénygalanned restriction
(eg, blocking) should be provided in a separate document that is unavailable to thQsecwho enrol participants
or assign interventions -O
U)
Mechanism of implementing the allocation sequence (eg, central telephone; sequgntigﬂy numbered, N/A
opaque, sealed envelopes), describing any steps to conceal the sequence until infprvéntions are assigned
c
Who will generate the allocation sequence, who will enrol participants, and who v@;l §°§|gn participants to __N/A
interventions 55
8
Who will be blinded after assignment to interventions (eg, trial participants, care provigers, outcome ___N/A
assessors, data analysts), and how I
3
If blinded, circumstances under which unblinding is permissible, and procedure for re\%ealing a participant’s N/A
allocated intervention during the trial @
A
_|
>
3
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Methods: Data collection, management, and analysis

Data collection 18a

methods

18b

Data management 19

Statistical methods 20a

20b
20c

Methods: Monitoring

Data monitoring 21a

21b

Harms 22

Auditing 23

BMJ Open

ul ‘1ybiAdoo Aq |
£20z-uadolwa/9eT

Plans for assessment and collection of outcome, baseline, and other trial data, in%ud'ggg any related
processes to promote data quality (eg, duplicate measurements, training of asse@'or@ and a description of
study instruments (eg, questionnaires, laboratory tests) along with their reliability &hd ?alldlty, if known.
Reference to where data collection forms can be found, if not in the protocol

1 sasn J
lcu

=
Plans to promote participant retention and complete follow-up, including list of anyqu#ome data to be

collected for participants who discontinue or deviate from intervention protocols

1 pareTd
wsel
v20¢

Plans for data entry, coding, security, and storage, including any related processes 2 i:gbromote data quality
(eg, double data entry; range checks for data values). Reference to where detalls;gfééta management

X

procedures can be found, if not in the protocol 3§§

2o o

oo
Statistical methods for analysing primary and secondary outcomes. Reference to %v%eé:e other details of the
statistical analysis plan can be found, if not in the protocol 5 i

= —

[{@) —t
Methods for any additional analyses (eg, subgroup and adjusted analyses) > =2

- O

S 3
Definition of analysis population relating to protocol non-adherence (eg, as randor%hsgi analysis), and any
statistical methods to handle missing data (eg, multiple imputation) a 5

2 3

> 5

=. o

5 3

Composition of data monitoring committee (DMC); summary of its role and reportﬁjg &ructure; statement of
whether it is independent from the sponsor and competing interests; and referenc§ to‘iNhere further details
about its charter can be found, if not in the protocol. Alternatively, an explanation 8f WfEJy a DMC is not
needed

‘9.
D
o

STAV A

Description of any interim analyses and stopping guidelines, including who will have agcess to these interim
results and make the final decision to terminate the trial

redaqy

Plans for collecting, assessing, reporting, and managing solicited and spontaneously geported adverse
events and other unintended effects of trial interventions or trial conduct

39 U8

Frequency and procedures for auditing trial conduct, if any, and whether the process Wlll be independent
from investigators and the sponsor
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Ethics and dissemination

Research ethics
approval

Protocol
amendments

Consent or assent

Confidentiality

Declaration of
interests

Access to data
Ancillary and post-

trial care

Dissemination policy

Appendices

24

25

26a

26b

27

28

29

31a

31b
31c

g 8
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o 3
<3
g 3
s 8
Plans for seeking research ethics committee/institutional review board (REC/IRB)”—LangovaI
o
> &
Q =
— »

Plans for communicating important protocol modifications (eg, changes to eIigibiIi@ cr@eria, outcomes,
analyses) to relevant parties (eg, investigators, REC/IRBs, trial participants, trial régls%es journals,

regulators) 3 g
B
Who will obtain informed consent or assent from potential trial participants or autho#sgd surrogates, and

how (see Item 32)

Additional consent provisions for collection and use of participant data and biologi ecimens in ancillary

studies, if applicable

elep pug 1xs) o0l
[ooyodBBoysn
Papegumoq

ared, and maintained

wy

How personal information about potential and enrolled participants will be collect
in order to protect confidentiality before, during, and after the trial

@

Financial and other competing interests for principal investigators for the overall t ad each study site

gg' Burui
dolwé):dny

puiuren

ct

(EJS

Statement of who will have access to the final trial dataset, and disclosure of con | agreements that

limit such access for investigators

Provisions, if any, for ancillary and post-trial care, and for compensation to those whossuffer harm from trial

participation

yoal Jeﬁu!s pue
une uoﬁuo:)'[w

Plans for investigators and sponsor to communicate trial results to participants, h@lth‘bare professionals,
the public, and other relevant groups (eg, via publication, reporting in results dataﬁasé’s or other data
sharing arrangements), including any publication restrictions

Authorship eligibility guidelines and any intended use of professional writers

Plans, if any, for granting public access to the full protocol, participant-level dataset, ahd statistical code

v.171-739 wawPedaq 1e 5202,
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16
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]
1 Informed consent 32 Model consent form and other related documentation given to participants and au@orl%ed surrogates __Supplementary
2 materials S8 file 2
3 c 2
4 Biological 33 Plans for collection, laboratory evaluation, and storage of biological specimens foegepetic or molecular ___N/A
Z specimens analysis in the current trial and for future use in ancillary studies, if applicable «E g

=) o
; *It is strongly recommended that this checklist be read in conjunction with the SPIRIT 2013 Explanation & Elab(ﬁatigp for important clarification on the items.

Amendments to the protocol should be tracked and dated. The SPIRIT checklist is copyrighted by the SPIRIT G‘fou§ under the Creative Commons
10  “Attribution-NonCommercial-NoDerivs 3.0 Unported” license.
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