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Abstract

Current practice uses physiological early warning scoring (EWS) systems to monitor “standard” vital
signs, including heart rate (HR), respiratory rate (RR), blood pressure (BP), oxygen saturations (Sp02)
and temperature, coupled with a graded response such as referral for a senior review or increasing
monitoring frequency. Early detection of the deteriorating patient is a known challenge within hospital
environments, as EWS is dependent on correct frequency of physiological observations tailored to
specific patient needs, that can be time consuming for healthcare professionals, resulting in missed or
incomplete observations. Wearable monitoring systems (WMS) may bring the potential to fill the gap
in vital sign monitoring between traditional intermittent manual measurements and continuous
automatic monitoring. However, evidence on the feasibility and impact of WMS implementation
remains scarce. The virtual High Dependency Unit (vHDU) project was designed to develop and test

the feasibility of deploying a WMS system in the hospital ward environment.

This doctoral work aims to critically analyse the roadmap work of the vHDU project, containing ten
publications distributed throughout 7 chapters. Chapter 1 (with 3 publications) includes a systematic
review and meta-analysis identifying the lack of statistical evidence of the impact of WMS in early
deterioration detection and associated clinical outcomes, highlighting the need for high-quality
randomised controlled trials (RCTs). It also supports the use of WMS as a complement, and not a
substitute, for standard and direct care. Chapter 2 explores clinical staff and patient perceptions of
current vital sign monitoring practices, as well as their early thoughts on the use of WMS in the hospital
environment through a qualitative interview study. WMS were seen positively by both clinical and
patient groups as a potential tool to bridge the gap between manual observations and the traditional
wired continuous automatic systems, as long as it does not add more noise to the wards nor replaces
direct contact from the clinical staff. In chapter 3, the wearability of 7 commercially available
wearables (monitoring HR, RR and Sp02) was assessed, advocating for the use of pulse oximeters
without a fingertip probe and a small chest patch to improve worn times from the patients. Out of
these, five devices were submitted to measurement accuracy testing (chapter 4, with 3 publications)
under movement and controlled hypoxaemia, resulting in the validation of a chest patch (monitoring
HR and RR) and proving the diagnostic accuracy of 3 pulse oximeters (monitoring pulse rate, PR and
Sp02) under test. These results were timely for the final selection of the devices to be integrated in
our WMS, namely vHDU system, explored in chapter 5, outlining the process for its development and

rapid deployment in COVID-19 isolation wards in our local hospital during the pandemic.

This work is now converging in the design of a feasibility RCT to test the impact of the vHDU system

(now augmented with blood pressure and temperature monitoring, completing all 5 vital signs) versus



standard care in an unbiased environment (chapter 6). This will also ascertain the feasibility for a
multicentre RCT, that may in the future, contribute with the much-needed statistical evidence to my
systematic review and meta-analysis research question, highlighted in chapter 1. Finally, chapter 7
includes a critical reflection of the vHDU project and overall doctoral work, as well as its contributions

to the field of wearable monitoring.



Acknowledgments

| would like to thank the following persons and entities for their support throughout my academic

career and PhD:

Diana Silva, my better half and lifelong partner, for all the continuing support and limitless patience.
My family (Francisco Areia, Arminda Morgado, Inés Areia, and Lurdes Gramoso) and dear friends (in
particular Caroline Fernandes and Jodo Escrivaes), for their encouragement and support throughout

my journey.

Professor Dingchang Zheng, for promptly accepting to be my director of studies and providing the
insightful guidance throughout the PhD by publication process. Dr Haipeng Liu, for accepting to be my
supervisor and assistance through this dissertation. Dr Sarah Vollam and Prof Peter Watkinson, for
supporting me throughout my work within the vHDU project as a clinical researcher, supervising this

PhD and encouraging my clinical academic career.

Professor Lionel Tarassenko, Dr Mauro Santos, Dr Marco Pimentel and Dr Cristian Roman for their top-
notch engineering and statistical guidance. Louise Young, Christopher Biggs, Jody Ede and Elizabeth

King for their companionship and perseverance throughout the studies and COVID deployment.

The Research Centre of Intelligent Healthcare, Coventry University, for accepting me as part of their
alumni and supporting me during this work. The Critical Care Research Group in the Department of
Clinical Neurosciences, University of Oxford and the Institute for Biomedical Engineering, University
of Oxford for providing me a nurturing environment and all the resources necessary for this PhD and
my career. Mike Taylor, Kathy Cristian and all my colleagues at Altmetric and Digital Science for giving

me the necessary conditions to complete this thesis.

The Chartered Society of Physiotherapy (CSP) Charitable Trust for the funding provided for this PhD.
The NIHR Biomedical Research Centre for funding my role, the vHDU project and all the open access
publications made available to the public. The clinical staff in Oxford University Hospitals, especially
everyone in the emergency and isolation wards that supported the implementation of our monitoring

system. To all the NHS heroes for their bravery and perseverance through the COVID-19 pandemic.

This thesis is dedicated to my Grandfather Francisco Morgado and Grandmother Idalina Laranjeira.



Table of Contents

ADSEFACT ...ttt ettt et h e s h e st e bt e bt e bt e e bt e eh et et e e bt e be e sheesatesare e beebeenes 3
Yol g Lo 1T/ [=To F=d o o Y=Y oY £ USSPt 6
TADIE OF CONTENTS. ...eeitiieee ettt ettt e sttt e sab e e s bt e e be e e s bt e e sabeesateesabeeesabeesabeeeanseesnenesareens 7
LI Lo 1Tl o X T ={U T TP SRTIPN 9
LISt OF TADIES ...ttt sttt et et et ae e sttt e b e b beesne e et e eatean 10
ADDEVIAEIONS ...ttt ettt ettt et b e bt b e sbe e saee et e e teenbeenheesane e 11
NOTE 10 the FRAART ...ttt ettt e sttt e b bt e st e e sabeeesabeesabaesneeesabeeenanes 13
INEFOQUCTION ...ttt e sttt e st e s bt e e sate e s bt e e sabeesabeesbeeesabee e sbeesabeesaneeesabeeanns 14
2 F T =4 Lo V1 Vo IR USSR 14
oY qu o] ITo X1 a o Mol o] T<Tol £ VZ<Y -SSR 16
Summary of chapters and CoONtrbBULIONS.......c.uiiiiiiiie e 17
Autobiographical context of the POrtfolio ... 20
Chapter 1: Current evidence of wearable monitoring systems impact on deterioration detection ......... 22
(00T 0 (o =T g Lo o] o T <Y o 1V7 USSRt 22
RESUILS .ottt s e et e bt e s bt e s bt e s ae e st e e bt e bt e b e e e b e e s ae e e ae e et e e bt e nreesreesane e 23
Contribution to knowledge and originality ........ccceeiieiiiii e 23
REFIECEION. ..ttt e b e bt sat e s ae e st e et e e bt e bt e s bt e saeesaeeeabeebeesbeesaeesanenas 24

VIEWS ON WIMIS .t et s st e s et e s s b e et e e s s b et e e smr et e e s anbe e e e s anraeeesannneeenas 25
CONtEXE AN ODJECHIVE....uiiiiiiiee e e e e e st te e e e sbte e e e sbteeeesbtaeeesbteeesesreeaennses 25
RESUILS ..ottt ettt st st et e e bt e b e s bt e s ae e s st e bt e bt e b e e s b et s et e sae e et e e bt e nreesreenane e 25
Contribution to knowledge and originality ..........ueeeieri i 26
REFIECHION. ...ttt ettt e h e bt e s a e s ae e st e e bt e b e e s bt e sbeesaeeeateeabeebeesbeesaeesanenas 27

Chapter 3: Initial device selection and wearability teStiNg ......c..coeviciiiiiiiiiie e 28
CONtEXE AN ODJECHIVE....eiiiiiiiee e e e e e e et e e e sbte e e e sbteeeesabteeeeesteeesssteeannnses 28
RESUIES .ottt et e st e e e b e e st e s b e e e sttt e bt e e e a b e e e be e e sar e e s reeennreesneeesareean 29
Contribution to knowledge and originality ..........ueeeieiii o 30



4= 1 =Tt (oY VTSN 31

Chapter 4: DeViCes aCCUIaCY TESTING....uii i iciiieececiee e eectee e e ete e e e ete e e e ette e e e ebteeesebeeeeesbteeeseseaeessnssaeessnes 33
(0o ) =) e gL o] o T =Tt 4 1Y/ PP STOTPRRNE 33
RESUIES .ttt e st e bt e e s bt e e s bb e e sa b e e s bt e e s bt e e bb e e s ab e e e bt e e sabeesbeeesabeesaneeesareenn 34
Contribution to knowledge and originality ........ccveiieiiiie e 37
REFIECEION. ...ttt b e bt s bt st st e bt e b e s bt e s be e s bt e saee et e ebeenbeesaeesanenas 38

Chapter 5: Final system and implementation during COVID-19 .........ccceveiieiiiiiiieiiieeeeccieee e seveee e 40
(0o ) =) e gL o] o JT=To 4 1Y/ PSRRI 40
RESUILS ettt ettt bt s bt s at e et et e e b e e s bt e sae e e ae e eab e e bt e be e b e e ebeeeheeeat e et e e beenreesheesanenas 43
Contribution to knowledge and originality ........ccueei i 45
REFIECEION. ..ttt et s et esab e st e s be e e s bt e e bt e e sabeesabeeesabeesabteesabeesneeesareean 46

Chapter 6: Feasibility Randomised Controlled Trial Protocol.........cceveiiieeciiiiieeee e 48
(00T 0 (o =T g Lo o] o T =T o 1V7 TSRSt 48
ResUlts (fiNaliSEd ProtOCOI).....cccuiii i e e e e tee e e e e e e e eabe e e e e eabee e e eenbeeeeennrenas 49
REFIECEION. ..ttt ettt ettt e sab e st e e s be e e sa bt e e bt e e sabeesabeeesabeesabbeesateesnaeesareenn 50

Chapter 7 CritiCal ANAIYSIS ....ci it e et e e st e e e e s bt e e e s sbeeeessbteeeeeseaeesenseneesanses 53
Narrative thread and final refleCtioNn...........coi i 53
Overall contribution £0 the field.........c.eiiiiie e 56
Research career, skill development and growth throughout project........cccceeeveviicciie i, 61

CONCIUSION ...ttt ettt s e st st et b e bt e b e e s be e s et e e et e et e e beesbeesmeesanesaneeare e neenes 66

REFEIEINCES ... .ottt ettt b e bt e s a e st e e bt e bt e bt e s bt e saeeeat e e beeabeeebeesaeesabesabe e beennes 67

Appendix 1- Relationship FIOWCHAIT ........ooiiiieeeeee e e et e e ae e e e areee e 85

Appendix 2- Candidate full pUbliCAtioN liSt........ccuiiiieiiiie e e sare e e e saree e e 86
D N 1 ol [0 [Te I oYU o] [{oF 1 To ] o Ly PP UPUSRNE 86
2.2- Publications not included but related..........cccoeceieiiie i 88
2.3-  Posters and PreSeNntations ..........ieeieei i e e e e e e e e e e b ar e e e e e e e eeeannrne 89
P O 1 o V=T o o 1¥1 o] [ o= Y o] s L PSPPSR 90



Table of figures

Figure 1 — Doctoral synthesis chapters and publications flow-diagram..........ccccccoeevviieieiiiiiee i, 18
Figure 2 — Devices subjected to wearability teStING. ..ccveeieiiiieeiiee e 29
Figure 3 - Comfort Rating Scale scores for each pulse OXimeter. .......ccccceeeciieeeeicieeecciieee e 30
Figure 4 - Comfort Rating Scale scores for each chest patch device. ......ccccoveveviiieiecciiiee e, 30
Figure 5 — VitalPatch Accuracy and Bias (mean bias) plots for the hypoxia phase. .......ccccccovvveecnnennnn. 35
Figure 6 — VitalPatch Accuracy and Bias (mean bias) plots for all movement tests. .........ccceeveeeveene 35

Figure 7 — Pulse oximeters comparison of the mean bias (Sp02-Sa02) and precision during hypoxia
L= 11 o= SO TP PPPPP ORI 36
Figure 8 — Pulse oximeters comparison of the mean bias (Sp02-5a02) and precision during movement
L= 1] o= SO PP PPPP PP 37
Figure 9 — Hypoxia Study day SEL-UP. . .uiiiiicieie ettt e e e s ae e e s saaeeeeens 39
Figure 10 — Selection process of the final devices used in the vHDU system for the COVID
[T aT o1 1T a =T a1 - 14 o) o VAP STR 42
Figure 11 — A: Final vHDU kit per patient. B: Interface for patient data collection app in the Android
tablet. C: Example of vHDU kit being worn inside room. .........cccceeieciiiiieciiee et 43

Figure 12 — A: vHDU dashboard, each card showing real-time vital sign data for each patient. B: vHDU

e-obs chart for the selected PAtiENT. ........eii i e e eree e e e e 44
Figure 13 - A&D UA-1200 BLE blood pressure MONITOr. .........eeeecvieieeciiieeeecieeeeccteeeeecveeeeesbreeeesnreee e 48
Figure 14 — Journals Citation NETWOIK........ccueiiiiiiiiiiiie ettt et e sr e st esbee e sbeeeaes 56
Figure 15 — Researchers network from included publications. ..........cccocveriiiiiiiiniiiiniieenec e 63
Figure 16 —Citations from publications included in this synthesis. ........c.ccoccevrriiiiniiiiniinieceee 64
Figure 17 — Historical social media mentions from publications included in this synthesis................. 64


file:///G:/My%20Drive/Development/MSc%20and%20PhD/Dphil.PhD/PhD/Coventry/Thesis/CarlosAreia_Thesis_clean_05Nov2022.docx%23_Toc118576701
file:///G:/My%20Drive/Development/MSc%20and%20PhD/Dphil.PhD/PhD/Coventry/Thesis/CarlosAreia_Thesis_clean_05Nov2022.docx%23_Toc118576701
file:///G:/My%20Drive/Development/MSc%20and%20PhD/Dphil.PhD/PhD/Coventry/Thesis/CarlosAreia_Thesis_clean_05Nov2022.docx%23_Toc118576702
file:///G:/My%20Drive/Development/MSc%20and%20PhD/Dphil.PhD/PhD/Coventry/Thesis/CarlosAreia_Thesis_clean_05Nov2022.docx%23_Toc118576702
file:///G:/My%20Drive/Development/MSc%20and%20PhD/Dphil.PhD/PhD/Coventry/Thesis/CarlosAreia_Thesis_clean_05Nov2022.docx%23_Toc118576703
file:///G:/My%20Drive/Development/MSc%20and%20PhD/Dphil.PhD/PhD/Coventry/Thesis/CarlosAreia_Thesis_clean_05Nov2022.docx%23_Toc118576703

List of tables

B o] T A I o U o] [oF= 1 d o - SRN 16
Table 2 — Chapter 1 included publications with citation and mentions information. .........cc.cccecuuvee.. 22
Table 3 - Chapter 2 included publication with citation and mentions information. ..........cccccceeeuvnee.. 25
Table 4 - Chapter 3 included publications with citation and mentions information...........c..ccccccuuee... 28

Table 5 — Hypoxia study devices under test, clinical and gold standard for each evaluated vital sign.33

Table 6 — Chapter 4 included publications with citation and mentions information. ..........cc.c..c.... 34
Table 7 - Chapter 5 included publication with citation and mentions information. ..........cccccceeuunne 42
Table 8 - Chapter 6 iNCIUded Pre-Print.. .. e e e s sree e e ssaaaeeeeas 48
Table 9 — Future research studies and ideas resulting from the VHDU project.........ccccevevviveeeicnnenenn. 59
Table 10 — ContribUtioNs table.......oouii ittt esbee e sbee e 61

10



Abbreviations

ABG Arterial Blood Gas

AHP Allied Health Professions

ANOVA Analysis of Variance

ANSI/AAMI American National Standards Institute/Association for the Advancement of
Medical Instrumentation

BLE Bluetooth Low Energy

BMC BioMed Central

BMJ British Medical Journal

BP Blood Pressure

bpm beats per minute

BST British Summer Time

BRC Biomedical Research Centre

CAG Confidentiality Advisory Group

CCRG Critical Care Research Group

Cl Confidence Interval

COVID-19 Coronavirus disease

ECG Electrocardiography

EPR Electronic Patient Record

EWS Early Warning Score

GMT Greenwich Meant Time

HR Heart Rate

IBME Institute of Biomedical Engineering

ICU Intensive Care Unit

ISO International Organization for Standardization

JMIR Journal of Medical Internet Research

LoA Limits of Agreement

LOS Length of Stay

MAE Mean Absolute Error

MCA Mental Capacity Act

NIHR National Institute for Health and Care Research

PPE Personal Protective Equipment

PR Pulse Rate

11



RCT Randomised Controlled Trial

RMSE Root Mean Square Error

rpm respirations per minute

RR Respiratory Rate

Sa02 Arterial Blood Oxygen Saturation
SEND System for Electronic Notification and Documentation
Sp02 Peripheral Blood Oxygen Saturation
STS Sit to Stand

UK United Kingdom

vHDU virtual High Dependency Unit
WMS Wearable Monitoring System

12



Note to the reader

1.

This synthesis discusses a total of 10 publications. They are all open access with the respective
links throughout each relevant section and bibliography. It is advisable these are read before
or during their respective chapter.

Academic writing is traditionally written in the third person, such as a traditional PhD thesis.
However, to fulfil a PhD by publication requirements, this Critical Overview document was
created with the objective of outlining my work and contributions to the field as well as my
career development as a researcher. Therefore, first person will also be used throughout this

document in the “Reflection” sections.
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Introduction

Background

Deterioration detection and action on physiological indicators of worsening illness in acute hospital
wards is a challenge acknowledged for more than 25 years (Mcquillan et al. 1998, Watkinson et al.
2006). Standard vital sign monitoring, namely pulse rate (PR) or heart rate (HR), respiratory rate (RR),
blood pressure (BP), oxygen saturations (SpO2) and temperature, remain common practice
throughout hospital and clinical facilities (National Institute for Health Care Excellence 2007, National
Institute for Health and Care Excellence (UK) 2020). These can be measured either intermittently,
through manual observations (the common practice in the general wards) or continuously using one
or more automatic monitors (Hravnak et al. 2008). These observations can then feed into an early
warning score (EWS), a known system which calculates a weight to each vital sign when there is a
deviation from its normal value. EWS are recommended for routine hospital use in the UK (NICE
Clinical Guidelines 2007) as it can guide the clinical response and escalation of care (National Institute
for Health Care Excellence 2007, National Institute for Health and Care Excellence (UK) 2020). For
example, the National Early Warning Score (NEWS) (Royal College of Physicians 2012) and its
modification (NEWS2) (Royal College of Physicians 2017), are approved scoring systems in the UK for
the identification of patient deterioration in a range of clinical conditions and environments (Scott et

al. 2020, Smith et al. 2013, Spangfors et al. 2016, Pimentel et al. 2019).

In the general ward environment, as common practice is manual intermittent vital sign measurements
by the clinical staff, EWS are dependent on the correct and individualised monitoring frequency
(Jansen and Cuthbertson 2010). A known limitation is that manual measurements (including
application of devices and documentation of results) can be time consuming for healthcare
professionals and, consequently, the optimal monitoring frequency is often missed (Cardona-Morrell
et al. 2016). Of more concern is that even when ideal frequency is achieved, patients might deteriorate

between intermittent observation sets (Tarassenko, Hann, and Young 2006).

Patients at higher risk are often continuously monitored, improving early detection of deterioration
(Prgomet et al. 2016). However, in the UK, this type of monitoring is not commonly used in the ward
environment (Bonnici et al. 2013). Downey et al. suggested in their review that continuous vital sign
monitoring outside the intensive care has the potential to improve patient outcomes when compared
with intermittent monitoring (Downey, C.L. et al. 2018b, Javanbakht et al. 2020). A later study also
indicated that implementing continuous monitoring in surgical wards was cost effective (Javanbakht

et al. 2020). However, interviews with nurses and other clinical staff suggested that despite the
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potential to increase the timely detection of patient deterioration, limitations in automatic vital sign
monitoring technology can pose a barrier to implementation (Prgomet et al. 2016). Current literature
highlights some of the potential challenges, such as the invasiveness of traditional wired continuous
monitors (Bonnici et al. 2013, Downey, C.L. et al. 2018b), as they can restrict patient mobility and
independence in the general ward environment, thus affecting its compliance (Baig et al. 2017, Pavic
et al. 2019). Another limitation is the high rate of false alerts, which can also be detrimental to both
the patient and clinical staff (Gorges, Markewitz, and Westenskow 2009, Bonafide et al. 2015, Drew
et al. 2014, de Man et al. 2013).

In response to these limitations in healthcare monitoring, companies are extending the capabilities of
commercially available wearable vital sign monitoring systems (Appelboom et al. 2014). Wearable
devices might have the potential to bridge the gap between intermittent manual observations and
traditional wired continuous monitors (Weenk et al. 2017). These can perhaps improve patient safety
and earlier detection of deterioration through continuous monitoring, while optimising clinical staff
time and promoting patient mobility and independence using wireless devices (Weenk et al. 2017).
However, there is still limited evidence on the feasibility of its implementation in the hospital
environment (Leenen et al. 2020), there is even less research on its clinical impact as most systems
seem to be in the technology validation phase, with few studies focusing on clinical outcomes (Leenen
et al. 2020, Sun et al. 2020). And while there are many wearable devices and companies claiming the
ability to safely monitor patients at risk of deterioration (Naziyok, Zeleke, and Réhrig 2016), evidence
assessing the impact of ambulatory monitoring systems in clinical outcomes remains inconclusive,

limiting its implementation and clinical use (Naziyok, Zeleke, and Rohrig 2016).

The virtual High Dependency Unit (vHDU) project is a multidisciplinary collaborative effort between
the Critical Care Research Group (CCRG) from the Nuffield Department of Clinical Neurosciences and
the Institute of Biomedical Engineering (IBME), University of Oxford. This team includes doctors,
nurses, and allied health professionals (AHPs) specialised in emergency and critical care, as well as
engineers, statisticians, and methodologists. This project was created with the overall objective to
develop and test the feasibility of a wearable monitoring system (WMS), the vHDU system, in the
general ward environment and assess its clinical impact on early deterioration detection and

associated clinical outcomes.
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Portfolio and objectives

This portfolio includes a selection of my publications throughout the vHDU project (table 1). This

synthesis will explore their relationship and build a coherent thread of the pipeline development and

impact of my work. It contains seven chapters and a total of 9 peer-reviewed publications and 1 pre-

print (currently in the 2nd peer review-round):

Chapter | # Journal, year and impact | Title and link Ref
P1 BMJ Open Protocol for a systematic review assessing | (Areia, Carlos
2021 ambulatory vital sign monitoring _impact _on | etal. 2021c)
Impact factor: 2.692 deterioration detection and related clinical outcomes
in hospitalised patients.
P2 BMC Critical Care The impact of wearable continuous vital sign | (Areia, Carlos
l 2021 monitoring on deterioration detection and clinical | etal.2021a)
Impact factor: 9.097 outcomes in_hospitalised patients: a systematic
review and meta-analysis.
P3 BMC Critical Care Continuous wireless postoperative monitoring using | (Xu et al.
2021 wearable devices: further device innovation is | 2021)
Impact factor: 9.097 needed.
P4 Journal of Advanced Nursing Experiences of current vital signs monitoring practices | (Areia, Carlos
g 2021 and views of wearable monitoring: A qualitative study | et al. 2021b)
Impact factor: 3.187 in patients and nurses.
P5 JMIR mHealth and uHealth Wearability Testing of Ambulatory Vital Sign | (Areia, Carlos
3 2020 Monitoring Devices: Prospective Observational | et al. 2020b)
Impact factor: 4.770 Cohort Study.
P6 BMJ Open Protocol for a prospective, controlled, cross-sectional, | (Areia, Carlos
2020 diagnostic accuracy study to evaluate the specificity | et al. 2020a)
Impact factor: 2.692 and sensitivity of ambulatory monitoring systems in
the prompt detection of hypoxia and during
movement.
4 P7 JMIR Chest patch for continuous vital-sign monitoring: A | (Morgado
2021 clinical validation study during movement and | Areia et al.
Impact factor: 5.430 controlled hypoxia. 2021)
P8 JMIR Wearable pulse oximeters in the prompt detection of | (Santos, M. et
2022 hypoxaemia and during movement: a diagnostic | al. 2021)
Impact factor: 5.430 accuracy study.
P9 Frontiers in Digital Health A Real-Time Wearable System for Monitoring Vital | (Santos, M. D.
5 2021 Signs of COVID-19 Patients in a Hospital Setting. etal. 2021)
Impact factor: none yet
P10 | Submitted to Pilot and | Pre-print (in review): Impact of an Ambulatory | (Areia, Carlos
6 Feasibility  studies journal | Monitoring System on Deterioration Detection and | etal.2022)
= (2022) Clinical Outcomes in Hospitalised Patients. A
Feasibility Randomised Controlled Trial Protocol.
7 Final reflection

Table 1 — List of publications.

This synthesis aims to present the pipeline work from the vHDU project, from device selection, testing,

system development and integration, implementation, and future work. Objectives include:
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1- To assess current evidence on the impact of WMS in deterioration detection and associated
clinical outcomes versus standard care (Chapter 1).

2- To understand patient and clinical staff experiences of current practice and views of WMS
(Chapter 2).

3- To test the wearability of selected wearable monitoring devices (Chapter 3).

4- To test the measurement accuracy of selected wearable monitoring devices (Chapter 4).

5- To integrate final wearable devices, develop vHDU system and outline implementation
process during COVID-19 (Chapter 5).

6- To design a feasibility RCT testing the vHDU system against standard care (Chapter 6).

7- Outline each publication and overall project contributions to the field, as well as my own

development as a clinical academic researcher throughout this project (Chapter 7).

This portfolio of publications should constitute an equivalent body of work of a traditional PhD.

Summary of chapters and contributions

Figure 1 provides a flowchart of the link between chapters/publications, with a more descriptive visual
guide in Appendix 1. Besides the individual contribution of each chapter and respective studies, the
pipeline of publications and the critical analysis included in this synthesis provide detailed information
on the processes and lessons learned in the testing, development, and clinical implementation of a

WMS in the hospital ward environment.
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Figure 1 — Doctoral synthesis chapters and publications flow-diagram.

Chapter 1 highlights the lack of current evidence on the superiority of WMS over standard care,
through a comprehensive systematic review and meta-analysis. P1 is the review protocol providing a
thorough methodological description of the process and aims for both the meta-analysis and narrative
synthesis. P2 is the systemic review and meta-analysis, highlighting the literature gap and the need
for high quality trials to answer the research question. It also provides secondary information on
included WMS studies, that we used throughout the vHDU project. P3 includes a response to a letter
to the editor, reinforcing the need to test and use WMS as a complement, and not a substitute, to

standard care.

Chapter 2 builds on the gap identified in chapter 1, exploring both clinical staff and patients’
experiences of using current monitoring practices and their early thoughts on WMS use in the ward
environment. This chapter includes one publication (P4) that explores the clinical behaviour and
challenges on current vital sign monitoring practices, supporting researchers in identifying gaps that
can be filled with wearable technology and important aspects of WMS implementations (such as views

on not replacing direct nursing contact, reinforcing chapter 1 conclusions).

These two chapters (1 and 2), and respective publications, focused on identifying and discussing gaps
in the literature, both for current monitoring practices and WMS clinical implementation. They
provided early data not only on the state of evidence in the field, but also practical local knowledge

on what and how we should develop and test WMS. Considering this, chapter 3 contains another
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publication (P5), one of the few available studies in the literature testing devices wearability. Our
results reinforce the importance on the balance between devices accuracy and comfort to maximise
worn times and, consequently, data acquisition. The results suggested that pulse oximeters without a
fingertip compressing probe were preferred, as well as a small patch. This study narrowed our list of

potential vital sign monitoring devices from 7 to 5 devices, subjected to accuracy testing.

Chapter 4 harnesses the information from chapter 1 and tests the finally selected 5 devices from
chapter 3. This chapter includes one of the most challenging and innovative accuracy studies within
this project. The selected devices were submitted to movement and controlled moderate to severe
hypoxia testing, in comparison to both clinical and gold standard devices for HR, RR and SpO2. Due to
its complexity, the protocol outlining the rationale and methodological procedures for the “Hypoxia
study” was early published (P6). Two analyses resulted from this: in P7 the chest patch was validated
in accordance with ANSI/AAMI EC13:2002 standards and in P8 the accuracy of 3 out of the 4 tested
pulse oximeters was confirmed according to the ISO 80601-2-61:2019 guidelines. These confirmed
devices’ performance during movement and hypoxia, supporting their clinical use in populations with

high risk of desaturation.

Chapters 3 and 4 focused on the selection and testing of commercially available devices. The aim was
to find a thoughtful balance between wearability and accuracy of these devices to select the most
appropriate to incorporate the vHDU system. Using this information, chapter 5 describes the process
of the final device selection, integration, and development of the vHDU system(P9). It provides
information on the prompt deployment in the COVID-19 wards, to support staff minimising their
exposure while continuously monitoring patient HR, RR and SpO2 using the vHDU system. The
contributions of P9 work are numerous, including all the technical and practical information for WMS
deployment. This was the culmination of the work described in chapters 1-4, which was crucial to the
rapid and successful implementation of the wearable monitoring system we developed during this

unprecedented emergency.

Chapter 6 aggregates the above work and describes in detail the design for a feasibility RCT (P10). This
study will not only gather initial data testing the vHDU system vs standard care but also provide
secondary data on other clinical and practical outcomes, such as its feasibility to move to a well

powered multicentre RCT, that will contribute to the gap of evidence highlighted in chapter 1.

Chapter 7 includes a final critical analysis of all the work, links within these publications and its
contribution to the field of wearable monitoring. It also explores both my own contributions as well
as my growth and development as a clinical researcher throughout each study and the overall vHDU

project.
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Autobiographical context of the portfolio

Early career

Physiotherapist by background, my early career was mostly clinical between 2013 and 2016; having
worked in several hospitals, clinics, and sports clubs in Portugal. In 2016 | moved to the UK where |
continued my physiotherapy work. My first contact with research happened during my ERASMUS
programme at Southampton University, in 2013, doing a qualitative systematic review (Demain et al.
2015) and then later, in my MSc thesis, where | conducted a cross-sectional study of young athletes
with and without a particular musculoskeletal injury (Areia et al. 2019a). These early experiences

inspired me to seek a clinical academic career.

To achieve this, in late 2016, | gained a role as a Clinical Trial Manager for a national multicentre RCT,
recently published in The Lancet journal (Beard et al. 2022); this turned my research spark into a small
flame, that gradually grew as the RCT developed through protocol design, ethical approvals and
patient recruitment and study management activities. Although | enjoyed working in a big RCT, |
decided to welcome a new opportunity by moving to more applied research in the wearable
monitoring field and joined the Critical Care Research Group (CCRG) at Oxford University in late 2018,

just when the vHDU project was about to start.

Portfolio work

By getting involved in several studies simultaneously from the beginning (inside and outside the vHDU
project) | quickly realised that | needed a better understanding of data and statistical knowledge, that
steered me into initiating a postgraduate certificate in Health Data Analytics at University College

London (UCL) in 2019.

Responsibilities when | started in the vHDU project included supporting and coordinating current
studies, such as the clinical staff qualitative interviews (chapter 2) and the wearability study (chapter
3). That gave me a very good early insight into the main research question for this project, its vision
and end goal. However, it was at this point that | identified a big gap in this project and current
literature in the field, on the current impact of WMS in deterioration detection and associated clinical
outcomes. | thought it would be sensible to also conduct a systematic review to understand the
current state of evidence (chapter 1) and offered to lead it. Soon after, | also started contributing to
the design of the Hypoxia study (chapter 4) and leading its day-to-day management during
recruitment. | have searched for ways to develop and grow with the project through management,
leadership, data analytics and statistics courses and ended up conducting the analysis for most of

these studies (and establishing my interest in data analysis).
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By early 2020, the small research flame was now fully bursting, and | was designing and leading
multiple studies and analysis within the vHDU project. During this, | also started showcasing my work
at national and international conferences. Then, the COVID pandemic arrived, and like most research
activities around the world, we had to pause participant recruitment in the vHDU project, and all other
studies ran by our group. This allowed us to focus our efforts on finalising the monitoring system and
work with the clinical staff to quickly implement it in the COVID isolation wards (chapter 5). This was
one of the most exciting and scary periods of my career both as a clinician and researcher (reflected
throughout this synthesis). The pandemic implementation work and real-time impact inspired me to
push forward the design of a feasibility RCT, explored in chapter 6, where all our work converges.
Having previously designed systematic reviews, surveys, interventional and diagnostic studies, the

design of an RCT marked another individual goal of my career.

| am an advocate for methodological quality in digital health implementation projects and data
analytics knowledge amongst nurses and health professionals. | also maintain my tutoring and
teaching activities and contribute to multiple digital health projects, through consultancy and
academic work. Alongside my academic and data science career, | still keep some clinical work, as |
believe maintaining patient contact greatly contributes to my research activities, as well as my
research and academic knowledge also play a role in my clinical decision making (Cowley et al. 2020,

Trusson, Rowley, and Barratt 2021, Chalmers 2022).
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Chapter 1:
Current evidence of wearable monitoring systems impact on
deterioration detection

Context and objective

While designing the vHDU studies, it was important to understand the current state of knowledge of
the impact of WMS in clinical deterioration detection and associated outcomes, as well as an overview
of the wearable monitoring devices and systems being used by other teams around the world working
in the field. Previous research indicated that WMS might have the potential to promote early
deterioration and impact patient outcomes, such as decreased mortality, intensive care admission,
rapid response team activation and hospital length of stay (Sun et al. 2020). However, most wearable
devices seem to be in the development and technological validation stages, with few studies assessing
its clinical impact, despite the exponential growth of commercially available devices, there seems to
be a gap on WMS implementation in the hospital environment (Leenen et al. 2020, Sun et al. 2020,

Naziyok, Zeleke, and R6hrig 2016).

To better explore this, a systematic review and meta-analysis was designed with the objective to
assess the impact of vital sign monitoring on the detection of physiological deterioration and related
clinical outcomes of hospitalised patients using WMS in comparison with standard care. The protocol
was registered in PROSPERO (CRD42020188633), and the result published in a peer-reviewed journal
(Areia, Carlos et al. 2021c).

P1: Published protocol

BMJ Open Protocol for a systematic review assessing ambulatory vital sign Altmetric

Twitter (7)

2021 monitoring impact on deterioration detection and related clinical B venceley (14)

Impact factor: 2.692  outcomes in hospitalised patients

Areia C, Vollam S, Young L, Biggs C, Pimentel M, Santos M, etal. 2 citations

P2: Published systematic review and meta-analysis

BMC Critical Care The impact of wearable continuous vital sign monitoring on  ametric
2021 deterioration detection and clinical outcomes in hospitalised @ ?ﬁiﬂ!—,z;
Impact factor: 9.097 patients: a systematic review and meta-analysis. W Menceley (31)

Areia C, Biggs C, Santos M, Thurley N, Gerry S, Tarassenko L, 7 citations
Watkinson P, Vollam S.
P3: Published response to letter to editor

Ahmetric

BMC Critical Care Continuous wireless postoperative_monitoring using wearable

Twitter (4)

2021 devices: further device innovation is needed. W venceley (3)
Impact factor: 9.097 Xu W, Ghabirans A, Bissett |, 0’Grady G, Wells C, Areia C, Biggs C,
Santos M, Thurley N, Gerry S, Tarassenko L, Watkinson P, Vollam 2 citation
S.
Table 2 — Chapter 1 included publications with citation and mentions information. Extracted 05" November 2022.
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Results

This meta-analysis analysed 8706 citations and included 10 studies. Our results highlighted the lack of
evidence on WMS superiority over standard care for early deterioration detection and associated
clinical outcomes (although there was some non-statistically significant trend towards its positive
impact) (Areia, Carlos et al. 2021a). Due to the heterogeneity among the included studies design,
quality and outcome measures, it was not possible to reach a definite conclusion on whether WMS
implementation can positively impact patient safety and care, emphasising the need for more and

better research to confirm this (Areia, Carlos et al. 2021a).

A “letter to the editor” was received from a research team in New Zealand, defending that we are not
yet at the stage of conducting well powered RCTs and more validation studies are required to ascertain
devices accuracy (Xu et al. 2021). Our published response clarified an important aspect of our (and
other researchers, as highlighted in this review) work, also emerged in our qualitative study (explored
in chapter 2). Currently, due to the lack of evidence supporting its superiority, WMS should not be
tested and/or implemented in the hospital as a “stand-alone” method for vital sign measurement. It
should instead be used as a support, and not a replacement, for standard care, due to current

technology uncertainties and limitations (such as WMS accuracy and reliability).

Contribution to knowledge and originality

This systematic review highlighted important points that were crucial for the development of our

wearable monitoring system (vHDU system) and will support further research in the field:

1. Agreed with previous research supporting that most WMS are still in the feasibility testing
phase and few have been implemented or tested in a clinical environment (Areia, Carlos et al.
2021a, Leenen et al. 2020) and there is an urgent need for high quality studies comparing
WMS vs standard care, to prove its impact in hospitalised patients’ safety and support its
implementation, encouraging our future work (chapter 6).

2. Aggregated important information on alerting systems, such as thresholds, iterations, alert
rates, among others. This was not only crucial for the design of our vHDU system (chapter 5),
but may also support future studies and innovations, by learning processes and lessons learnt
from previous similar research included in this review, such as reducing the rate of alerts to
avoid alarm fatigue from the clinical staff (Areia, Carlos et al. 2021a, 2021b).

3. Reiterated the importance to test and implement wearable technology as a complement, and
not a substitute to standard care, due to concerns around devices accuracy (Xu et al. 2021)

and direct contact disruption (see chapter 2).
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4. Emphasised the importance of publication transparency by analysing clinical trial registration
information and identifying studies that were registered but not published. For example, we
found most included studies were not registered prospectively. We also identified four studies
that might have contributed to this systematic review, highlighting this under-reported and

non-published evidence, which could have potentially impacted our results.

Although this meta-analysis (P2) was recently published (September 2021), our paper has already
been externally cited by several research teams (Yizhe 2021, Leenen et al. 2022a, 2022b, Lépez-
Espuela et al. 2022, Aagaard et al. 2022, Tange Larsen et al. 2022), supporting its recognition by the
scientific community and its contribution to the field. Similarly, our response letter (P3, published in

December 2021) has also been used by our New Zealand colleagues (Wells et al. 2022, Xu et al. 2022).

Reflection

The systematic review suggests there is currently no evidence to support the use of WMS for
deterioration detection and associated outcomes over standard care. These results are not
unexpected, and highlights the need for more and better studies, building a case for our feasibility
RCT (explored in chapter 6). By aggregating WMS information and contacting the authors during this
review, | collected several practical insights and lessons (e.g. appropriate team presence during WMS
implementation, refining alerting systems, among others) from other research teams working in the

field, that helped us build our WMS.

Additionally, this review adds something that | have never seen elsewhere, which is the inclusion of
studies registration details and the ratio of registered/published studies. This was an important step
in ensuring rigour and assessing publication bias (Viergever and Ghersi 2011). Hopefully, other reviews
will follow this example and conduct a trial registry review as part of their work, encouraging
researchers to publish and share what they registered. This also made me reflect on the challenges of
conducting clinical trials in the field, as none of the included studies addressed any potential
operational and practical confounders that can be present in the hospital environment, such as staff
capacity, time of event (day vs night shift), staff seniority throughout patient stay, local ICU and ward
capacities, the Do Not Attempt Resuscitation (DNAR) status of patients who died, among many others
that could significantly impact and bias results. Although we made efforts to minimise this during the
design of our RCT (chapter 6), one must acknowledge it is practically impossible to address all potential

confounders and trials need to be pragmatic in nature.

In summary, this review nicely complemented our vHDU project by highlighting the lack of statistical
evidence in the field and providing important data to the development and implementation of our

WMS, setting the field for next chapters’ work.
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Chapter 2:
Clinical staff and patient views of current monitoring practices inside
the hospital, and early views on WMS

Context and objective

For successful implementation of a new WMS, it is important to understand current vital sign
monitoring practices and how to best plan this new technology implementation in the ward
environment, avoiding disruption of current practices and protocols as well as resistance from the
clinicians and patients using it (Taenzer et al. 2011, Lewy 2015). To fill this knowledge gap and to better
understand our local practices and procedures, this qualitative study interviewed 15 nurses and 15
patients in a local surgical ward with the objective to understand their experiences of current
monitoring practices. We have also taken this opportunity to explore early views on the introduction

of wearable monitoring in their ward.

P4: Qualitative study

Journal of Advanced Nursing Experiences of current vital signs monitoring practices ~ A"met Tuiter (1)
2021 and views of wearable monitoring: A gualitative study in @ Peer reviews (1)
Impact factor: 3.187 patients and nurses. W Menceley (21)
Areia C, King E, Ede J, Young L, Tarassenko L, Watkinson 8 citations
P, Vollam S.

Table 3 - Chapter 2 included publication with citation and mentions information. Extracted 05" November 2022.

Results

The results provided the qualitative groundwork that informed our vHDU project throughout, as the

following interconnected themes were identified:

- Vital sign data as evidence for escalation
- Trustworthiness of vital sign data

- Finding a balance between continuous and intermittent monitoring

Introduction of the concept of ambulatory wearable devices and WMS was viewed positively by both
groups as offering solutions to some of the issues identified with traditional wired monitoring through
the interviews. However, most agreed that this would not be suitable for all patients and should not
replace direct nurse/patient contact. Previous studies support that WMS have the potential to
facilitate earlier deterioration detection and improve patient safety without posing a barrier to
mobility, as well as reduce staff workload and hospital costs (Weenk et al. 2020, Joshi et al. 2021,
Olsson et al. 2018, Downey, C.L. et al. 2018a), reinforcing the direction of our findings in this study

(further explored in chapter 7).
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Contribution to knowledge and originality
Besides providing a solid qualitative foundation of current nurses and patient experiences for our

vHDU project, this work highlighted several points that are crucial for both clinicians and researchers

in the field:

1- Nurses frequently use vital sign data to support their concerns and facilitate escalation.

2- When in doubt, nurses seem to revert to manual monitoring.

3- Wearable technology was seen positively by both nurses and patients to bridge the gap
between traditional wired continuous systems and manual observations.

4- Wearable technology should complement, and not replace direct contact between nurses and
patients.

5- Wearable technology should not add more noise to the already loud ward environment.

This analysis raised helpful insights for our vHDU system, for example one of the challenges most
frequently reported by the nursing staff was not being able to escalate a patient to a senior clinician
when the patient was not triggering (triggering is the clinical slang for a patient with EWS above the
normal threshold). Since this concern is not new (Ede et al. 2020), the “nurse-worry” factor (Romero-
Brufau et al. 2019) should be considered and integrated into WMS. Another interesting finding from
the interviews was the trustworthiness of vital sign data from the nursing staff, often reverting to
manual measurements as soon as they suspect something is wrong (eg. faulty device, or vital sign is
not consistent with patient condition). This was considered during the vHDU system development,
that incorporated both continuous and manual vital sign data (chapter 5). Finally, as discussed above,
other alerting stimuli was suggested to avoid further noise in the already loud ward environment, and

therefore vibration and visual cues were explored during system development.

Despite this study being only published in October 2021, it has already been externally cited by 6
publications (Vuillaume et al. 2022, Wells et al. 2022, Leenen et al. 2022a, Igbal et al. 2022, Heydari
Beni and Jiang 2022, Ullah et al. 2022), including a recent study on nurses’ perceptions of behavioural
factors that influence continuous wearable vital sign monitoring systems on general surgical wards
(Leenen et al. 2022a). Similar themes to our study were identified and discussed by Leenen et al., for
example, the interpretation of vital sign trends, its challenges and using it to support nurse worry and
patient escalation, reducing false alarms and noise in the ward, WMS not being suitable for all patients

nor being a substitute to direct care and clinical judgement (Leenen et al. 2022a).
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Reflection

This study provides the qualitative groundwork underpinning the vHDU project and presented insights
that myself and the team used throughout vHDU system development and integration. Our findings
also highlighted the importance of mixed-methods research when testing and integrating new
technology in a clinical environment and encouraged the continuing interviews and focus groups

throughout our project, promoting a close collaboration with both patients and clinical staff.

In particular, the theme Trustworthiness of vital sign data triggered my interest, when nurses shared
their perceived accuracy of vital sign measurement methods, with most agreeing to commonly double
check or revert to manual readings for most vital signs when they suspect the device is unreliable or
they feel something is not right (Cardona-Morrell et al. 2016, Areia, Carlos et al. 2021b). They also felt
some traditional methods of vital sign monitoring to be unreliable, and commonly disregard its
measurements (such as continuous RR through a 3-lead ECG). The present qualitative study discusses
that although there is a variety of evidence testing the accuracy and validating different methods for
each vital sign monitoring, very little is known about the perceived trustworthiness by clinical staff,
despite these methods being part of their daily practice (Areia, Carlos et al. 2021b). Considering this,
| designed a service evaluation study to survey the perceived trustworthiness of each vital sign
monitoring method in our local Trust. The survey is now finished, with over 700 clinical staff members

completing it, and results will be submitted to peer-review soon.

In summary, this study provided the foundational practical evidence needed for our vHDU project,
with qualitative data on local current monitoring practices, protocols and current challenges felt by
both staff and patients. This allowed us to better understand how to support practice, what was
important for the potential users of the vHDU system, and what should be tested and developed in

the next studies.
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Chapter 3:
Initial device selection and wearability testing

Context and objective

The previous chapter results indicate that one can have the most medically accurate device available,
however, if it is not comfortable, patients will keep removing it, or not wear it at all (Jeffs et al. 2016).
A previous study has also shown evidence that devices are removed prematurely owing to patient
irritation, discomfort, feeling unwell, or equipment failure (Jeffs et al. 2016). Additionally, it has been
suggested that introducing unknown devices into the ward environment may have physical or
psychological effects that should be assessed to maximize patient compliance and data acquisition

(Cancela et al. 2014, Knight and Baber 2005, Knight et al. 2002).

A thoughtful balance is needed between wearability and accuracy of devices for successful system
integration and deployment (Areia, Carlos et al. 2020b). For this reason, another study of the vHDU
project was to test the wearability of selected commercially available devices. The selected devices
included two chest-worn patches: VitalPatch (VitalConnect) and Peerbridge Cor (Peerbridge)
collecting HR and RR, and 5 pulse oximeters, with 4 wrist-worn devices with finger probe: Nonin
WristOx2 3150 (Nonin), Checkme 02+ (Viatom Technology), PC-68B, and AP-20 (both from Creative

Medical); and 1 solely wrist-worn device: Wavelet (Wavelet Health), all collecting PR and SpO2.

P5: Wearability study

JMIR mHealth and Wearability Testing of Ambulatory Vital Sign Monitoring Devices: Altmetric .
uHealth Prospective Observational Cohort Study. G m ;:I::;S(zﬁj
2020 Areia C, Young L, Vollam S, Ede J, Santos M, Tarassenko L, Watkinson P.

Impact factor: 4.770 12 citations

Table 4 - Chapter 3 included publications with citation and mentions information. Extracted 05t November 2022.
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Figure 2 — Devices subjected to wearability testing. Extracted from P5 (CC-BY 4.0) (Areia, Carlos et al. 2020b)

Results

Twenty healthy volunteers wore each device for up to 72 hours while performing usual “activities of
daily living” and were asked to complete a short survey per device regarding their comfort and general
wearability. A total of 70 questionnaires (approximately 10 per device) were completed in this study.
From the pulse oximeters, the Wavelet (wrist only) was the clear favourite as it did not have a finger
probe compressing the finger. Amongst pulse oximeters with a finger probe, the CheckMe 02+ was
suggested to be the most wearable, probably due to the smaller and ring-shaped finger probe, with

placement away from the fingertip (Figure 3).
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Figure 3 - Comfort Rating Scale scores for each pulse oximeter. Green represents the percentage of positive outcomes and
red represents the percentage of negative outcomes. Extracted from P5 (CC-BY 4.0) (Areia, Carlos et al. 2020b)

On the chest patches, there was indication of a preference towards the VitalPatch (Figure 4) (Areia,
Carlos et al. 2020b). This study supported the initial selection of wearables to be submitted to accuracy

testing (chapter 4) before integration into the vHDU system (chapter 5).
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Figure 4 - Comfort Rating Scale scores for each chest patch device. Green represents the percentage of positive outcomes and
red represents the percentage of negative outcome. Extracted from P5 (CC-BY 4.0) (Areia, Carlos et al. 2020b)

Contribution to knowledge and originality
It is known that wearability has a direct impact on system usability and its clinical implementation, as
patients will be more likely to wear the device if they feel comfortable, thus improving data availability

and quality (Baig et al. 2017). In addition to providing wearability data to select devices for accuracy



testing as part of this project, this study brought important contributions to the wearable technology

field:

1- Highlighted the need for more wearability studies as part of devices evaluation, as to our
knowledge, of the 7 included devices, only the VitalPatch had indexed wearability studies
(Tonino et al. 2019, Selvaraj 2014).

2- Identified a clear preference towards pulse oximeters without a finger probe compressing the
fingertip and a smaller, single use chest patch, providing potentially useful information for
future wearables design.

3- Supported the need for a balance between wearability and accuracy before its
implementation into the clinical environment; future researchers and companies should
consider this during their design/testing.

4- Laid the groundwork for future wearability studies not only within the vHDU project (surgical

patients), but also for other research teams working in different clinical scenarios.

Published in late 2020, this study is one of the most cited within the vHDU project, with 7 external
citations from 6 publications (Wallace et al. 2021, Ede et al. 2021, Rosic et al. 2022, Rajbhandary et al.
2022, Hawthorne et al. 2022, Lee, Lee, and Park 2022) and one doctoral thesis (Holder 2022).

Reflection

Although there is an extensive growth of wearable devices, wearability studies remain scarce (Areia,
Carlos et al. 2020b). For the initial selection of devices to be tested in this study we applied 3 main

criteria for inclusion:

1. CE marked for medical use
2. Company provided raw data access

3. No data sent to third parties (collected data was kept locally inside the hospital servers)

One of the future considerations taken from this study is the use of the Comfort Rating Scale (CRS)
(Knight et al. 2007, Knight and Baber 2005) for the main evaluation of devices wearability. As
mentioned in the manuscript limitations, | believe the domains covered by this scale might not be the
most appropriate for clinical monitoring devices wearability assessment, as applicability to the clinical
environment might be limited (Areia, Carlos et al. 2020b). As a suggestion for future research, there is
a need for the development of a new scale specific for wearable medical devices and monitoring
systems, as | think it is a much-needed tool that will support testing and implementation of WMS.

Another useful metric for our final device decision taken from this study were the “worn times” of
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each device by participants, that together with the CRS scores, provided important information on

which devices were more likely to be accepted by patients (chapter 5).

In summary, despite the lack of wearability studies in the literature, this study provided important
wearability data on the selected devices, and, for our team, wearability testing was the logical next
step in the vHDU project, as it supported the selection of devices to be put under accuracy testing,

explored in the next chapter.
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Chapter 4:
Devices accuracy testing

Context and objective

A known barrier to the clinical implementation of WMS is the uncertainty around devices reliability,
efficiency, and data fidelity (Appelboom et al. 2014). Another challenge is the potential detrimental
effect of movement on the data derived from such monitoring systems, for example, motion is known
to affect the accuracy of pulse oximetry readings (Louie et al. 2018). This was seen throughout a
clinically relevant range of measurements, with also less accuracy at lower arterial oxygen saturations

(5a02), which is clearly highly undesirable in clinical practice (Louie et al. 2018).

Considering this, the Hypoxia study was designed with the aim of testing the accuracy of selected
devices from the wearability study (chapter 3). This includes 4 pulse oximeters, 3 with a finger probe
(Nonin, AP-20 and CheckMe) and one without (Wavelet), and 1 chest patch (VitalPatch) versus clinical
and gold standards (Table 5). This study involved the assessment of the diagnostic accuracy of the
pulse oximeters and the validation of the chest patch; both during movement and under moderate

(89% to 85% Sp02) to severe (<85% Sp02) hypoxia.

Vital sign Wearable devices | Clinical standard Gold standard
PR AP-20 Standard care pulse oximeter (Philips | Arterial line trace
CheckMe MX 450)
Nonin
Wavelet
HR VitalPatch Standard care 3-lead ECG (Philips MX | Standard care 3-lead ECG
450) (Philips MX 450)
RR VitalPatch Manual respiratory rate per minute | Capnography
counting
Sp02 AP-20 Standard care pulse oximeter (Philips | Arterial blood gas (Sa02)
CheckMe MX 450)
Nonin
Wavelet

Table 5 — Hypoxia study devices under test, clinical and gold standard for each evaluated vital sign.
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P6: Hypoxia study protocol

BMJ Open Protocol for a prospective, controlled, cross-sectional, diagnostic Altmetric -
N (1)
2020 accuracy study to evaluate the specificity and sensitivity of G Tﬁfﬁi,(a,
Impact factor: 2.692  ambulatory monitoring systems in the prompt detection of hypoxia B Vendeley (29)
and during movement. 10 citations
Areia C, Vollam S, Piper P, King E, Ede J, Young L, Santos M et al.
P7: Chest patch validation analysis
JMIR Chest patch for continuous vital-sign monitoring: A clinical validation  Attmetric
2021 study during movement and controlled hypoxia. 0 2 Tuer 8]
Impact factor: 5.430 Areia C, Vollam S, Piper P, King E, Ede J, Young L, Santos M et al. B Vendeley (17)
5 citations
P8: Pulse oximeters diagnostic accuracy analysis
JMIR Wearable pulse oximeters in the prompt detection of hypoxaemia  Atmetri -
News (1)
2022 and during movement: a diagnostic accuracy study. B Twitter (20)
Facebook (1)
Impact factor: 5.430  Santos M, Vollam S, Pimentel MA, Areia C, Young L, Roman C, Ede J, [ Mendeley ()
Piper P, King E, Harford M, Shah A, Gustafson O, Tarassenko L, I
4 citations

Watkinson P.
Table 6 — Chapter 4 included publications with citation and mentions information. Extracted 05" November 2022.

Results

This study was conducted in 42 healthy volunteers and involved a single study visit where they used
all the devices under test + clinical + gold standards while submitted to two testing stages (movement

testing and hypoxia testing). Two analyses resulted:

- Chest patch (VitalPatch) validation analysis, where it was confirmed this chest patch reliably

measured HR throughout all movements and hypoxia exposure and was also in agreement for
RR throughout most movements (apart from the “sit to stand” and “turning a page”) and
hypoxia exposure (Figures 5 and 6), as per ANSI/AAMI EC13:2002 standards (Association for
the Advancement of Medical Instrumentation 2002). This study also confirmed there was no
impact on both HR and RR estimation performance when exposed to moderate and severe
hypoxia, supporting its clinical use in patients with reduced baseline saturation or at risk of

hypoxia (such as COVID-19 patients, discussed in chapter 5).
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Figure 5 — VitalPatch Accuracy and Bias (mean bias) plots for the hypoxia phase. Red: heart rate; horizontal red lines represent
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- Pulse oximeters diagnostic accuracy analysis, where it was concluded that all finger-worn

pulse oximeters accuracy were within the required ISO guidelines (root-mean-square error,

RMSE, below or equal to 4%, and below or equal to 8% when considering the confidence
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interval, Cl) when compared to clinical and gold standards, and all were able to detect
hypoxaemia (Figure 7), despite performance was degraded by motion (Figure 8), but not
significantly more than the clinical standard. To note is that the only pulse oximeter without
a finger probe (Wavelet) included in this study did not achieve an acceptable level of accuracy

and was therefore no longer considered for the vHDU system.
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Figure 7 — Pulse oximeters comparison of the mean bias (Sp0O2-5Sa02) and precision for each of the four devices when
compared to the gold standard for the 3 SaO2 subgroups: severe hypoxia, Sa02<85%; mild hypoxia, Sa02=85%-89%, and
normoxia, Sa02=90%-100%. The number of points available per device is presented below each bar. For each subgroup, one-
way ANOVA followed by the Tukey test was used to evaluate differences in the mean bias between devices. *Different from
other values. +Different from each other. SaO2: arterial blood oxygen saturation; SpO2: peripheral oxygen saturation.
Extracted from P8 (CC-BY 4.0) (Santos, M. et al. 2021).

36



. AP-Z0 W CheckMe™ 02+ e FPhilips MX450 . WristOw2® 3150

&n

El [ [ |;|
- . ' Jr
= ' | “ * I |
o
e
0 5
= o
8 o
@]
= [=%
(30 3 30 (33 30 29 32 (33) 32 3 271 34 32 (33
(321 (33 [EINNEE]] ) (32 311 28 311 (32 (321 (24) 31 32
W iy o o o © W
o I = £ = = @
= w =% el = a
= == = C o
< @ 3 ‘= o L
= o O £ ¥
E ~
3
|_

Figure 8 — Pulse oximeters comparison of the mean bias (Sp0O2-Sa02) and precision for each of the four devices when
compared to the gold standard for each movement type. The number of points available per device is presented below each
bar. For each task, one-way ANOVA followed by the Tukey test was used to evaluate differences in the mean bias between
devices. *Different from other values. +Different from each other. SaO2: arterial blood oxygen saturation; SpO2: peripheral
oxygen saturation; STS: sit-to-stand. Extracted from P8 (CC-BY 4.0) (Santos, M. et al. 2021).

Contribution to knowledge and originality
Following concerns around the accuracy of wearable devices for patient monitoring highlighted in
chapter 1, the hypoxia study was an important piece of work not only for the vHDU project but also

for the overall wearable healthcare monitoring field. Key contributions to knowledge include:

1- The protocol for this study promoted methodological transparency by thoroughly outlining
study procedures and practicalities, facilitating its replication by other research teams.

2- Provided robust evidence and continuous monitoring data for 4 pulse oximeters and 1 chest
patch during different standardised movements mimicking hospitalised patients, highlighting
each device shortcoming during each movement when compared to the respective
clinical/gold standard. This is an important aspect of WMS, to continuously monitoring
patients, while simultaneously facilitating their mobility and safety (Joshi et al. 2019, Weenk
et al. 2017, Verrillo et al. 2019).

3- Validated the VitalPatch against clinical and gold standard and supported its performance
under movement and moderate to severe hypoxia, encouraging its use during the pandemic

as part of vHDU deployment (chapter 5).
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4- Thoroughly tested and confirmed the remaining pulse oximeters diagnostic accuracy and
provided important vital sign and technical data on these devices, supporting its integration

and use in chapter 5.

To our knowledge, it is one of the few studies providing accuracy data under controlled moderate and
severe hypoxia, supporting the use of some devices in patients with high risk of acute desaturations.
The need for these accuracy studies has become acute as health care systems have recommended the
incorporation of ambulatory pulse oximeters in the home management of COVID-19 (Seshadri et al.
2020, Greenhalgh et al. 2020, O’Carroll et al. 2020). It was also a timely study for the vHDU project

(discussed in the next chapter).

The protocol (P6) was published in January 2020, with 2 external citations (Tsai et al. 2021, Manta et
al. 2020), one being an important study evaluating biometric technologies for vital signs during COVID,
published in the peak of the pandemic (Manta et al. 2020). The chest patch analysis (P7) was published
in August 2021, with 2 external citation (Lippi et al. 2022, Antikainen et al. 2022) and the pulse
oximeter results (P8) in February 2022, with 2 external references (Rafl et al. 2022, Li et al. 2022).
These external references used either technical data or study design methodologies from this study,

supporting its early impact in the field.

Reflection

Considering all the above, this study was a central piece of the vHDU project. It is important to
highlight that it was designed and conducted before the pandemic, and we were not aware of how
important its results were going to be to the vHDU system development and prompt implementation

in the COVID isolation wards (more in chapter 5).

One of the biggest challenges of this study was the organisational and operational skills required to
ensure everything was conducted appropriately. This study involved a single study visit per participant
and several variables needed to be considered for the efficient use of resources and staff. We required
to rent a specific room in our local Cardiovascular Clinical Research Facility (CCRF) inside our local
hospital to ensure all safety procedures were in place for the study visits. For each visit day at least 6
members of staff needed to be present, with a set of responsibilities each (full description can be

found in the published protocol (Areia, Carlos et al. 2020a)):

- Senior anaesthetist: Medical cover.

- Engineer: Data and device monitoring.
- Researcher 1: Devices and timestamps.

- Researcher 2: Arterial Blood Gas (ABG) processing.

38



- Researcher 3: Participant activities and instructions.

- Researcher 4: Support/backup.

Another challenge was to ensure setup and kit were ready, including 4 pulse oximeters, 1 chest patch,
clinical and gold standard monitors, 5 tablets, oxygen in nitrogen cylinder, hypoxicator, drip stand with
arterial line, crash trolley and clinical kit (Figure 9). All devices, tablets and laptops were connected to
the same network and time and date were set to Greenwich Mean Time Zone (GMT) or British Summer
Time (BST) with a tolerance of 2 seconds (Researcher 1 responsibility). All these methodological and
operational challenges greatly contributed to the development of my project management and

leadership skills (explored in chapter 7).

Figure 9 — Hypoxia study day set-up. Legend: 1: tablets linked with AMD devices (4 Samsung TAB A, each linked with one
AMD: AP-20, WristOX2 3150 BLE, CheckMe™ O2 and VitalPatch®. 1 iPad four connected to the wavelet). 2: resuscitation
trolley and oxygen. 3%—7% oxygen in nitrogen cylinder. 4: hypoxicator apparatus. 5: Philips monitor (model MX450)
connected to laptop (IX trend software). 6: drip stand with the arterial line pressure bag. Extracted from the original protocol
(CC BY 4.0) (Areia, Carlos et al. 2020a).

In summary, this study confirmed the SpO2 accuracy of 3 out of the 4 tested pulse oximeters according
to the ISO 80601-2-61:2019 guidelines (Santos, M. et al. 2021) and the validation of the included chest
patch (for HR and RR) according to the ANSI/AAMI EC13:2002 standards (Association for the
Advancement of Medical Instrumentation 2002). Besides the overall contribution to the field, this
study was crucial not only for the successful implementation of our system during COVID, but also to
reassure clinical staff that these devices were clinically accurate and safe to use, discussed in the next

chapter.
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Chapter 5:
Final system and implementation during COVID-19

Context and objective

The Coronavirus disease 2019 (COVID-19) was declared a global health emergency by the World
Health Organisation (World Health Organization 2020) at the beginning of March 2020. In the
beginning, this pandemic presented several challenges for in-hospital patient care in the UK, the fear,
both by patients and hospital staff, of the exposure and infection in clinical environments and the lack
of knowledge about the severity and transmissibility of the virus and initial shortages of Personal

Protective Equipment (PPE) are some examples (Ghanchi 2021, Willan et al. 2020).

Severely ill affected patients were filling ICUs, and those under observation were placed in isolation
wards (National Center for Immunization and Respiratory Diseases - Division of Viral Diseases 2020).
Our local hospital management were aware of the vHDU work on wearable monitoring, and by the
end of February 2020, our team was tasked to supply isolation wards with a vital sign monitoring

system. Six main requirements were established (Santos, M. D. et al. 2021):

1- As COVID mainly affects the cardio-respiratory system, target vital signs for continuous
monitoring were Sp0O2, HR and RR.

2- Patients not confined to bed should be ambulatory.

3- Patient were to be remotely monitored in the closest nurse bay of the respective isolation
rooms.

4- Any additional continuous monitoring from wearables should be fully integrated with the
periodic nurse observations of the full set of vital signs, comprising SpO2, RR, HR as well as
Blood Pressure (BP), Temperature (Temp), level of consciousness and the corresponding Early
Warning Score (EWS) (Royal College of Physicians 2017).

5- The amount of contact between the infected patients and the nursing staff was to be
minimised.

6- The system should work within the hospital cybersecurity infrastructure, compliant with

patient confidentiality standards.

By the beginning of the pandemic the vHDU system was already capable of continuously monitoring
Sp02, HR and RR, bringing the potential to facilitate mobilisation during continuous monitoring,
considering device performance during movement (chapter 4) and providing real-time vital sign data
at the bedside or remotely through a bespoke dashboard available in an open browser in the nurse’s

bay. Manual vital signs and other clinical measurements by the nurses was integrated into the vHDU
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system as well (as per point 4). Our WMS was already integrated into the hospital IT systems and fully

compliant with clinical governance and confidentiality requirements.

It was therefore clear that the vHDU system we had been developing to monitor high-risk patients in
the surgical wards could be adapted to isolation patients monitoring in the COVID-19 pandemic,
supporting both patient and clinical staff safety by minimising the amount of direct contact (Santos,
M. D. et al. 2021). The objective of this manuscript was to provide an overview of our vHDU system,
support device selection from our previous research (chapters 1-4), describe system optimisation to
ensure it met the 6 aforementioned requirements, and describe the WMS deployment in the COVID-

19 wards, with some preliminary data from the first wave of the pandemic.

Device selection
As the result of our wearability (chapter 3) and accuracy studies (chapter 4) the Vital Patch was the

selected chest patch for HR and RR monitoring.

Of the 5 initial pulse oximeters, the PC-68B failed the wearability test (chapter 3), and the Wavelet
was not sufficiently accurate in the detection of hypoxaemia (chapter 4). Leaving us with 3 options as
a pulse oximeter, a) the AP-20, b) CheckMe 02+ and c) Nonin. From our wearability testing the
Checkme 02+ was the clear favourite, due to the ring probe comfortability, as it was placed around
the thumb and would not compress the fingertip like the other two remaining pulse oximeters (Areia,
Carlos et al. 2020b). For the accuracy testing (chapter 4) these 3 devices showed statistically similar

results during movement and hypoxia testing (Santos, M. et al. 2021).

From our results in chapter 3, the Checkme 02+ would provide more comfort while achieving a similar
level of accuracy to other finger probe devices. However, there were a couple of practicalities on both
the AP-20 and Checkme 02+ that would make them inferior to the Nonin device. In the early period
of the pandemic, while the vHDU system was being developed to be implemented in the isolation
wards, several focus groups (unpublished data) were held with the clinical staff of these wards. In
some of them our engineers presented the 3 pulse oximeter finalists and their characteristics. Most
staff agreed that having to charge, swap and reconnect devices was not feasible as battery life for
Checkme 02 and AP-20 were less than a day of continuous use, which was counter-productive towards
the deployment goals (reduce clinical staff exposure to the virus and maximise continuous patient
monitoring time). On the other hand, the Nonin pulse oximeter only required 2 x AAA batteries to be
swapped approximately every 48h of continuous use. In addition, it was also the only pulse oximeter

that allowed consistent BLE communication and activated automatically once the patient’s finger was
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positioned within the probe. The Nonin was therefore the selected pulse oximeter (Figure 10) to be

integrated in the vHDU system.

e oS = \-- \ “QS' 5
lavelet Peerbridge Cor VitalPatch

Figure 10 — Selection process of the final devices used in the vHDU system for the COVID implementation. Orange:
excluded due to wearability results (P5), Blue: excluded due to accuracy (P8), Black: excluded after focus groups with
clinical staff.

P9 — vHDU system deployment during the pandemic.

Frontiers in Digital A Real-Time Wearable System for Monitoring Vital Signs of COVID- Altmetric

Health 19 Patients in a Hospital Setting. Tuer (19)
i . B Mendeley (32)
2021 Santos M, Roman C, Pimentel M, Vollam S, Areia C, Young L,
Impact factor: none Watkinson P, Tarassenko L. 12 citations
yet

Table 7 - Chapter 5 included publication with citation and mentions information. Extracted 05t November 2022.
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Results

Final system

As aforementioned, the Nonin (WristOx 3150 OEM BLE, Nonin Medical Inc., USA) (Nonin Medical Inc
Plymouth U 2020) finger-based pulse oximeter, and the VitalPatch (VitalConnect, USA) (VitalConnect.
n.d.) adhesive chest-patch were ultimately selected as our wearable devices. From the Nonin, the PR,
Sp02 and near infrared PPG waveform were collected. From the VitalPatch we collected HR and RR,
patient posture (e.g., standing, sitting, lying down, etc.), number of steps and the single lead ECG and
3-axis accelerometer waveforms. It also started to collect temperature in early 2021. These devices

were connected to one tablet via Bluetooth, left inside the patient room (Figure 11).

N c 3 0o @ |[(@ o 3@/ C @ o

= IBME, MRN: 10000001 (Infectious Diseases Day Case Bay 4 Bed 5) ®

ebG | | |

1

Figure 11 — A: Final vHDU kit per patient, including the Nonin pulse oximeter, the VitalPatch chest patch and an Android
tablet, left inside the isolation rooms. B: Interface for patient data collection app in the Android tablet. C: Example of vHDU
kit being worn inside room. IBME, Institute of Biomedical Engineering; MRN, Medical Record Number; bpm, beats per
minute; rpm, respirations per minute; HR, Heart Rate; RR, Respiratory Rate; TEMP, Temperature; Sp0O2, peripheral blood
Oxygen Saturation. Extracted from the published manuscript (CC BY 4.0) (Santos, M. D. et al. 2021, Morgado Areia et al.
2021).

The tablet would then transmit the collected wearables data via Wi-Fi to the hospital system, shown
in our vHDU dashboard (Figure 12). In the dashboard homepage each patient was attributed a card,

showing real-time vital sign and other patient and device information (Figure 12A). Clicking on a card
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would display the augmented e-obs chart for the selected patient, displaying historical vital sign and

EWS data at pre-set time periods (Figure 12B).

Patient, Name Patient, Name *
J-WD Infect Dis (Bay 4 Bed 5) J-WD Infect Dis (Bay 2 Bed 4)

"? ' Notifications: 0 "2 Notifications: 0

Q1'4,
0 37

i STANDING
= Q= 9o

Ward Name Patient, Name

Figure 12 — A: vHDU dashboard, each card showing real-time vital sign data for each patient. B: vHDU e-obs chart for the
selected patient. Extracted from the published manuscript (CC BY 4.0) (Santos, M. D. et al. 2021)

Deployment, feedback outcome and current status
The first patient was registered on the 23 March 2020; and continuous support to the clinical staff
was given by the research and engineering team throughout the pandemic. This included training on

device calibration, connection and troubleshooting simple issues with the system.

Initial feedback on the system is explored in the manuscript (Santos, M. D. et al. 2021), with the
VitalPatch being well-received by both nurses and patients, as it was easy to fit and connect. On the
other hand, some patients found difficult to continuously wear the Nonin pulse oximeter, going in
accordance with the wearability study results (chapter 3). Displaying the 4-hourly nurse observations
alongside the wearables estimates in the Clinician Dashboard was also well-received by staff (Santos,

M. D. et al. 2021).
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The vHDU system has been used on/off throughout the pandemic and, as of 15 April 2021, a total 165
patients were monitored using our system, with 7752 total monitoring hours (approximately 323

days).

Future work

Future work will include the retrospective analysis of the vHDU data collected during the pandemic
as, despite acknowledgement of the physical effects of COVID-19, little is known about the trajectory
of vital signs for patients with this new condition (Pimentel et al. 2020). Our vHDU system
implementation in clinical practice offers an opportunity to examine the patterns of vital signs which
have been collected continuously over several days. This brings the potential to inform future
management of this illness and other similar viral respiratory infections. Furthermore, as intermittent
measurements of vital signs were also taken by staff using standard hospital equipment and based on
local early warning score protocols, these data offer the opportunity to compare the use of continuous
versus intermittent vital signs measurements to detect deterioration. Objectives/analysis are

discussed in chapter 7.

Contribution to knowledge and originality

The manuscript in Frontiers in Digital Health was a timely addition to the limited literature on the use

of wearable monitoring systems for remote patient monitoring during the pandemic:

1- It was an original piece of work implementing new technology as part of the covid response
in a local hospital;

2- Although its implementation was fast to support clinical staff, the background work
underpinning this was extensive (described in the previous chapters) allowing us to reassure
staff and patients the system was ready and safe for use;

3- Provided important technical and practical implementation details of a WMS in the general
ward environment;

4- Provided early data for other teams working in wearable remote covid patient monitoring;

5- Showcased other information on the training and education provided to the clinical staff for
them to be able to use the vHDU system; an essential requirement for any successful

deployment (Leenen et al. 2022a).

This paper was published in September 2021 and has been externally cited 10 times, using our system
and deployment data in a wide range of research (Cheong et al. 2022, L. Poisson and O’Leary 2022,
Alagumalai et al. 2022, van Goor et al. 2022, Kuo et al. 2022, Mejia, Rawal, and Rawat 2022, Pannase,
Mahakalkar, and Gomase 2022, Uwamariya 2021, Chau et al. 2022, Martin Yeves 2022).

45



Reflection

This unprecedented pandemic opened the opportunity to deploy the vHDU system earlier than
anticipated. Thanks to the effort from our research, engineering, and clinical teams, we managed to
quickly integrate the selected devices, finalise the system and train clinical staff to use it in the COVID
isolation wards. My contributions included supporting the design, testing, development, and
refinement of the vHDU system; as well as all activities around the deployment of the WMS in the
ward environment, such as stakeholders’ awareness and engagement to support its implementation
(IT, clinical governance and hospital management), clinical staff continuous training, support and
assistance throughout the pandemic. It also included constant monitoring and feedback to ensure

there were sufficient resources and the system was working properly.

Although there is still no strong evidence supporting the superiority of WMS, by adding the vHDU
system to these wards in addition to standard care practices, our system potentially allowed not only
to protect patients by promoting both their safety and mobility, but also the clinical staff, by reducing
and/or prioritising their contact with infected patients. This was especially significant in the beginning
of the pandemic, when the virality and severity of the virus was still unknown, personal protective
equipment (PPE) was insufficient and guidance unclear (Scally, Jacobson, and Abbasi 2020).
Deployment started in a single ward in the beginning of the pandemic, but with the rapid infection
and death rises, ICU beds filling and hospital resources consumption, soon other wards were
converted to COVID wards, and our WMS was requested throughout the hospital. This indicated the
potential clinical support that WMS, such as our vHDU system, can provide as part of the hospital

response in an emergency scenario.

Although there were some initial implementation challenges (such as clinical staff, management and
other stakeholders’ awareness of the system and training, technical infrastructure, system
troubleshooting, among others) one important factor for the successful development and deployment

of this system is our previous vHDU studies, which were crucial as:

- Prior selection of wearable devices (through studies explored in chapter 1-4 and unpublished
data) avoided the need for constant changes and iterations by nursing staff as devices/system
was rapidly adopted.

- The VitalPatch was disposable, and Nonin easily sterilised, avoiding the risk of spreading.

- Use of interfaces familiar to the local clinical staff (using our qualitative study insights in
chapter 2, and other unpublished qualitative interviews and focus groups data).

- Inclusion of fault-tolerant software mechanisms, such as automatically recover devices

connection, avoiding staff entering the room to resolve.
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- Rapid communication and feedback from the clinical to the research team, allowing swift

iterations and improvement of the system throughout the pandemic.

This experience also provided some important lessons for our future work (chapter 6). Examples

include (not limited to):

- The need for constant active involvement of all stakeholders (patients, clinical staff,
management, and other relevant departments) before, during and after deployment.

- Providing the primary users of the WMS (staff and patients), constant support, training and
continuously collecting their feedback to support future iterations of the system, ensuring it
is fit for purpose.

- Adapting WMS implementation around current clinical care practices, minimising disruption

during deployment.

In summary, this chapter outlines the process for the development and rapid implementation of the
vHDU system as part of our local hospital clinical response to the pandemic. This was the result of
years of testing and vHDU system development, discussed in the previous chapters, that was in a near-
ready state for implementation when the pandemic occurred. Deployment data and lessons learnt

supported the design of a local feasibility RCT, chapter 6.
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Chapter 6:
Feasibility Randomised Controlled Trial Protocol

Context and objectives

The meta-analysis discussed in chapter 1 highlighted the need for big and better clinical trials to assess
whether WMS can impact deterioration detection and associated clinical outcomes (Areia, Carlos et
al. 2021a). Therefore, a feasibility RCT was designed to assess the impact of the vHDU system
integration (with active clinical alerts) versus standard care in deterioration detection. This trial will
also explore other associated clinical outcomes, trial progression outcomes, staff impact, alerting
system performance, overall system reliability and patient experience (Areia, Carlos et al. 2022). Since
the COVID-19 deployment, the vHDU system has been augmented with the remaining vital signs:
temperature (through the updated version of the VitalPatch) and a new Blood pressure cuff (A&D UA-
1200 BLE device, A&D Medical, figure 13, therefore now monitoring all 5 vital signs continuously
through the vHDU system. The objective of this feasibility trial is to put this updated version of the
vHDU system to the test in surgical wards inside our local hospital, randomising 1:1 patients to either

vHDU or standard monitoring care.

Figure 13 - A&D UA-1200 BLE blood pressure monitor.

P10: Feasibility randomised controlled trial

Submitted to Pilot Pre-print (in review): Impact of an Ambulatory Monitoring System on

and Feasibility —Deterioration Detection and Clinical Outcomes in Hospitalised Patients.
studies journal A Feasibility Randomised Controlled Trial Protocol.
(2022) Areia C, Vollam S, Roman C, Santos M, Young L, Biggs C, Jarman A, Gerry

S, Tarassenko L, Watkinson P.
Table 8 - Chapter 6 included pre-print.
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Results (finalised protocol)

Both groups will be asked to use the vHDU system throughout their surgical ward length of stay (that

includes the Nonin pulse oximeter, the VitalPatch chest patch, the A&D blood pressure cuff, and a

tablet per patient). The difference between the intervention and control groups is that the clinical

staff can access the dashboard data for the intervention group and will be alerted when they

deteriorate. In the control group, patients will still be asked to wear the devices, but clinical staff will

not have access to their data on the dashboard nor receive any alerts.

Up to 240 patients will be recruited and this feasibility RCT will include a calibration period for the first

50 patients, where we will finalise our alerting system (criteria and thresholds), according to the

guidance highlighted in chapter 1 and continuous clinical staff feedback. Outcomes are thoroughly

described in the study protocol and include:

Primary:

1. Time from first period of unexpected physiological instability to set of observations

Secondary:

2. Other deterioration detection related outcomes
2.1.Frequency and duration of physiological instability periods and nursing visits

2.2.Time and frequency of unscheduled interventions

2.3.1CU Admission
2.4.Cardiac Arrest team call

2.5.Complications and adverse events

2.6.Control group only: Time difference between deterioration detection by nurse and

AMS
3. Other clinical outcomes

3.1. Mortality
3.1.1. ICU mortality
3.1.2. Hospital mortality
3.1.3. 30-day mortality

3.2.Length of stay (LOS)
3.2.1. Ward LOS
3.2.2. ICULOS
3.2.3. Hospital total LOS

4. Trial progression outcome
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4.1.Recruitment rate
4.2.Patient and staff adherence
4.3.Outcome selection
4.4.Randomisation method and confounders
5. Staff impact and alerts
5.1.Proportion of false alerts and alert optimisation process during calibration period
5.2.Staff perception of the system
6. System reliability
6.1. Level of agreement between vHDU and manual EWS and individual vital signs
6.2.Frequency and duration of data drop-out for each vital sign parameter
6.3. Causes of system down-time
6.4. Waveform quality
6.4.1. VitalPatch Electrocardiogram waveform signal quality (used in HR and
RR)
6.4.2. VitalPatch Accelerometer waveform signal quality (used in RR,
Posture, Steps)
6.4.3. VitalPatch temperature waveform signal quality
6.4.4. Nonin Infrared Photoplethysmography waveform signal quality (used
in Sp0O2 and PR)
7. Patient reported outcomes and experience
7.1. Patient Reported Outcome Measures (wearability questionnaire)
7.2.Patient compliance with wearable devices

7.3.Patient experience

Status

National ethical approval has been obtained by the Wales Research Committee 5 on the 24" August
2021 (reference 21/WA/0250). Trial successfully prospectively registered in ClinicalTrials.gov on the
12" November 2021 (ClinicalTrialsGov - NCT05118477). Recruitment started in August 2022.

Reflection

After the studies described in chapters 1-5, it is now time to put our system to the test in an unbiased
environment. The need for robust RCTs is raised in the systematic review (Areia, Carlos et al. 2021a),
and we are in an ideal position to conduct an initial local feasibility study. Then, if our progression
criteria goals are met, data from this trial will be used to make a formal application for external funding

for a multicentre RCT, with a thorough, data-based sample size calculation and an initial plan for the
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number of sites/wards to be included. This is a long-term plan to hopefully provide the much-needed

data and answer to my meta-analysis question (chapter 1).

In the protocol, | added three potential challenges that | feel needed to be discussed here. The first is
the intrinsic bias of patient recruitment, as previous experiences (unpublished) indicate that the most
likely population to consent for this trial are stable patients. During the design of the study, |

considered other practical strategies to avoid this, such as:

- Discuss study with patients as soon as they are admitted to the ward;

- Approach straight after surgery, as soon as they regain capacity and remove the traditional
continuous monitoring;

- ldentify and approach patients in ICU about to be discharged to the trial ward;

- Include other wards receiving ICU patients;

The second challenge is that we are currently not including patients without capacity for this study. |
believe this might be limiting our population, as patients under the Mental Capacity Act (MCA) may
represent a significant percentage of the population of interest, and we might be biasing our results
by not including them, when in fact these might be the ones needing it the most (more elderly,
comorbidities, etc...). Although these are just assumptions, if we find this percentage is indeed high in
the target wards, an amendment will be made to this protocol to request Confidentiality Advisory

Group (CAG) permission to also recruit these patients.

The third potential challenge of this study might be the blinding of the control group data, as patients
in this group will be encouraged to use the devices but will be blinded to its data. Clinical staff will also
be blinded to this group’s data and will not be alerted in case of a detected deterioration by the vHDU
system. We foresee some challenges explaining the importance of the control group data blinding and
will be conducting regular training sessions and 1:1 discussions with both staff and patients as

necessary to improve consent and retention rates.

My work in the vHDU project made me aware of all the potential challenges when developing, testing,
and deploying new technologies in clinical environments; and how simple practical things can serve
as a confounder and bias trials such as these, also a reason for conducting a feasibility study before
committing to a full trial. The pandemic deployment (chapter 5) taught me that there are a lot of
operational, technical, and practical issues that only emerge after deployment, when we move the

technology from the research (theoretical) to the clinical (practical) environment.

In summary, this protocol comprehensively outlines the methodological rationale and steps

underpinning this feasibility RCT, that will hopefully provide not only robust clinical data, but also
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operational insights so we can design a well-thought, multi-centre pragmatic RCT, that will give a fair

trial at this technology to prove its worth.
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Chapter 7
Critical Analysis

Narrative thread and final reflection

A conclusion from chapter 1 was that despite the exponential growth of WMS, few studies are testing
its implementation and clinical impact. Our previous work permitted to have the vHDU system in a
“near ready-state” by the time the COVID-19 pandemic started; allowing us to finalise its development
and quickly implement it in our local hospital. Our ability to quickly deploy a WMS inside the hospital
during the pandemic supports the links between chapters 1-4 in this synthesis, as several factors

contributed to its rapid and successful implementation:

a) Comprehensive understanding of current WMS clinical impact evidence (chapter 1) and local

monitoring practices and protocols (chapter 2):

The systematic review and meta-analysis provided important practical information on current
available devices capabilities, implementation challenges and system iterations with clinical
staff. An example would be the need to focus on actionable alerts. In chapter 1, all studies
with alerting systems focused their efforts in reducing artifacts and false alerts, by frequently
going to the wards, liaising, and collecting feedback with clinical staff and individualising
thresholds by adjusting the system to that particular patient (Weller, Foard, and Harwood
2018, Skraastad et al. 2020, Downey, C. et al. 2018, Downey, C L et al. 2018, Weenk et al. 2020,
2019). This was also described in chapter 2, where both nurses and patients agreed WMS
should not add more noise to the ward, as that will contribute even further to the already
existing alarm fatigue by the nursing staff (Areia, Carlos et al. 2021b). Furthermore, excessive
alarms can have a detrimental effect towards the system as it becomes challenging for staff
respond to the alerts, with other external factors also playing a role, such as staff capacity and
workload (Leenen et al. 2022a, Prgomet et al. 2016). There is also evidence that it may cause
distress and anxiety to patients, leading to more time spent from the clinical staff to reassure

them (van Loon et al. 2015, Downey et al. 2022).

The qualitative interviews provided further crucial guidance in the implementation of the
vHDU system, by understanding current monitoring practices and early clinical staff and
patient views on potential impact of WMS integration in clinical care. We tried to build our
system using the current practice knowledge acquired from this qualitative data and other

(unpublished) focus groups throughout the project.
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b) Selection of wearable devices with clinically acceptable wearability (chapter 3) and accuracy

(chapter 4):

Since the beginning of the project, we prioritised the need for a thoughtful balance between
wearability and accuracy. In chapter 2, nurses highlighted that traditional continuous
monitoring was not applicable to all patients, and could be disruptive if they wanted to
mobilise, often resulting in the removal of the monitoring cables. This reinforced the need of
the wearability study described in chapter 3 and was one of the main reasons why we started

by testing devices comfort before even submitting them to accuracy testing (chapter 4).

“It doesn’t matter how great a device is if patients don’t wear it.” — Nurse feedback during a

focus group (unpublished)

The work in chapter 1 also highlighted current concerns around devices accuracy, supporting
the need for an internal validation study (chapter 4) before moving them to the hospital
environment. After this, data was collected on both devices’ wearability and accuracy, that
allowed us, together with the clinical staff, to make an informed and prompt decision on which
devices would be integrated into the WMS to monitor isolated COVID patients (chapter 5).
For example, the Wavelet was the clear favourite pulse oximeter, due to the lack of a finger
probe, however it failed our accuracy tests. The second preference was the CheckMe 02+, as
a more user-friendly finger probe, that does not compress the fingertip, with clinically
acceptable accuracy results, not implemented during the pandemic only due to some practical
challenges (explored in chapter 5); being the selected pulse oximeter the Nonin. This was
reflected in the total worn time by patients in our wearability study, so | suspect worn times
would probably be much higher if the Wavelet or CheckMe were the ones used during COVID
deployment. Future companies should focus their efforts in developing a long-battery lasting,

accurate pulse oximeter with a user-friendly finger probe, or without one at all.

The diagnostic accuracy testing during movement and controlled hypoxia reassured staff and
COVID-19 patients in the isolation wards that all included finger worn pulse oximeters were
able to detect hypoxaemia, excluding the only wrist worn Wavelet device (Santos, M. et al.
2021). It also provided information on potential movements that could degrade performance
(for example rubbing or tapping the finger probe). | believe these results were able to
encourage patient mobility whilst in isolation, knowing they were still being continuously
monitored. The VitalPatch HR and RR validation analysis also reassured staff and patients that
its performance was not affected by most movements and moderate to severe hypoxia (as it

was common for covid patients to suddenly desaturate (Morgado Areia et al. 2021)).
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c) Continuing involvement and collaboration with clinical staff, hospital departments and

management (chapter 2-5)

As a result of the ongoing vHDU project work and communication with the multiple
departments involved, the vHDU system was quickly iterated and finalised with the clinical
staff. By using a familiar user interface, with minimal training, nursing staff when making their
observations were able to review the outputs of the data collection app on the Android tablet
as if it were a “bedside monitor” (Figure 11A and 11B). Additionally, the charts on the remote
Clinician Dashboard (Figure 12A and 12B) were modelled on those used in the electronic
observation system, already widely used throughout the hospital (Santos, M. D. et al. 2021).
We also made every effort to ensure the system could recover automatically from
disconnection and other issues, with me and my colleagues continuously present in the
isolation wards throughout the pandemic, minimising the need for technical troubleshooting
from clinical staff. Using the close collaborations between researchers, engineers, clinical
staff, and other hospital teams facilitated the continuous feedback and iterations throughout

the pandemic; continuously improving our system (Santos, M. D. et al. 2021).

According to our results throughout the vHDU project (Areia, Carlos et al. 20213, Xu et al. 2021, Areia,
Carlos et al. 2021b) and other research (Leenen et al. 20223, 2020, Sun et al. 2020), although wearable
technology is exponentially growing, there is still uncertainty around their accuracy (Xu et al. 2021)
and potential impact on patient safety (Areia, Carlos et al. 2021a); therefore these devices and systems
should be tested and implemented as a complement, and not a substitute, to standard care and direct
patient contact (Xu et al. 2021, Areia, Carlos et al. 2021b). It should also not disrupt normal care
pathways, for example not using WMS as the reason to discharge a patient earlier from ICU, as it might
result in higher nursing workload and unsafe care (Leenen et al. 2022a). Using the lessons learnt from
this deployment (chapter 5) and the information gathered throughout the vHDU studies, we have now
designed a feasibility RCT (chapter 6) to put our system to the test against standard care. Besides
assessing the impact of the vHDU system in deterioration detection and associated clinical outcomes
in our local hospital it will also evaluate the feasibility of a definitive RCT, this trial will support the
sample size calculation for the full study, assess the recruitment and retention rate and the need for
inclusion of other wards and other sites. Clinical staff and patient interviews and focus groups will
continue to be held for further refinement and improvement of the vHDU system, in particular to the

alerting system (Areia, Carlos et al. 2022).
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Overall contribution to the field

The vHDU studies were used for my doctoral portfolio as | strongly believe this project outlines a
robust pipeline from its concept to implementation. To my knowledge, although several research
teams and industry companies are developing and testing these medical devices and WMS, the vHDU
project is the first to transparently publish all the involved process to its deployment as part of the
local clinical response to the pandemic. Each step of this project has made significant individual
contributions to the field of wearable healthcare monitoring and is outlined in the respective chapter.
As described throughout this synthesis, all chapters and publications are inter-related (Appendix 1),

and often self-cited throughout the publications (citation network in Figure 14).

This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis can be
found in the Lanchester Library, Coventry University.

Figure 14 — Journals citation network, BMJ Open (P1 and P6), Critical Care (P2 and P3), Frontiers in Digital Health (P9), IMIR
(P6 and P7), IMIR mHealth and uHealth (P5), Journal of Advanced Nursing (P4), Research Square (P10). Figure downloaded
from Dimensions website (Hook, Porter, and Herzog 2018).

The biggest contribution of this synthesis is the pipeline and thread created throughout the vHDU
studies. This progressive work provides evidence and information not only on technical aspects (such
as accuracy and reliability assessment, system integration and deployment) but also on the human
factors surrounding our work. The interview and focus group qualitative data have been central
throughout this project, reiterating the importance of mixed-methods approach to this type of work
(Palinkas et al. 2011, Creswell and Plano Clark 2011), that proved to be crucial in the implementation

process during an unprecedented global emergency.

Overall, | believe my own contributions through this work also open multiple pathways to further

external research and provide important information on the steps in the development and
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deployment of wearable systems in the hospital environment, that can be of use to organisations and
clinical entities. Using wearables for remote monitoring have the potential to promote safety and early
deterioration detection, as well as improve clinical outcomes, and | believe we are not far from this
technology to be part of hospital care, however, research needs to continue to ensure its integration

is appropriate, by reducing care disruption and maximising its usefulness to all stakeholders.

As this work was funded by the NIHR Oxford Biomedical Research Centre, all the included outputs are
fully open access, meaning they can be easily and freely accessible to everyone interested in this work.
All manuscripts are published in journals in the top quartile of their respective field, from clinical
engineering, nursing, and critical care. With ranging impact factors from 2.692 t0 9.097, indicating that
all papers have been through several rounds of peer review and iterations before being published,

supporting the methodological quality of this doctoral work.

Overall limitations

Limitations of each paper are described inside the respective manuscript. This doctoral work also has
its limitations. Firstly, due to the pandemic, the vHDU project had to stop in the general wards, which
was also a strength as we focused our efforts on finalising and deploying the system in the covid
isolation wards, accelerating the development of the vHDU system. This re-focus considerably
delayed/cancelled the publication of other studies of this project (such as locational testing, user
interface development qualitative work, vital sign reliability surveys, among others, all unfinished or
unpublished). However, | strongly believe the included outputs are the main body of work

underpinning our vHDU project and this doctoral thesis.

Recommendations and future work

A clear plan needs to be developed by everyone involved on how best to harness this WMS technology
while integrating it into hospital care. Firstly, as already discussed, | am a strong advocate that initial
integration of WMS should always be as a complement and not a replacement to standard care (Xu et
al. 2021). Secondly, WMS needs to be optimised as much as possible before deployment, and should
not be disruptive of practices and protocols, to avoid resistance from staff, patients and other
stakeholders, ending in early technology failure (Taenzer et al. 2011). It should also consider all the
human factors surrounding its implementation and involve clinical staff and patients in its design from
the very beginning, to ensure systems are user-friendly, and are capturing and doing what staff and
patients need (Lewy 2015). Finally, | also believe that this technology is not applicable to all
environments and populations, so careful thought and discussions should be held before considering
its integration, to promote, or even welcome, its use and acceptance (Smuck et al. 2021, Downey et

al. 2022).
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“Implementation of these technologies requires the collaboration of the healthcare professionals and
patients, not just in adoption, but also in the process of development and implementation in best

practice and care pathways.” (Lewy 2015)

Not only the technology needs to be ready for clinical use, but also its end users need to be prepared,
as another important aspect of successful integration is appropriate staff training and education. Due
to several individual, organisational, and educational factors, there is overall lack of knowledge on
data interpretation, trend analysis and wearable technology knowledge by clinicians (Smuck et al.
2021). To support the rollout, testing, and training of WMS, perhaps the use of clinical champions to
support its deployment may increase the likelihood of its success. In the vHDU case, we kept strong
relationship with clinical staff throughout the project, and quickly built new ones with staff in the

isolation wards, with support from senior staff and Practice Development Nurses (PDNs).

A potential real positive impact from WMS could also be its integration into hospital systems, as
automatic real-time continuous monitoring may reduce the time spent on vital sign measurement and
manual recording into electronic systems (Redfern et al. 2019, Dall’Ora et al. 2019, 2021) and improve
staff workload and productivity (Leenen et al. 2022a, Areia, Carlos et al. 2021b). The vHDU system was
developed with the long-term of hospital system integration, however, during the feasibility and
testing, this system is only extracting data from the EPR and SEND (Wong et al. 2015) systems. Another
potential feature that we will perhaps explore in the future how to best incorporate nurses concern
into the vHDU system; | strongly believe the “nurse worry factor” to be a very powerful tool, especially
when a patient is deteriorating without physiological decline of their vital signs (as highlighted in
chapter 2), with several studies supporting its use (Odell, Victor, and Oliver 2009, Douw et al. 2016,
Mok, Wang, and Liaw 2015, van Rossum et al. 2021), and even suggesting it can outperform standard

EWS (Romero-Brufau et al. 2019).

With all these challenges and future work in mind, our next step is the feasibility RCT discussed in
chapter 6, with the long-term objective of acquiring independent funding for a full, multicentre RCT,
that will hopefully fill the gap highlighted in the meta-analysis (chapter 1). | envisage this work to
potentially provide robust data on the impact of WMS in the deterioration detection and associated
clinical outcomes, that will likely contribute to the future of clinical monitoring and healthcare

practice. As of the 5™ November 2022, the feasibility RCT is ongoing, currently recruiting patients.

Other analyses are being finalised and several other studies/ideas emerging from the work outlined

in this synthesis being explored (Table 9):
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Table 9 — Future research studies and ideas resulting from the vHDU project.

Resulted Study Status

from chapter

2 Clinical staff survey on the perceived reliability of current vital sign | Writing
monitoring methods used in the hospital environment

28&5 Clinical staff survey on the perceived reliability of current vital sign | Writing
monitoring methods versus vHDU system in the COVID wards

28&5 Qualitative interviews and focus groups analysis during VHDU system | Writing
development and COVID-19 deployment

5 Retrospective analysis of vital signs data from patients with COVID-19 | Data
using the 'virtual high dependency unit' monitoring system. analysis

Objectives will include:

a) Describe the physiological pattern of vital signs over the course of COVID-
19 infection for hospitalised level 1 patients.

b) Compare detection of clinical deteriorations in continuous ambulatory
monitoring of vital signs with deteriorations detected through
intermittent vital signs measurements.

c) Assess the number of adverse events in COVID-19 patients monitored via
the vHDU system.

d) Define antecedents to adverse events detected in continuous vital signs
data, compared with patients without an event.

e) Measure the agreement between vHDU system and nurse manual vital-
sign measurements.

f)  Measure vHDU system reliability

6 Impact of the vHDU system on deterioration detection and clinical | Ongoing
outcomes in hospitalised patients. A feasibility randomised controlled
trial (chapter 6)

2&6 Qualitative interviews and focus groups analysis during alerting system | Ongoing

iterations and feasibility RCT
Resulted Idea
from chapter

3 Develop scale for patient perceived comfort, wearability and safety of medical
wearable devices and/or WMS.

4 Pulse oximetry accuracy differences in different skin colour types (using the hypoxia
study data).

6 Full randomised controlled trial.

Other applications of the technology and contributions not explored in this synthesis

Besides the general ward, this or similar technology has the potential to promote patient safety in
other settings as well, such as care/nursing or the patient’s own home. The COVID19 pandemic has
boosted the growth of remote clinical monitoring in order to reduce admissions to hospital and ED

attendance, promote stable patients’ self-management and reduce readmissions and overall
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healthcare system capacity through the use of remote monitoring tools (Gruwez et al. 2022, Bouabida
et al. 2021, Pronovost, Cole, and Hughes 2022, Fan et al. 2021). Simultaneously to the vDHU project,
our team was also collaborating with the Nuffield Department of Primary Care Health Sciences and
developing hospital to home studies using similar monitoring technology in neck of femur fractures
(Armitage et al. 2020, 2021), COPD (Whelan et al. 2021) and hypertension (Armitage et al. 2019)
patients. | was also involved in another study testing the feasibility and accuracy of video-based non-
contact vital sign monitoring by mapping the lower limb skin perfusion using a camera (Harford et al.

2020).

These are just some examples of the panoply of fields and environments remote monitoring
technology can support; with several other healthcare applications that appropriate WMS integration

can potentially benefit.

Contributorship statements

All authors contributions as well as my own are outlined in the “author contribution” section of each
respective manuscript. In chapter 1, | conducted the systematic review and meta-analysis, from
research question design, protocol development, PROSPERO registration, protocol publication, study
selection, bias assessment, statistical analysis, manuscript writing, journal submission, peer review
response and letter response to editor. In chapter 2, | was responsible for qualitative data analysis,
manuscript writing and peer review response. In chapter 3 | was responsible for data analysis,
manuscript writing, journal submission and peer review response. For chapter 4 publications, | led the
protocol development and its publication (P6), managed regulatory approvals and amendments, led
the study during recruitment and data collection period, designed and analysed the data for the chest
patch validation study (P7), and was responsible for the respective journal submissions and peer
reviews. In chapter 5, | supported the design and testing of the vHDU system, implementation in the
COVID wards, reviewed and approved the final manuscript. Finally, in chapter 6, | collaborated with
the team to design the feasibility clinical trial (in peer review) and was responsible for the protocol

development and acquiring relevant national and local regulatory approvals.
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Research career, skill development and growth throughout project

As the vHDU project progressed, | progressively developed as a researcher with it, and have grown

from collaborating and supporting studies to design and lead my own (table 10).

Study activity contribution Chapter 1 2 3 4 5 6

PL [P2 |[P3 |P4 [P5 |P6 |P7 | P8 |[P9 |P10

Research question design

Protocol development

Research ethics application

Registered PROSPERO

Designed search strategy/terms

Selected studies for inclusion

Data extraction

Quality and bias assessment

Recruitment

Data/statistical analysis

Initial manuscript draft

Final approval of manuscript

Peer review response

Table 10 — Contributions table. Green: main responsible/lead, Yellow: supported, Red: not contributed, Grey: Not applicable.
* Note: In P9 refers not to the recruitment of research participants but implementation of the vHDU system in the clinical
wards.

Chapter 1 was the first systematic review that | designed and led from conception to publication. It
highlights the transparency | envisaged for the vHDU project at the time, by registering it early in
PROSPERO and publishing the protocol. This was a lengthy and laborious review, with over 18 months
of work and 8706 citations manually reviewed by me and another colleague. It made me appreciate
the multidisciplinary effort and all the background work that is necessary to produce a
methodologically robust review. It was also the first time | conducted a meta-analysis, that greatly

developed my statistical knowledge.

In chapter 2, it was my first experience in applied qualitative research, allowing me to develop and
apply thematic analysis principles (Braun and Clarke 2006, 2013). | now understand how demanding
qualitative research is, and how methodical thematic analysis needs to be to create robust qualitative
insights. Despite its challenges, all this work raised my own awareness to the importance of mixed-
methods research in digital health, and how crucial it was to promptly deploy the vHDU system during

COVID.
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Chapter 3 was my introduction to programming and statistics, for the first time, | designed and
conducted the statistical analysis using R and RStudio. This is where | discovered my passion for data
analytics and my development journey in this field began. Soon after, | joined a postgraduate course
in Health Data Analytics at UCL. In chapter 4, the chest patch validation required more advanced
statistics, and this challenge further progressed my skills in time series and big data analysis, with the

support of my engineering colleagues. | am now pursuing a full-time career in data science.

Chapter 4 was one of the most operationally challenging studies | have ever conducted, however, it
allowed me to develop my organisational and project management skills. As mentioned in this
chapter, by leading the day-to-day activities of this experiment, | had to manage a multitude of
variables to ensure everything was running smoothly, from facilities, resources, kit, participants, and
my own team. Although challenging, this also developed several of my leadership skills, such as conflict

resolution, motivational management and work ethics.

Chapter 5 outlines probably the most thrilling time of my career, that was simultaneously scary and
exciting, contributing not only to my professional, but also personal development. As a researcher
there is nothing as fulfilling to see our work being rapidly translated into clinical practice in a
worldwide emergency, supporting patients and staff during its deployment and seeing its impact in
real time. It is in these situations that one quickly realises that all the work and dedication was surely

worth it, and how important robust research is.

Finally, chapter 6 converges my previous work in the design of a feasibility clinical trial. My previous
experiences made me aware of all the challenges when developing, testing, and deploying new
technologies in clinical environments; and how simple practical things can serve as a confounder and
bias trials such as these, also a reason for conducting a feasibility study before committing to a full
trial. The pandemic deployment taught me that there are a lot of operational, technical, and practical
issues that only emerge after deployment, when we move the technology from the research
(theoretical) to the clinical (practical) environment. Hopefully, this study will provide not only robust
clinical data, but also operational insights so we can design a well-thought, pragmatic RCT, that will

give a fair trial at this technology to prove its worth.

There is an immense collaborative effort behind the work outlined in this synthesis. Besides the multi-
professional research group from diverse departments within the University of Oxford, | have also
closely collaborated with multiple industry partners and local hospital departments (such as clinical
engineering, IT, clinical governance, amongst many others). This allowed me to build a solid network

of colleagues throughout these publications (Figure 15).
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This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis can be found
in the Lanchester Library, Coventry University.

Figure 15 — Researchers network from included publications. Note: network limited to included studies. Extracted from
Dimensions software (Hook, Porter, and Herzog 2018)

The vHDU project greatly contributed to my development as clinical academic, as | feel fully capable
to lead studies through their life cycle, from protocol development, ethical submissions, project
management, data analysis, to publication and dissemination. Besides, | also feel confident in leading
different types of research, such as systematic reviews, qualitative, quantitative (observational,
diagnostic, interventional and RCTs) and mixed-methods studies. More importantly, this project

taught me to see the several components of research as a whole and think about the big picture.

The first publication from this thesis was published in early 2020, with the last still in peer-review
(submitted February 2022). All 10 outputs included a total of 52 citations, with a mean of 5.2 citations
per article (Figure 16). In the past couple of years my vHDU work has also been mentioned 159 times
on Twitter, 2 on Facebook, 4 in news, 1 in blogs, 3 in peer reviews (Figure 17). Whenever possible, |
tried to publish the study protocol for methodological transparency, and the work on this project

made me realise my position as an advocate of “open access” research.
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Figure 16 —Citations from publications included in this synthesis as of 05" November 2022. Extracted from Dimensions
software (Hook, Porter, and Herzog 2018). Solid line refers to complete years (2019, 2020 and 2021) and dotted line the
current year (November 2022).
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Figure 17 — Historical social media mentions from publications included in this synthesis as of 05" November 2022. Extracted
from Altmetric software (Digital Science 2022).

| have also showcased some of my vHDU project work in national and international conferences in the
past few years, from allied health professional to critical care themed conferences. There | have
presented posters (Areia, C et al. 2022b, 2020), rapid (Areia, C et al. 2022a, 2021, Areia et al. 2019b)
and platform presentations (Areia, C et al. 2022c). | believe this dissemination work was important to
reach other academics, clinicians and promote public awareness of remote wearable monitoring

capabilities and developments.
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Furthermore, | am also an advocate for health data science and analytics skills for nurses and allied
health professionals, providing support and teaching whenever possible. | have been an Associate
Lecturer at Oxford Brookes University since 2021, and recently tutored 2 MSc thesis to completion at

Oxford Brookes University, with the themes:

A) “A Systematic Review and Meta-Analysis Investigating the Effects of mHealth Exercise
Interventions in Relation to a Comparator for Individuals with Type 2 Diabetes Mellitus (T2DM).”
B) “The effectiveness of wearable devices on pressure ulcer prevention compared to standard care:

a systematic review, meta-analysis and narrative analysis.”

In summary, my work on the vHDU knowledge allowed me to develop, among many others, my
research, organisational and leadership skills and establish myself as an academic in the field of
wearable monitoring. It also allowed me to find my passion for data analytics that | am now pursuing
as a career alongside clinical and research work. This doctoral degree will hopefully open the door to

future opportunities of independent funding and leadership.
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Conclusion

This doctoral synthesis showcases the work and impact of the vHDU project through its multiple
studies, from evidence gap identification on the impact of WMS, to wearables devices selection and
testing, WMS development and deployment during the COVID-19 pandemic, and design of a
randomised trial, that circles back to the first stage, with the aim of providing scientific evidence on
the impact of our WMS (vHDU system) in deterioration detection and associated clinical outcomes.
Besides highlighting each study and overall project contributions to knowledge, this synthesis also
emphasised my own contributions to the field of wearable healthcare monitoring, as well as my
development and growth as a clinical researcher from a supporting/coordination role to designing,

managing, and leading my studies within this project.

The contributions of this synthesis and my work within this project are numerous, that range from
thorough methodological and reproducible published protocols widely available to the public, to
providing mixed-methods data on the existing state of evidence in the field, current local monitoring
experiences by local staff and patients, devices wearability, validation and diagnostic accuracy,
detailed WMS development and implementation data during COVID-19, and finally, how all this work
will converge in a clinical trial. The novelty of this work does not only open the door to a wide range
of other studies, but also provides important lessons learnt and other data that will support fellow
colleagues in their own research. Hopefully, this project and my future work in the field will keep
supporting the development, testing, and integration of appropriate wearable healthcare monitoring
technology in the hospital environment, improve patient safety and perhaps even help shaping the

future of healthcare.
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	Abstract 
	Current practice uses physiological early warning scoring (EWS) systems to monitor “standard” vital signs, including heart rate (HR), respiratory rate (RR), blood pressure (BP), oxygen saturations (SpO2) and temperature, coupled with a graded response such as referral for a senior review or increasing monitoring frequency. Early detection of the deteriorating patient is a known challenge within hospital environments, as EWS is dependent on correct frequency of physiological observations tailored to specific
	This doctoral work aims to critically analyse the roadmap work of the vHDU project, containing ten publications distributed throughout 7 chapters. Chapter 1 (with 3 publications) includes a systematic review and meta-analysis identifying the lack of statistical evidence of the impact of WMS in early deterioration detection and associated clinical outcomes, highlighting the need for high-quality randomised controlled trials (RCTs). It also supports the use of WMS as a complement, and not a substitute, for st
	This work is now converging in the design of a feasibility RCT to test the impact of the vHDU system (now augmented with blood pressure and temperature monitoring, completing all 5 vital signs) versus 
	standard care in an unbiased environment (chapter 6). This will also ascertain the feasibility for a multicentre RCT, that may in the future, contribute with the much-needed statistical evidence to my systematic review and meta-analysis research question, highlighted in chapter 1. Finally, chapter 7 includes a critical reflection of the vHDU project and overall doctoral work, as well as its contributions to the field of wearable monitoring. 
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	Note to the reader 
	1. This synthesis discusses a total of 10 publications. They are all open access with the respective links throughout each relevant section and bibliography. It is advisable these are read before or during their respective chapter. 
	1. This synthesis discusses a total of 10 publications. They are all open access with the respective links throughout each relevant section and bibliography. It is advisable these are read before or during their respective chapter. 
	1. This synthesis discusses a total of 10 publications. They are all open access with the respective links throughout each relevant section and bibliography. It is advisable these are read before or during their respective chapter. 

	2. Academic writing is traditionally written in the third person, such as a traditional PhD thesis. However, to fulfil a PhD by publication requirements, this Critical Overview document was created with the objective of outlining my work and contributions to the field as well as my career development as a researcher. Therefore, first person will also be used throughout this document in the “Reflection” sections.  
	2. Academic writing is traditionally written in the third person, such as a traditional PhD thesis. However, to fulfil a PhD by publication requirements, this Critical Overview document was created with the objective of outlining my work and contributions to the field as well as my career development as a researcher. Therefore, first person will also be used throughout this document in the “Reflection” sections.  


	Introduction 
	Background 
	Deterioration detection and action on physiological indicators of worsening illness in acute hospital wards is a challenge acknowledged for more than 25 years (Mcquillan et al. 1998, Watkinson et al. 2006).  Standard vital sign monitoring, namely pulse rate (PR) or heart rate (HR), respiratory rate (RR), blood pressure (BP), oxygen saturations (SpO2) and temperature, remain common practice throughout hospital and clinical facilities (National Institute for Health Care Excellence 2007, National Institute for
	In the general ward environment, as common practice is manual intermittent vital sign measurements by the clinical staff, EWS are dependent on the correct and individualised monitoring frequency (Jansen and Cuthbertson 2010). A known limitation is that manual measurements (including application of devices and documentation of results) can be time consuming for healthcare professionals and, consequently, the optimal monitoring frequency is often missed (Cardona-Morrell et al. 2016). Of more concern is that e
	Patients at higher risk are often continuously monitored, improving early detection of deterioration (Prgomet et al. 2016). However, in the UK, this type of monitoring is not commonly used in the ward environment (Bonnici et al. 2013). Downey et al. suggested in their review that continuous vital sign monitoring outside the intensive care has the potential to improve patient outcomes when compared with intermittent monitoring (Downey, C.L. et al. 2018b, Javanbakht et al. 2020). A later study also indicated 
	potential to increase the timely detection of patient deterioration, limitations in automatic vital sign monitoring technology can pose a barrier to implementation (Prgomet et al. 2016). Current literature highlights some of the potential challenges, such as the invasiveness of traditional wired continuous monitors (Bonnici et al. 2013, Downey, C.L. et al. 2018b), as they can restrict patient mobility and independence in the general ward environment, thus affecting its compliance (Baig et al. 2017, Pavic et
	In response to these limitations in healthcare monitoring, companies are extending the capabilities of commercially available wearable vital sign monitoring systems (Appelboom et al. 2014). Wearable devices might have the potential to bridge the gap between intermittent manual observations and traditional wired continuous monitors (Weenk et al. 2017). These can perhaps improve patient safety and earlier detection of deterioration through continuous monitoring, while optimising clinical staff time and promot
	The virtual High Dependency Unit (vHDU) project is a multidisciplinary collaborative effort between the Critical Care Research Group (CCRG) from the Nuffield Department of Clinical Neurosciences and the Institute of Biomedical Engineering (IBME), University of Oxford. This team includes doctors, nurses, and allied health professionals (AHPs) specialised in emergency and critical care, as well as engineers, statisticians, and methodologists. This project was created with the overall objective to develop and 
	  
	Portfolio and objectives 
	This portfolio includes a selection of my publications throughout the vHDU project (table 1). This synthesis will explore their relationship and build a coherent thread of the pipeline development and impact of my work. It contains seven chapters and a total of 9 peer-reviewed publications and 1 pre-print (currently in the 2nd peer review-round): 
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	Chapter 
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	# 
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	Journal, year and impact 
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	Title and link 
	Title and link 

	Ref 
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	BMJ Open   
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	2021 
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	Protocol for a systematic review assessing ambulatory vital sign monitoring impact on deterioration detection and related clinical outcomes in hospitalised patients
	Protocol for a systematic review assessing ambulatory vital sign monitoring impact on deterioration detection and related clinical outcomes in hospitalised patients
	Protocol for a systematic review assessing ambulatory vital sign monitoring impact on deterioration detection and related clinical outcomes in hospitalised patients
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	.  


	(Areia, Carlos et al. 2021c) 
	(Areia, Carlos et al. 2021c) 


	TR
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	BMC Critical Care 
	BMC Critical Care 
	2021 
	Impact factor: 9.097 

	The impact of wearable continuous vital sign monitoring on deterioration detection and clinical outcomes in hospitalised patients: a systematic review and meta-analysis.
	The impact of wearable continuous vital sign monitoring on deterioration detection and clinical outcomes in hospitalised patients: a systematic review and meta-analysis.
	The impact of wearable continuous vital sign monitoring on deterioration detection and clinical outcomes in hospitalised patients: a systematic review and meta-analysis.
	The impact of wearable continuous vital sign monitoring on deterioration detection and clinical outcomes in hospitalised patients: a systematic review and meta-analysis.
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	BMC Critical Care 
	BMC Critical Care 
	2021 
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	Continuous wireless postoperative monitoring using wearable devices: further device innovation is needed.
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	Continuous wireless postoperative monitoring using wearable devices: further device innovation is needed.
	Continuous wireless postoperative monitoring using wearable devices: further device innovation is needed.

	  


	(Xu et al. 2021) 
	(Xu et al. 2021) 
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	Journal of Advanced Nursing 
	Journal of Advanced Nursing 
	2021 
	Impact factor: 3.187 

	Experiences of current vital signs monitoring practices and views of wearable monitoring: A qualitative study in patients and nurses.
	Experiences of current vital signs monitoring practices and views of wearable monitoring: A qualitative study in patients and nurses.
	Experiences of current vital signs monitoring practices and views of wearable monitoring: A qualitative study in patients and nurses.
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	JMIR mHealth and uHealth 
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	Wearability Testing of Ambulatory Vital Sign Monitoring Devices: Prospective Observational Cohort Study.
	Wearability Testing of Ambulatory Vital Sign Monitoring Devices: Prospective Observational Cohort Study.
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	BMJ Open 
	BMJ Open 
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	Protocol for a prospective, controlled, cross-sectional, diagnostic accuracy study to evaluate the specificity and sensitivity of ambulatory monitoring systems in the prompt detection of hypoxia and during movement.
	Protocol for a prospective, controlled, cross-sectional, diagnostic accuracy study to evaluate the specificity and sensitivity of ambulatory monitoring systems in the prompt detection of hypoxia and during movement.
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	JMIR 
	2021 
	Impact factor: 5.430 

	Chest patch for continuous vital-sign monitoring: A clinical validation study during movement and controlled hypoxia.
	Chest patch for continuous vital-sign monitoring: A clinical validation study during movement and controlled hypoxia.
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	Wearable pulse oximeters in the prompt detection of hypoxaemia and during movement: a diagnostic accuracy study
	Wearable pulse oximeters in the prompt detection of hypoxaemia and during movement: a diagnostic accuracy study
	Wearable pulse oximeters in the prompt detection of hypoxaemia and during movement: a diagnostic accuracy study
	Wearable pulse oximeters in the prompt detection of hypoxaemia and during movement: a diagnostic accuracy study
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	Final reflection 
	 




	Table 1 – List of publications. 
	This synthesis aims to present the pipeline work from the vHDU project, from device selection, testing, system development and integration, implementation, and future work. Objectives include: 
	1- To assess current evidence on the impact of WMS in deterioration detection and associated clinical outcomes versus standard care (Chapter 1). 
	1- To assess current evidence on the impact of WMS in deterioration detection and associated clinical outcomes versus standard care (Chapter 1). 
	1- To assess current evidence on the impact of WMS in deterioration detection and associated clinical outcomes versus standard care (Chapter 1). 

	2- To understand patient and clinical staff experiences of current practice and views of WMS (Chapter 2). 
	2- To understand patient and clinical staff experiences of current practice and views of WMS (Chapter 2). 

	3- To test the wearability of selected wearable monitoring devices (Chapter 3). 
	3- To test the wearability of selected wearable monitoring devices (Chapter 3). 

	4- To test the measurement accuracy of selected wearable monitoring devices (Chapter 4). 
	4- To test the measurement accuracy of selected wearable monitoring devices (Chapter 4). 

	5- To integrate final wearable devices, develop vHDU system and outline implementation process during COVID-19 (Chapter 5). 
	5- To integrate final wearable devices, develop vHDU system and outline implementation process during COVID-19 (Chapter 5). 

	6- To design a feasibility RCT testing the vHDU system against standard care (Chapter 6). 
	6- To design a feasibility RCT testing the vHDU system against standard care (Chapter 6). 

	7- Outline each publication and overall project contributions to the field, as well as my own development as a clinical academic researcher throughout this project (Chapter 7).  
	7- Outline each publication and overall project contributions to the field, as well as my own development as a clinical academic researcher throughout this project (Chapter 7).  


	This portfolio of publications should constitute an equivalent body of work of a traditional PhD. 
	Summary of chapters and contributions  
	Figure 1 provides a flowchart of the link between chapters/publications, with a more descriptive visual guide in Appendix 1. Besides the individual contribution of each chapter and respective studies, the pipeline of publications and the critical analysis included in this synthesis provide detailed information on the processes and lessons learned in the testing, development, and clinical implementation of a WMS in the hospital ward environment. 
	 
	Figure
	Figure 1 – Doctoral synthesis chapters and publications flow-diagram. 
	Chapter 1 highlights the lack of current evidence on the superiority of WMS over standard care, through a comprehensive systematic review and meta-analysis. P1 is the review protocol providing a thorough methodological description of the process and aims for both the meta-analysis and narrative synthesis. P2 is the systemic review and meta-analysis, highlighting the literature gap and the need for high quality trials to answer the research question. It also provides secondary information on included WMS stu
	Chapter 2 builds on the gap identified in chapter 1, exploring both clinical staff and patients’ experiences of using current monitoring practices and their early thoughts on WMS use in the ward environment. This chapter includes one publication (P4) that explores the clinical behaviour and challenges on current vital sign monitoring practices, supporting researchers in identifying gaps that can be filled with wearable technology and important aspects of WMS implementations (such as views on not replacing d
	These two chapters (1 and 2), and respective publications, focused on identifying and discussing gaps in the literature, both for current monitoring practices and WMS clinical implementation. They provided early data not only on the state of evidence in the field, but also practical local knowledge on what and how we should develop and test WMS. Considering this, chapter 3 contains another 
	publication (P5), one of the few available studies in the literature testing devices wearability. Our results reinforce the importance on the balance between devices accuracy and comfort to maximise worn times and, consequently, data acquisition. The results suggested that pulse oximeters without a fingertip compressing probe were preferred, as well as a small patch. This study narrowed our list of potential vital sign monitoring devices from 7 to 5 devices, subjected to accuracy testing. 
	Chapter 4 harnesses the information from chapter 1 and tests the finally selected 5 devices from chapter 3. This chapter includes one of the most challenging and innovative accuracy studies within this project. The selected devices were submitted to movement and controlled moderate to severe hypoxia testing, in comparison to both clinical and gold standard devices for HR, RR and SpO2. Due to its complexity, the protocol outlining the rationale and methodological procedures for the “Hypoxia study” was early 
	Chapters 3 and 4 focused on the selection and testing of commercially available devices. The aim was to find a thoughtful balance between wearability and accuracy of these devices to select the most appropriate to incorporate the vHDU system. Using this information, chapter 5 describes the process of the final device selection, integration, and development of the vHDU system(P9). It provides information on the prompt deployment in the COVID-19 wards, to support staff minimising their exposure while continuo
	Chapter 6 aggregates the above work and describes in detail the design for a feasibility RCT (P10). This study will not only gather initial data testing the vHDU system vs standard care but also provide secondary data on other clinical and practical outcomes, such as its feasibility to move to a well powered multicentre RCT, that will contribute to the gap of evidence highlighted in chapter 1. 
	Chapter 7 includes a final critical analysis of all the work, links within these publications and its contribution to the field of wearable monitoring. It also explores both my own contributions as well as my growth and development as a clinical researcher throughout each study and the overall vHDU project. 
	Autobiographical context of the portfolio  
	Early career 
	Physiotherapist by background, my early career was mostly clinical between 2013 and 2016; having worked in several hospitals, clinics, and sports clubs in Portugal. In 2016 I moved to the UK where I continued my physiotherapy work. My first contact with research happened during my ERASMUS programme at Southampton University, in 2013, doing a qualitative systematic review (Demain et al. 2015) and then later, in my MSc thesis, where I conducted a cross-sectional study of young athletes with and without a part
	To achieve this, in late 2016, I gained a role as a Clinical Trial Manager for a national multicentre RCT, recently published in The Lancet journal (Beard et al. 2022); this turned my research spark into a small flame, that gradually grew as the RCT developed through protocol design, ethical approvals and patient recruitment and study management activities. Although I enjoyed working in a big RCT, I decided to welcome a new opportunity by moving to more applied research in the wearable monitoring field and 
	Portfolio work 
	By getting involved in several studies simultaneously from the beginning (inside and outside the vHDU project) I quickly realised that I needed a better understanding of data and statistical knowledge, that steered me into initiating a postgraduate certificate in Health Data Analytics at University College London (UCL) in 2019.  
	Responsibilities when I started in the vHDU project included supporting and coordinating current studies, such as the clinical staff qualitative interviews (chapter 2) and the wearability study (chapter 3). That gave me a very good early insight into the main research question for this project, its vision and end goal. However, it was at this point that I identified a big gap in this project and current literature in the field, on the current impact of WMS in deterioration detection and associated clinical 
	By early 2020, the small research flame was now fully bursting, and I was designing and leading multiple studies and analysis within the vHDU project. During this, I also started showcasing my work at national and international conferences. Then, the COVID pandemic arrived, and like most research activities around the world, we had to pause participant recruitment in the vHDU project, and all other studies ran by our group. This allowed us to focus our efforts on finalising the monitoring system and work wi
	I am an advocate for methodological quality in digital health implementation projects and data analytics knowledge amongst nurses and health professionals. I also maintain my tutoring and teaching activities and contribute to multiple digital health projects, through consultancy and academic work. Alongside my academic and data science career, I still keep some clinical work, as I believe maintaining patient contact greatly contributes to my research activities, as well as my research and academic knowledge
	  
	Chapter 1:   Current evidence of wearable monitoring systems impact on deterioration detection 
	Context and objective 
	While designing the vHDU studies, it was important to understand the current state of knowledge of the impact of WMS in clinical deterioration detection and associated outcomes, as well as an overview of the wearable monitoring devices and systems being used by other teams around the world working in the field. Previous research indicated that WMS might have the potential to promote early deterioration and impact patient outcomes, such as decreased mortality, intensive care admission, rapid response team ac
	To better explore this, a systematic review and meta-analysis was designed with the objective to assess the impact of vital sign monitoring on the detection of physiological deterioration and related clinical outcomes of hospitalised patients using WMS in comparison with standard care. The protocol was registered in PROSPERO (CRD42020188633), and the result published in a peer-reviewed journal (Areia, Carlos et al. 2021c).  
	P1: Published protocol 
	BMJ Open   
	BMJ Open   
	BMJ Open   
	BMJ Open   
	BMJ Open   
	2021 
	Impact factor: 2.692 

	Protocol for a systematic review assessing ambulatory vital sign monitoring impact on deterioration detection and related clinical outcomes in hospitalised patients
	Protocol for a systematic review assessing ambulatory vital sign monitoring impact on deterioration detection and related clinical outcomes in hospitalised patients
	Protocol for a systematic review assessing ambulatory vital sign monitoring impact on deterioration detection and related clinical outcomes in hospitalised patients
	Protocol for a systematic review assessing ambulatory vital sign monitoring impact on deterioration detection and related clinical outcomes in hospitalised patients

	 

	Areia C, Vollam S, Young L, Biggs C, Pimentel M, Santos M, et al. 

	 
	 
	Figure
	2 citations 




	P2: Published systematic review and meta-analysis 
	BMC Critical Care 
	BMC Critical Care 
	BMC Critical Care 
	BMC Critical Care 
	BMC Critical Care 
	2021 
	Impact factor: 9.097 

	The impact of wearable continuous vital sign monitoring on deterioration detection and clinical outcomes in hospitalised patients: a systematic review and meta-analysis.
	The impact of wearable continuous vital sign monitoring on deterioration detection and clinical outcomes in hospitalised patients: a systematic review and meta-analysis.
	The impact of wearable continuous vital sign monitoring on deterioration detection and clinical outcomes in hospitalised patients: a systematic review and meta-analysis.
	The impact of wearable continuous vital sign monitoring on deterioration detection and clinical outcomes in hospitalised patients: a systematic review and meta-analysis.

	 

	Areia C, Biggs C, Santos M, Thurley N, Gerry S, Tarassenko L, Watkinson P, Vollam S. 

	 
	 
	Figure
	7 citations 




	P3: Published response to letter to editor 
	BMC Critical Care 
	BMC Critical Care 
	BMC Critical Care 
	BMC Critical Care 
	BMC Critical Care 
	2021 
	Impact factor: 9.097 

	Continuous wireless postoperative monitoring using wearable devices: further device innovation is needed.
	Continuous wireless postoperative monitoring using wearable devices: further device innovation is needed.
	Continuous wireless postoperative monitoring using wearable devices: further device innovation is needed.
	Continuous wireless postoperative monitoring using wearable devices: further device innovation is needed.

	 

	Xu W, Ghabirans A, Bissett I, O’Grady G, Wells C, Areia C, Biggs C, Santos M, Thurley N, Gerry S, Tarassenko L, Watkinson P, Vollam S. 

	 
	 
	Figure
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	Table 2 – Chapter 1 included publications with citation and mentions information. Extracted 05th November 2022. 
	Results 
	This meta-analysis analysed 8706 citations and included 10 studies. Our results highlighted the lack of evidence on WMS superiority over standard care for early deterioration detection and associated clinical outcomes (although there was some non-statistically significant trend towards its positive impact) (Areia, Carlos et al. 2021a). Due to the heterogeneity among the included studies design, quality and outcome measures, it was not possible to reach a definite conclusion on whether WMS implementation can
	A “letter to the editor” was received from a research team in New Zealand, defending that we are not yet at the stage of conducting well powered RCTs and more validation studies are required to ascertain devices accuracy (Xu et al. 2021).  Our published response clarified an important aspect of our (and other researchers, as highlighted in this review) work, also emerged in our qualitative study (explored in chapter 2). Currently, due to the lack of evidence supporting its superiority, WMS should not be tes
	Contribution to knowledge and originality 
	This systematic review highlighted important points that were crucial for the development of our wearable monitoring system (vHDU system) and will support further research in the field: 
	1. Agreed with previous research supporting that most WMS are still in the feasibility testing phase and few have been implemented or tested in a clinical environment (Areia, Carlos et al. 2021a, Leenen et al. 2020) and there is an urgent need for high quality studies comparing WMS vs standard care, to prove its impact in hospitalised patients’ safety and support its implementation, encouraging our future work (chapter 6).  
	1. Agreed with previous research supporting that most WMS are still in the feasibility testing phase and few have been implemented or tested in a clinical environment (Areia, Carlos et al. 2021a, Leenen et al. 2020) and there is an urgent need for high quality studies comparing WMS vs standard care, to prove its impact in hospitalised patients’ safety and support its implementation, encouraging our future work (chapter 6).  
	1. Agreed with previous research supporting that most WMS are still in the feasibility testing phase and few have been implemented or tested in a clinical environment (Areia, Carlos et al. 2021a, Leenen et al. 2020) and there is an urgent need for high quality studies comparing WMS vs standard care, to prove its impact in hospitalised patients’ safety and support its implementation, encouraging our future work (chapter 6).  

	2. Aggregated important information on alerting systems, such as thresholds, iterations, alert rates, among others. This was not only crucial for the design of our vHDU system (chapter 5), but may also support future studies and innovations, by learning processes and lessons learnt from previous similar research included in this review, such as reducing the rate of alerts to avoid alarm fatigue from the clinical staff (Areia, Carlos et al. 2021a, 2021b). 
	2. Aggregated important information on alerting systems, such as thresholds, iterations, alert rates, among others. This was not only crucial for the design of our vHDU system (chapter 5), but may also support future studies and innovations, by learning processes and lessons learnt from previous similar research included in this review, such as reducing the rate of alerts to avoid alarm fatigue from the clinical staff (Areia, Carlos et al. 2021a, 2021b). 

	3. Reiterated the importance to test and implement wearable technology as a complement, and not a substitute to standard care, due to concerns around devices accuracy (Xu et al. 2021) and direct contact disruption (see chapter 2). 
	3. Reiterated the importance to test and implement wearable technology as a complement, and not a substitute to standard care, due to concerns around devices accuracy (Xu et al. 2021) and direct contact disruption (see chapter 2). 


	4. Emphasised the importance of publication transparency by analysing clinical trial registration information and identifying studies that were registered but not published. For example, we found most included studies were not registered prospectively. We also identified four studies that might have contributed to this systematic review, highlighting this under-reported and non-published evidence, which could have potentially impacted our results. 
	4. Emphasised the importance of publication transparency by analysing clinical trial registration information and identifying studies that were registered but not published. For example, we found most included studies were not registered prospectively. We also identified four studies that might have contributed to this systematic review, highlighting this under-reported and non-published evidence, which could have potentially impacted our results. 
	4. Emphasised the importance of publication transparency by analysing clinical trial registration information and identifying studies that were registered but not published. For example, we found most included studies were not registered prospectively. We also identified four studies that might have contributed to this systematic review, highlighting this under-reported and non-published evidence, which could have potentially impacted our results. 


	Although this meta-analysis (P2) was recently published (September 2021), our paper has already been externally cited by several research teams (Yizhe 2021, Leenen et al. 2022a, 2022b, López-Espuela et al. 2022, Aagaard et al. 2022, Tange Larsen et al. 2022), supporting its recognition by the scientific community and its contribution to the field. Similarly, our response letter (P3, published in December 2021) has also been used by our New Zealand colleagues (Wells et al. 2022, Xu et al. 2022). 
	Reflection 
	The systematic review suggests there is currently no evidence to support the use of WMS for deterioration detection and associated outcomes over standard care. These results are not unexpected, and highlights the need for more and better studies, building a case for our feasibility RCT (explored in chapter 6). By aggregating WMS information and contacting the authors during this review, I collected several practical insights and lessons (e.g. appropriate team presence during WMS implementation, refining ale
	Additionally, this review adds something that I have never seen elsewhere, which is the inclusion of studies registration details and the ratio of registered/published studies. This was an important step in ensuring rigour and assessing publication bias (Viergever and Ghersi 2011). Hopefully, other reviews will follow this example and conduct a trial registry review as part of their work, encouraging researchers to publish and share what they registered. This also made me reflect on the challenges of conduc
	In summary, this review nicely complemented our vHDU project by highlighting the lack of statistical evidence in the field and providing important data to the development and implementation of our WMS, setting the field for next chapters’ work. 
	Chapter 2: Clinical staff and patient views of current monitoring practices inside the hospital, and early views on WMS 
	Context and objective 
	For successful implementation of a new WMS, it is important to understand current vital sign monitoring practices and how to best plan this new technology implementation in the ward environment, avoiding disruption of current practices and protocols as well as resistance from the clinicians and patients using it (Taenzer et al. 2011, Lewy 2015). To fill this knowledge gap and to better understand our local practices and procedures, this qualitative study interviewed 15 nurses and 15 patients in a local surg
	P4: Qualitative study 
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	Table 3 - Chapter 2 included publication with citation and mentions information. Extracted 05th November 2022. 
	Results  
	The results provided the qualitative groundwork that informed our vHDU project throughout, as the following interconnected themes were identified:  
	- Vital sign data as evidence for escalation 
	- Vital sign data as evidence for escalation 
	- Vital sign data as evidence for escalation 

	- Trustworthiness of vital sign data 
	- Trustworthiness of vital sign data 

	- Finding a balance between continuous and intermittent monitoring 
	- Finding a balance between continuous and intermittent monitoring 


	Introduction of the concept of ambulatory wearable devices and WMS was viewed positively by both groups as offering solutions to some of the issues identified with traditional wired monitoring through the interviews. However, most agreed that this would not be suitable for all patients and should not replace direct nurse/patient contact. Previous studies support that WMS have the potential to facilitate earlier deterioration detection and improve patient safety without posing a barrier to mobility, as well 
	Contribution to knowledge and originality  
	Besides providing a solid qualitative foundation of current nurses and patient experiences for our vHDU project, this work highlighted several points that are crucial for both clinicians and researchers in the field: 
	1- Nurses frequently use vital sign data to support their concerns and facilitate escalation. 
	1- Nurses frequently use vital sign data to support their concerns and facilitate escalation. 
	1- Nurses frequently use vital sign data to support their concerns and facilitate escalation. 

	2- When in doubt, nurses seem to revert to manual monitoring. 
	2- When in doubt, nurses seem to revert to manual monitoring. 

	3- Wearable technology was seen positively by both nurses and patients to bridge the gap between traditional wired continuous systems and manual observations. 
	3- Wearable technology was seen positively by both nurses and patients to bridge the gap between traditional wired continuous systems and manual observations. 

	4- Wearable technology should complement, and not replace direct contact between nurses and patients. 
	4- Wearable technology should complement, and not replace direct contact between nurses and patients. 

	5- Wearable technology should not add more noise to the already loud ward environment. 
	5- Wearable technology should not add more noise to the already loud ward environment. 


	This analysis raised helpful insights for our vHDU system, for example one of the challenges most frequently reported by the nursing staff was not being able to escalate a patient to a senior clinician when the patient was not triggering (triggering is the clinical slang for a patient with EWS above the normal threshold). Since this concern is not new (Ede et al. 2020), the “nurse-worry” factor (Romero-Brufau et al. 2019) should be considered and integrated into WMS. Another interesting finding from the int
	Despite this study being only published in October 2021, it has already been externally cited by 6 publications (Vuillaume et al. 2022, Wells et al. 2022, Leenen et al. 2022a, Iqbal et al. 2022, Heydari Beni and Jiang 2022, Ullah et al. 2022), including a recent study on nurses’ perceptions of behavioural factors that influence continuous wearable vital sign monitoring systems on general surgical wards (Leenen et al. 2022a). Similar themes to our study were identified and discussed by Leenen et al., for exa
	 
	Reflection 
	This study provides the qualitative groundwork underpinning the vHDU project and presented insights that myself and the team used throughout vHDU system development and integration. Our findings also highlighted the importance of mixed-methods research when testing and integrating new technology in a clinical environment and encouraged the continuing interviews and focus groups throughout our project, promoting a close collaboration with both patients and clinical staff. 
	In particular, the theme Trustworthiness of vital sign data triggered my interest, when nurses shared their perceived accuracy of vital sign measurement methods, with most agreeing to commonly double check or revert to manual readings for most vital signs when they suspect the device is unreliable or they feel something is not right (Cardona-Morrell et al. 2016, Areia, Carlos et al. 2021b). They also felt some traditional methods of vital sign monitoring to be unreliable, and commonly disregard its measurem
	In summary, this study provided the foundational practical evidence needed for our vHDU project, with qualitative data on local current monitoring practices, protocols and current challenges felt by both staff and patients. This allowed us to better understand how to support practice, what was important for the potential users of the vHDU system, and what should be tested and developed in the next studies. 
	  
	Chapter 3: Initial device selection and wearability testing 
	Context and objective 
	The previous chapter results indicate that one can have the most medically accurate device available, however, if it is not comfortable, patients will keep removing it, or not wear it at all (Jeffs et al. 2016). A previous study has also shown evidence that devices are removed prematurely owing to patient irritation, discomfort, feeling unwell, or equipment failure (Jeffs et al. 2016). Additionally, it has been suggested that introducing unknown devices into the ward environment may have physical or psychol
	A thoughtful balance is needed between wearability and accuracy of devices for successful system integration and deployment (Areia, Carlos et al. 2020b). For this reason, another study of the vHDU project was to test the wearability of selected commercially available devices. The selected devices included two chest-worn patches: VitalPatch (VitalConnect) and Peerbridge Cor (Peerbridge) collecting HR and RR, and 5 pulse oximeters, with 4 wrist-worn devices with finger probe: Nonin WristOx2 3150 (Nonin), Chec
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	Table 4 - Chapter 3 included publications with citation and mentions information. Extracted 05th November 2022. 
	 
	Figure
	Figure 2 – Devices subjected to wearability testing. Extracted from P5 (CC-BY 4.0) (Areia, Carlos et al. 2020b) 
	Results 
	Twenty healthy volunteers wore each device for up to 72 hours while performing usual “activities of daily living” and were asked to complete a short survey per device regarding their comfort and general wearability. A total of 70 questionnaires (approximately 10 per device) were completed in this study. From the pulse oximeters, the Wavelet (wrist only) was the clear favourite as it did not have a finger probe compressing the finger. Amongst pulse oximeters with a finger probe, the CheckMe O2+ was suggested
	 
	Figure
	Figure 3 - Comfort Rating Scale scores for each pulse oximeter. Green represents the percentage of positive outcomes and red represents the percentage of negative outcomes. Extracted from P5 (CC-BY 4.0) (Areia, Carlos et al. 2020b) 
	On the chest patches, there was indication of a preference towards the VitalPatch (Figure 4) (Areia, Carlos et al. 2020b). This study supported the initial selection of wearables to be submitted to accuracy testing (chapter 4) before integration into the vHDU system (chapter 5). 
	 
	Figure
	Figure 4 - Comfort Rating Scale scores for each chest patch device. Green represents the percentage of positive outcomes and red represents the percentage of negative outcome. Extracted from P5 (CC-BY 4.0) (Areia, Carlos et al. 2020b) 
	Contribution to knowledge and originality  
	It is known that wearability has a direct impact on system usability and its clinical implementation, as patients will be more likely to wear the device if they feel comfortable, thus improving data availability and quality (Baig et al. 2017). In addition to providing wearability data to select devices for accuracy 
	testing as part of this project, this study brought important contributions to the wearable technology field:  
	1- Highlighted the need for more wearability studies as part of devices evaluation, as to our knowledge, of the 7 included devices, only the VitalPatch had indexed wearability studies (Tonino et al. 2019, Selvaraj 2014).  
	1- Highlighted the need for more wearability studies as part of devices evaluation, as to our knowledge, of the 7 included devices, only the VitalPatch had indexed wearability studies (Tonino et al. 2019, Selvaraj 2014).  
	1- Highlighted the need for more wearability studies as part of devices evaluation, as to our knowledge, of the 7 included devices, only the VitalPatch had indexed wearability studies (Tonino et al. 2019, Selvaraj 2014).  

	2- Identified a clear preference towards pulse oximeters without a finger probe compressing the fingertip and a smaller, single use chest patch, providing potentially useful information for future wearables design.  
	2- Identified a clear preference towards pulse oximeters without a finger probe compressing the fingertip and a smaller, single use chest patch, providing potentially useful information for future wearables design.  

	3- Supported the need for a balance between wearability and accuracy before its implementation into the clinical environment; future researchers and companies should consider this during their design/testing. 
	3- Supported the need for a balance between wearability and accuracy before its implementation into the clinical environment; future researchers and companies should consider this during their design/testing. 

	4- Laid the groundwork for future wearability studies not only within the vHDU project (surgical patients), but also for other research teams working in different clinical scenarios. 
	4- Laid the groundwork for future wearability studies not only within the vHDU project (surgical patients), but also for other research teams working in different clinical scenarios. 


	Published in late 2020, this study is one of the most cited within the vHDU project, with 7 external citations from 6 publications (Wallace et al. 2021, Ede et al. 2021, Rosic et al. 2022, Rajbhandary et al. 2022, Hawthorne et al. 2022, Lee, Lee, and Park 2022) and one doctoral thesis (Holder 2022).  
	Reflection 
	Although there is an extensive growth of wearable devices, wearability studies remain scarce (Areia, Carlos et al. 2020b). For the initial selection of devices to be tested in this study we applied 3 main criteria for inclusion: 
	1. CE marked for medical use 
	1. CE marked for medical use 
	1. CE marked for medical use 

	2. Company provided raw data access  
	2. Company provided raw data access  

	3. No data sent to third parties (collected data was kept locally inside the hospital servers)  
	3. No data sent to third parties (collected data was kept locally inside the hospital servers)  


	One of the future considerations taken from this study is the use of the Comfort Rating Scale (CRS) (Knight et al. 2007, Knight and Baber 2005) for the main evaluation of devices wearability. As mentioned in the manuscript limitations, I believe the domains covered by this scale might not be the most appropriate for clinical monitoring devices wearability assessment, as applicability to the clinical environment might be limited (Areia, Carlos et al. 2020b). As a suggestion for future research, there is a ne
	each device by participants, that together with the CRS scores, provided important information on which devices were more likely to be accepted by patients (chapter 5). 
	In summary, despite the lack of wearability studies in the literature, this study provided important wearability data on the selected devices, and, for our team, wearability testing was the logical next step in the vHDU project, as it supported the selection of devices to be put under accuracy testing, explored in the next chapter.  
	Chapter 4: Devices accuracy testing  
	Context and objective 
	A known barrier to the clinical implementation of WMS is the uncertainty around devices reliability, efficiency, and data fidelity (Appelboom et al. 2014). Another challenge is the potential detrimental effect of movement on the data derived from such monitoring systems, for example, motion is known to affect the accuracy of pulse oximetry readings (Louie et al. 2018). This was seen throughout a clinically relevant range of measurements, with also less accuracy at lower arterial oxygen saturations (SaO2), w
	Considering this, the Hypoxia study was designed with the aim of testing the accuracy of selected devices from the wearability study (chapter 3). This includes 4 pulse oximeters, 3 with a finger probe (Nonin, AP-20 and CheckMe) and one without (Wavelet), and 1 chest patch (VitalPatch) versus clinical and gold standards (Table 5). This study involved the assessment of the diagnostic accuracy of the pulse oximeters and the validation of the chest patch; both during movement and under moderate (89% to 85% SpO2
	Vital sign 
	Vital sign 
	Vital sign 
	Vital sign 
	Vital sign 

	Wearable devices 
	Wearable devices 

	Clinical standard 
	Clinical standard 

	Gold standard 
	Gold standard 



	PR 
	PR 
	PR 
	PR 

	AP-20 
	AP-20 
	CheckMe 
	Nonin 
	Wavelet 

	Standard care pulse oximeter (Philips MX 450) 
	Standard care pulse oximeter (Philips MX 450) 

	Arterial line trace 
	Arterial line trace 


	HR 
	HR 
	HR 

	VitalPatch 
	VitalPatch 

	Standard care 3-lead ECG (Philips MX 450) 
	Standard care 3-lead ECG (Philips MX 450) 

	Standard care 3-lead ECG (Philips MX 450) 
	Standard care 3-lead ECG (Philips MX 450) 


	RR 
	RR 
	RR 

	VitalPatch 
	VitalPatch 

	Manual respiratory rate per minute counting 
	Manual respiratory rate per minute counting 

	Capnography 
	Capnography 


	SpO2 
	SpO2 
	SpO2 

	AP-20 
	AP-20 
	CheckMe 
	Nonin 
	Wavelet 

	Standard care pulse oximeter (Philips MX 450) 
	Standard care pulse oximeter (Philips MX 450) 

	Arterial blood gas (SaO2) 
	Arterial blood gas (SaO2) 




	 Table 5 – Hypoxia study devices under test, clinical and gold standard for each evaluated vital sign. 
	 
	 
	 
	 
	 
	P6: Hypoxia study protocol 
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	P7: Chest patch validation analysis 
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	P8: Pulse oximeters diagnostic accuracy analysis 
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	Table 6 – Chapter 4 included publications with citation and mentions information. Extracted 05th November 2022. 
	Results 
	This study was conducted in 42 healthy volunteers and involved a single study visit where they used all the devices under test + clinical + gold standards while submitted to two testing stages (movement testing and hypoxia testing). Two analyses resulted: 
	- Chest patch (VitalPatch) validation analysis, where it was confirmed this chest patch reliably measured HR throughout all movements and hypoxia exposure and was also in agreement for RR throughout most movements (apart from the “sit to stand” and “turning a page”) and hypoxia exposure (Figures 5 and 6), as per ANSI/AAMI EC13:2002 standards (Association for the Advancement of Medical Instrumentation 2002). This study also confirmed there was no impact on both HR and RR estimation performance when exposed t
	- Chest patch (VitalPatch) validation analysis, where it was confirmed this chest patch reliably measured HR throughout all movements and hypoxia exposure and was also in agreement for RR throughout most movements (apart from the “sit to stand” and “turning a page”) and hypoxia exposure (Figures 5 and 6), as per ANSI/AAMI EC13:2002 standards (Association for the Advancement of Medical Instrumentation 2002). This study also confirmed there was no impact on both HR and RR estimation performance when exposed t
	- Chest patch (VitalPatch) validation analysis, where it was confirmed this chest patch reliably measured HR throughout all movements and hypoxia exposure and was also in agreement for RR throughout most movements (apart from the “sit to stand” and “turning a page”) and hypoxia exposure (Figures 5 and 6), as per ANSI/AAMI EC13:2002 standards (Association for the Advancement of Medical Instrumentation 2002). This study also confirmed there was no impact on both HR and RR estimation performance when exposed t


	 
	Figure
	Figure 5 – VitalPatch Accuracy and Bias (mean bias) plots for the hypoxia phase. Red: heart rate; horizontal red lines represent acceptable limits (5 bpm) Blue: respiratory rate; horizontal blue line represents acceptable limits (3 rpm). (A) MAE (95% CI) plot, (B) RMSE (95% CI) plot, (C) bias LOAs. Bpm: beats per minute; LoA:s limits of agreement; MAE: mean absolute error; RMSE: root mean square error; rpm: respirations per minute; SpO2: peripheral oxygen saturation. Extracted from P7 (CC-BY 4.0) (Morgado A
	 
	Figure
	Figure 6 – VitalPatch Accuracy and Bias (mean bias) plots for all movement tests. Red: heart rate; horizontal red line represents acceptable limits (5 bpm). Blue: respiratory rate; horizontal blue line represents acceptable limits (3 rpm). (A) MAE (95% CI) plot, (B) RMSE (95% CI) plot, (C) bias LOAs. Bpm: beats per minute; LoAs: limits of agreement; MAE: mean absolute error; RMSE: root mean square error; rpm: respirations per minute; STS: sit-to-stand. Extracted from P7 (CC-BY 4.0) (Morgado Areia et al. 202
	- Pulse oximeters diagnostic accuracy analysis, where it was concluded that all finger-worn pulse oximeters accuracy were within the required ISO guidelines (root-mean-square error, RMSE, below or equal to 4%, and below or equal to 8% when considering the confidence 
	- Pulse oximeters diagnostic accuracy analysis, where it was concluded that all finger-worn pulse oximeters accuracy were within the required ISO guidelines (root-mean-square error, RMSE, below or equal to 4%, and below or equal to 8% when considering the confidence 
	- Pulse oximeters diagnostic accuracy analysis, where it was concluded that all finger-worn pulse oximeters accuracy were within the required ISO guidelines (root-mean-square error, RMSE, below or equal to 4%, and below or equal to 8% when considering the confidence 


	interval, CI) when compared to clinical and gold standards, and all were able to detect hypoxaemia (Figure 7), despite performance was degraded by motion (Figure 8), but not significantly more than the clinical standard. To note is that the only pulse oximeter without a finger probe (Wavelet) included in this study did not achieve an acceptable level of accuracy and was therefore no longer considered for the vHDU system. 
	interval, CI) when compared to clinical and gold standards, and all were able to detect hypoxaemia (Figure 7), despite performance was degraded by motion (Figure 8), but not significantly more than the clinical standard. To note is that the only pulse oximeter without a finger probe (Wavelet) included in this study did not achieve an acceptable level of accuracy and was therefore no longer considered for the vHDU system. 
	interval, CI) when compared to clinical and gold standards, and all were able to detect hypoxaemia (Figure 7), despite performance was degraded by motion (Figure 8), but not significantly more than the clinical standard. To note is that the only pulse oximeter without a finger probe (Wavelet) included in this study did not achieve an acceptable level of accuracy and was therefore no longer considered for the vHDU system. 


	 
	Figure
	Figure 7 – Pulse oximeters comparison of the mean bias (SpO2–SaO2) and precision for each of the four devices when compared to the gold standard for the 3 SaO2 subgroups: severe hypoxia, SaO2<85%; mild hypoxia, SaO2=85%-89%; and normoxia, SaO2=90%-100%. The number of points available per device is presented below each bar. For each subgroup, one-way ANOVA followed by the Tukey test was used to evaluate differences in the mean bias between devices. *Different from other values. +Different from each other. Sa
	 
	Figure
	Figure 8 – Pulse oximeters comparison of the mean bias (SpO2–SaO2) and precision for each of the four devices when compared to the gold standard for each movement type. The number of points available per device is presented below each bar. For each task, one-way ANOVA followed by the Tukey test was used to evaluate differences in the mean bias between devices. *Different from other values. +Different from each other. SaO2: arterial blood oxygen saturation; SpO2: peripheral oxygen saturation; STS: sit-to-sta
	Contribution to knowledge and originality  
	Following concerns around the accuracy of wearable devices for patient monitoring highlighted in chapter 1, the hypoxia study was an important piece of work not only for the vHDU project but also for the overall wearable healthcare monitoring field. Key contributions to knowledge include: 
	1- The protocol for this study promoted methodological transparency by thoroughly outlining study procedures and practicalities, facilitating its replication by other research teams. 
	1- The protocol for this study promoted methodological transparency by thoroughly outlining study procedures and practicalities, facilitating its replication by other research teams. 
	1- The protocol for this study promoted methodological transparency by thoroughly outlining study procedures and practicalities, facilitating its replication by other research teams. 

	2- Provided robust evidence and continuous monitoring data for 4 pulse oximeters and 1 chest patch during different standardised movements mimicking hospitalised patients, highlighting each device shortcoming during each movement when compared to the respective clinical/gold standard. This is an important aspect of WMS, to continuously monitoring patients, while simultaneously facilitating their mobility and safety (Joshi et al. 2019, Weenk et al. 2017, Verrillo et al. 2019). 
	2- Provided robust evidence and continuous monitoring data for 4 pulse oximeters and 1 chest patch during different standardised movements mimicking hospitalised patients, highlighting each device shortcoming during each movement when compared to the respective clinical/gold standard. This is an important aspect of WMS, to continuously monitoring patients, while simultaneously facilitating their mobility and safety (Joshi et al. 2019, Weenk et al. 2017, Verrillo et al. 2019). 

	3- Validated the VitalPatch against clinical and gold standard and supported its performance under movement and moderate to severe hypoxia, encouraging its use during the pandemic as part of vHDU deployment (chapter 5). 
	3- Validated the VitalPatch against clinical and gold standard and supported its performance under movement and moderate to severe hypoxia, encouraging its use during the pandemic as part of vHDU deployment (chapter 5). 


	4- Thoroughly tested and confirmed the remaining pulse oximeters diagnostic accuracy and provided important vital sign and technical data on these devices, supporting its integration and use in chapter 5. 
	4- Thoroughly tested and confirmed the remaining pulse oximeters diagnostic accuracy and provided important vital sign and technical data on these devices, supporting its integration and use in chapter 5. 
	4- Thoroughly tested and confirmed the remaining pulse oximeters diagnostic accuracy and provided important vital sign and technical data on these devices, supporting its integration and use in chapter 5. 


	To our knowledge, it is one of the few studies providing accuracy data under controlled moderate and severe hypoxia, supporting the use of some devices in patients with high risk of acute desaturations. The need for these accuracy studies has become acute as health care systems have recommended the incorporation of ambulatory pulse oximeters in the home management of COVID-19 (Seshadri et al. 2020, Greenhalgh et al. 2020, O’Carroll et al. 2020). It was also a timely study for the vHDU project (discussed in 
	The protocol (P6) was published in January 2020, with 2 external citations (Tsai et al. 2021, Manta et al. 2020), one being an important study evaluating biometric technologies for vital signs during COVID, published in the peak of the pandemic (Manta et al. 2020). The chest patch analysis (P7) was published in August 2021, with 2 external citation (Lippi et al. 2022, Antikainen et al. 2022) and the pulse oximeter results (P8) in February 2022, with 2 external references (Rafl et al. 2022, Li et al. 2022). 
	Reflection 
	Considering all the above, this study was a central piece of the vHDU project. It is important to highlight that it was designed and conducted before the pandemic, and we were not aware of how important its results were going to be to the vHDU system development and prompt implementation in the COVID isolation wards (more in chapter 5). 
	One of the biggest challenges of this study was the organisational and operational skills required to ensure everything was conducted appropriately. This study involved a single study visit per participant and several variables needed to be considered for the efficient use of resources and staff. We required to rent a specific room in our local Cardiovascular Clinical Research Facility (CCRF) inside our local hospital to ensure all safety procedures were in place for the study visits. For each visit day at 
	- Senior anaesthetist:  Medical cover. 
	- Senior anaesthetist:  Medical cover. 
	- Senior anaesthetist:  Medical cover. 

	- Engineer: Data and device monitoring. 
	- Engineer: Data and device monitoring. 

	- Researcher 1: Devices and timestamps. 
	- Researcher 1: Devices and timestamps. 

	- Researcher 2: Arterial Blood Gas (ABG) processing. 
	- Researcher 2: Arterial Blood Gas (ABG) processing. 


	- Researcher 3: Participant activities and instructions. 
	- Researcher 3: Participant activities and instructions. 
	- Researcher 3: Participant activities and instructions. 

	- Researcher 4: Support/backup. 
	- Researcher 4: Support/backup. 


	Another challenge was to ensure setup and kit were ready, including 4 pulse oximeters, 1 chest patch, clinical and gold standard monitors, 5 tablets, oxygen in nitrogen cylinder, hypoxicator, drip stand with arterial line, crash trolley and clinical kit (Figure 9). All devices, tablets and laptops were connected to the same network and time and date were set to Greenwich Mean Time Zone (GMT) or British Summer Time (BST) with a tolerance of ±2 seconds (Researcher 1 responsibility). All these methodological a
	 
	Figure
	Figure 9 – Hypoxia study day set-up. Legend: 1: tablets linked with AMD devices (4 Samsung TAB A, each linked with one AMD: AP-20, WristOX2 3150 BLE, CheckMe™ O2 and VitalPatch®. 1 iPad four connected to the wavelet). 2: resuscitation trolley and oxygen. 3%–7% oxygen in nitrogen cylinder. 4: hypoxicator apparatus. 5: Philips monitor (model MX450) connected to laptop (IX trend software). 6: drip stand with the arterial line pressure bag. Extracted from the original protocol (CC BY 4.0) (Areia, Carlos et al. 
	In summary, this study confirmed the SpO2 accuracy of 3 out of the 4 tested pulse oximeters according to the ISO 80601-2-61:2019 guidelines (Santos, M. et al. 2021) and the validation of the included chest patch (for HR and RR) according to the ANSI/AAMI EC13:2002 standards (Association for the Advancement of Medical Instrumentation 2002). Besides the overall contribution to the field, this study was crucial not only for the successful implementation of our system during COVID, but also to reassure clinical
	  
	Chapter 5: Final system and implementation during COVID-19 
	Context and objective 
	The Coronavirus disease 2019 (COVID-19) was declared a global health emergency by the World Health Organisation (World Health Organization 2020) at the beginning of March 2020. In the beginning, this pandemic presented several challenges for in-hospital patient care in the UK, the fear, both by patients and hospital staff, of the exposure and infection in clinical environments and the lack of knowledge about the severity and transmissibility of the virus and initial shortages of Personal Protective Equipmen
	Severely ill affected patients were filling ICUs, and those under observation were placed in isolation wards (National Center for Immunization and Respiratory Diseases - Division of Viral Diseases 2020). Our local hospital management were aware of the vHDU work on wearable monitoring, and by the end of February 2020, our team was tasked to supply isolation wards with a vital sign monitoring system. Six main requirements were established (Santos, M. D. et al. 2021): 
	1- As COVID mainly affects the cardio-respiratory system, target vital signs for continuous monitoring were SpO2, HR and RR.  
	1- As COVID mainly affects the cardio-respiratory system, target vital signs for continuous monitoring were SpO2, HR and RR.  
	1- As COVID mainly affects the cardio-respiratory system, target vital signs for continuous monitoring were SpO2, HR and RR.  

	2- Patients not confined to bed should be ambulatory.   
	2- Patients not confined to bed should be ambulatory.   

	3- Patient were to be remotely monitored in the closest nurse bay of the respective isolation rooms.  
	3- Patient were to be remotely monitored in the closest nurse bay of the respective isolation rooms.  

	4- Any additional continuous monitoring from wearables should be fully integrated with the periodic nurse observations of the full set of vital signs, comprising SpO2, RR, HR as well as Blood Pressure (BP), Temperature (Temp), level of consciousness and the corresponding Early Warning Score (EWS) (Royal College of Physicians 2017).  
	4- Any additional continuous monitoring from wearables should be fully integrated with the periodic nurse observations of the full set of vital signs, comprising SpO2, RR, HR as well as Blood Pressure (BP), Temperature (Temp), level of consciousness and the corresponding Early Warning Score (EWS) (Royal College of Physicians 2017).  

	5- The amount of contact between the infected patients and the nursing staff was to be minimised. 
	5- The amount of contact between the infected patients and the nursing staff was to be minimised. 

	6- The system should work within the hospital cybersecurity infrastructure, compliant with patient confidentiality standards. 
	6- The system should work within the hospital cybersecurity infrastructure, compliant with patient confidentiality standards. 


	By the beginning of the pandemic the vHDU system was already capable of continuously monitoring SpO2, HR and RR, bringing the potential to facilitate mobilisation during continuous monitoring, considering device performance during movement (chapter 4) and providing real-time vital sign data at the bedside or remotely through a bespoke dashboard available in an open browser in the nurse’s bay. Manual vital signs and other clinical measurements by the nurses was integrated into the vHDU 
	system as well (as per point 4). Our WMS was already integrated into the hospital IT systems and fully compliant with clinical governance and confidentiality requirements. 
	It was therefore clear that the vHDU system we had been developing to monitor high-risk patients in the surgical wards could be adapted to isolation patients monitoring in the COVID-19 pandemic, supporting both patient and clinical staff safety by minimising the amount of direct contact (Santos, M. D. et al. 2021). The objective of this manuscript was to provide an overview of our vHDU system, support device selection from our previous research (chapters 1-4), describe system optimisation to ensure it met t
	Device selection 
	As the result of our wearability (chapter 3) and accuracy studies (chapter 4) the Vital Patch was the selected chest patch for HR and RR monitoring. 
	Of the 5 initial pulse oximeters, the PC-68B failed the wearability test (chapter 3), and the Wavelet was not sufficiently accurate in the detection of hypoxaemia (chapter 4). Leaving us with 3 options as a pulse oximeter, a) the AP-20, b) CheckMe O2+ and c) Nonin. From our wearability testing the Checkme O2+ was the clear favourite, due to the ring probe comfortability, as it was placed around the thumb and would not compress the fingertip like the other two remaining pulse oximeters (Areia, Carlos et al. 
	From our results in chapter 3, the Checkme O2+ would provide more comfort while achieving a similar level of accuracy to other finger probe devices. However, there were a couple of practicalities on both the AP-20 and Checkme O2+ that would make them inferior to the Nonin device. In the early period of the pandemic, while the vHDU system was being developed to be implemented in the isolation wards, several focus groups (unpublished data) were held with the clinical staff of these wards. In some of them our 
	positioned within the probe. The Nonin was therefore the selected pulse oximeter (Figure 10) to be integrated in the vHDU system. 
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	Selection process of the final devices used in the vHDU system for the COVID implementation
	. Orange: 
	excluded due to wearability results (P5), Blue: excluded due to accuracy (P8), Black: excluded after focus groups with 
	clinical staff.
	 



	 
	P9 – vHDU system deployment during the pandemic. 
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	Frontiers in Digital Health 
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	Table 7 - Chapter 5 included publication with citation and mentions information. Extracted 05th November 2022. 
	Results 
	Final system 
	As aforementioned, the Nonin (WristOx 3150 OEM BLE, Nonin Medical Inc., USA) (Nonin Medical Inc Plymouth U 2020) finger-based pulse oximeter, and the VitalPatch (VitalConnect, USA) (VitalConnect. n.d.) adhesive chest-patch were ultimately selected as our wearable devices. From the Nonin, the PR, SpO2 and near infrared PPG waveform were collected. From the VitalPatch we collected HR and RR, patient posture (e.g., standing, sitting, lying down, etc.), number of steps and the single lead ECG and 3-axis acceler
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	–
	 
	A: Final vHDU kit per patient, including the Nonin pulse oximeter, the VitalPatch chest patch and an Android 
	tablet, left inside the isolation rooms. B: Interface for patient data collection app in the Android tablet. C: Example of vH
	DU 
	kit being worn i
	nside room. 
	IBME, Institute of Biomedical Engineering; MRN, Medical Record Number; bpm, beats per 
	minute; rpm, respirations per minute; HR, Heart Rate; RR, Respiratory Rate; TEMP, Temperature; SpO2, peripheral blood 
	Oxygen Saturation.
	 
	Extracted from the pu
	blished manuscript 
	(CC BY 4.0)
	 
	(Santos, M. D. et al. 2021, Morgado Areia et al. 
	2021)
	.
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	The tablet would then transmit the collected wearables data via Wi-Fi to the hospital system, shown in our vHDU dashboard (Figure 12). In the dashboard homepage each patient was attributed a card, showing real-time vital sign and other patient and device information (Figure 12A). Clicking on a card 
	would display the augmented e-obs chart for the selected patient, displaying historical vital sign and EWS data at pre-set time periods (Figure 12B). 
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	–
	 
	A: vHDU dashboard, each card showing real
	-
	time vital sign data for each patient. B: vHDU e
	-
	obs chart for the 
	selected patient.
	 
	Extracted from the published manuscript 
	(CC BY 4.0)
	 
	(Santos, M. D. et al. 2021)
	 



	Deployment, feedback outcome and current status  
	The first patient was registered on the 23rd March 2020; and continuous support to the clinical staff was given by the research and engineering team throughout the pandemic. This included training on device calibration, connection and troubleshooting simple issues with the system. 
	Initial feedback on the system is explored in the manuscript (Santos, M. D. et al. 2021), with the VitalPatch being well-received by both nurses and patients, as it was easy to fit and connect. On the other hand, some patients found difficult to continuously wear the Nonin pulse oximeter, going in accordance with the wearability study results (chapter 3). Displaying the 4-hourly nurse observations alongside the wearables estimates in the Clinician Dashboard was also well-received by staff (Santos, M. D. et 
	The vHDU system has been used on/off throughout the pandemic and, as of 15 April 2021, a total 165 patients were monitored using our system, with 7752 total monitoring hours (approximately 323 days). 
	Future work 
	Future work will include the retrospective analysis of the vHDU data collected during the pandemic as, despite acknowledgement of the physical effects of COVID-19, little is known about the trajectory of vital signs for patients with this new condition (Pimentel et al. 2020). Our vHDU system implementation in clinical practice offers an opportunity to examine the patterns of vital signs which have been collected continuously over several days. This brings the potential to inform future management of this il
	Contribution to knowledge and originality  
	The manuscript in Frontiers in Digital Health was a timely addition to the limited literature on the use of wearable monitoring systems for remote patient monitoring during the pandemic: 
	1- It was an original piece of work implementing new technology as part of the covid response in a local hospital;  
	1- It was an original piece of work implementing new technology as part of the covid response in a local hospital;  
	1- It was an original piece of work implementing new technology as part of the covid response in a local hospital;  

	2- Although its implementation was fast to support clinical staff, the background work underpinning this was extensive (described in the previous chapters) allowing us to reassure staff and patients the system was ready and safe for use; 
	2- Although its implementation was fast to support clinical staff, the background work underpinning this was extensive (described in the previous chapters) allowing us to reassure staff and patients the system was ready and safe for use; 

	3- Provided important technical and practical implementation details of a WMS in the general ward environment;  
	3- Provided important technical and practical implementation details of a WMS in the general ward environment;  

	4- Provided early data for other teams working in wearable remote covid patient monitoring;  
	4- Provided early data for other teams working in wearable remote covid patient monitoring;  

	5- Showcased other information on the training and education provided to the clinical staff for them to be able to use the vHDU system; an essential requirement for any successful deployment (Leenen et al. 2022a).  
	5- Showcased other information on the training and education provided to the clinical staff for them to be able to use the vHDU system; an essential requirement for any successful deployment (Leenen et al. 2022a).  


	This paper was published in September 2021 and has been externally cited 10 times, using our system and deployment data in a wide range of research (Cheong et al. 2022, L. Poisson and O’Leary 2022, Alagumalai et al. 2022, van Goor et al. 2022, Kuo et al. 2022, Mejia, Rawal, and Rawat 2022, Pannase, Mahakalkar, and Gomase 2022, Uwamariya 2021, Chau et al. 2022, Martín Yeves 2022). 
	Reflection 
	This unprecedented pandemic opened the opportunity to deploy the vHDU system earlier than anticipated. Thanks to the effort from our research, engineering, and clinical teams, we managed to quickly integrate the selected devices, finalise the system and train clinical staff to use it in the COVID isolation wards. My contributions included supporting the design, testing, development, and refinement of the vHDU system; as well as all activities around the deployment of the WMS in the ward environment, such as
	Although there is still no strong evidence supporting the superiority of WMS, by adding the vHDU system to these wards in addition to standard care practices, our system potentially allowed not only to protect patients by promoting both their safety and mobility, but also the clinical staff, by reducing and/or prioritising their contact with infected patients. This was especially significant in the beginning of the pandemic, when the virality and severity of the virus was still unknown, personal protective 
	Although there were some initial implementation challenges (such as clinical staff, management and other stakeholders’ awareness of the system and training, technical infrastructure, system troubleshooting, among others) one important factor for the successful development and deployment of this system is our previous vHDU studies, which were crucial as: 
	- Prior selection of wearable devices (through studies explored in chapter 1-4 and unpublished data) avoided the need for constant changes and iterations by nursing staff as devices/system was rapidly adopted. 
	- Prior selection of wearable devices (through studies explored in chapter 1-4 and unpublished data) avoided the need for constant changes and iterations by nursing staff as devices/system was rapidly adopted. 
	- Prior selection of wearable devices (through studies explored in chapter 1-4 and unpublished data) avoided the need for constant changes and iterations by nursing staff as devices/system was rapidly adopted. 

	- The VitalPatch was disposable, and Nonin easily sterilised, avoiding the risk of spreading. 
	- The VitalPatch was disposable, and Nonin easily sterilised, avoiding the risk of spreading. 

	- Use of interfaces familiar to the local clinical staff (using our qualitative study insights in chapter 2, and other unpublished qualitative interviews and focus groups data).  
	- Use of interfaces familiar to the local clinical staff (using our qualitative study insights in chapter 2, and other unpublished qualitative interviews and focus groups data).  

	- Inclusion of fault-tolerant software mechanisms, such as automatically recover devices connection, avoiding staff entering the room to resolve. 
	- Inclusion of fault-tolerant software mechanisms, such as automatically recover devices connection, avoiding staff entering the room to resolve. 


	- Rapid communication and feedback from the clinical to the research team, allowing swift iterations and improvement of the system throughout the pandemic. 
	- Rapid communication and feedback from the clinical to the research team, allowing swift iterations and improvement of the system throughout the pandemic. 
	- Rapid communication and feedback from the clinical to the research team, allowing swift iterations and improvement of the system throughout the pandemic. 


	This experience also provided some important lessons for our future work (chapter 6). Examples include (not limited to): 
	- The need for constant active involvement of all stakeholders (patients, clinical staff, management, and other relevant departments) before, during and after deployment.  
	- The need for constant active involvement of all stakeholders (patients, clinical staff, management, and other relevant departments) before, during and after deployment.  
	- The need for constant active involvement of all stakeholders (patients, clinical staff, management, and other relevant departments) before, during and after deployment.  

	- Providing the primary users of the WMS (staff and patients), constant support, training and continuously collecting their feedback to support future iterations of the system, ensuring it is fit for purpose.  
	- Providing the primary users of the WMS (staff and patients), constant support, training and continuously collecting their feedback to support future iterations of the system, ensuring it is fit for purpose.  

	- Adapting WMS implementation around current clinical care practices, minimising disruption during deployment.  
	- Adapting WMS implementation around current clinical care practices, minimising disruption during deployment.  


	In summary, this chapter outlines the process for the development and rapid implementation of the vHDU system as part of our local hospital clinical response to the pandemic. This was the result of years of testing and vHDU system development, discussed in the previous chapters, that was in a near-ready state for implementation when the pandemic occurred. Deployment data and lessons learnt supported the design of a local feasibility RCT, chapter 6. 
	  
	Chapter 6:  Feasibility Randomised Controlled Trial Protocol 
	Context and objectives 
	The meta-analysis discussed in chapter 1 highlighted the need for big and better clinical trials to assess whether WMS can impact deterioration detection and associated clinical outcomes (Areia, Carlos et al. 2021a). Therefore, a feasibility RCT was designed to assess the impact of the vHDU system integration (with active clinical alerts) versus standard care in deterioration detection. This trial will also explore other associated clinical outcomes, trial progression outcomes, staff impact, alerting system
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	Figure 13 - A&D UA-1200 BLE blood pressure monitor. 
	P10: Feasibility randomised controlled trial 
	Submitted to Pilot and Feasibility studies journal (2022) 
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	Table 8 - Chapter 6 included pre-print. 
	Results (finalised protocol) 
	Both groups will be asked to use the vHDU system throughout their surgical ward length of stay (that includes the Nonin pulse oximeter, the VitalPatch chest patch, the A&D blood pressure cuff, and a tablet per patient). The difference between the intervention and control groups is that the clinical staff can access the dashboard data for the intervention group and will be alerted when they deteriorate. In the control group, patients will still be asked to wear the devices, but clinical staff will not have a
	Up to 240 patients will be recruited and this feasibility RCT will include a calibration period for the first 50 patients, where we will finalise our alerting system (criteria and thresholds), according to the guidance highlighted in chapter 1 and continuous clinical staff feedback. Outcomes are thoroughly described in the study protocol and include: 
	Primary:  
	1. Time from first period of unexpected physiological instability to set of observations 
	1. Time from first period of unexpected physiological instability to set of observations 
	1. Time from first period of unexpected physiological instability to set of observations 


	Secondary: 
	2. Other deterioration detection related outcomes 
	2. Other deterioration detection related outcomes 
	2. Other deterioration detection related outcomes 
	2. Other deterioration detection related outcomes 
	2.1. Frequency and duration of physiological instability periods and nursing visits 
	2.1. Frequency and duration of physiological instability periods and nursing visits 
	2.1. Frequency and duration of physiological instability periods and nursing visits 

	2.2. Time and frequency of unscheduled interventions 
	2.2. Time and frequency of unscheduled interventions 

	2.3. ICU Admission 
	2.3. ICU Admission 

	2.4. Cardiac Arrest team call 
	2.4. Cardiac Arrest team call 

	2.5. Complications and adverse events 
	2.5. Complications and adverse events 

	2.6. Control group only: Time difference between deterioration detection by nurse and AMS 
	2.6. Control group only: Time difference between deterioration detection by nurse and AMS 




	3. Other clinical outcomes 
	3. Other clinical outcomes 
	3. Other clinical outcomes 
	3.1. Mortality 
	3.1. Mortality 
	3.1. Mortality 
	3.1. Mortality 
	3.1.1. ICU mortality 
	3.1.1. ICU mortality 
	3.1.1. ICU mortality 

	3.1.2. Hospital mortality 
	3.1.2. Hospital mortality 

	3.1.3. 30-day mortality 
	3.1.3. 30-day mortality 




	3.2. Length of stay (LOS) 
	3.2. Length of stay (LOS) 
	3.2. Length of stay (LOS) 
	3.2.1. Ward LOS 
	3.2.1. Ward LOS 
	3.2.1. Ward LOS 

	3.2.2. ICU LOS 
	3.2.2. ICU LOS 

	3.2.3. Hospital total LOS 
	3.2.3. Hospital total LOS 







	4. Trial progression outcome 
	4. Trial progression outcome 
	4. Trial progression outcome 
	4.1. Recruitment rate 
	4.1. Recruitment rate 
	4.1. Recruitment rate 

	4.2. Patient and staff adherence 
	4.2. Patient and staff adherence 

	4.3. Outcome selection 
	4.3. Outcome selection 

	4.4. Randomisation method and confounders 
	4.4. Randomisation method and confounders 

	5.1. Proportion of false alerts and alert optimisation process during calibration period 
	5.1. Proportion of false alerts and alert optimisation process during calibration period 

	5.2. Staff perception of the system 
	5.2. Staff perception of the system 

	6.1. Level of agreement between vHDU and manual EWS and individual vital signs 
	6.1. Level of agreement between vHDU and manual EWS and individual vital signs 

	6.2. Frequency and duration of data drop-out for each vital sign parameter 
	6.2. Frequency and duration of data drop-out for each vital sign parameter 

	6.3. Causes of system down-time 
	6.3. Causes of system down-time 

	6.4. Waveform quality 
	6.4. Waveform quality 
	6.4. Waveform quality 
	6.4.1. VitalPatch Electrocardiogram waveform signal quality (used in HR and RR) 
	6.4.1. VitalPatch Electrocardiogram waveform signal quality (used in HR and RR) 
	6.4.1. VitalPatch Electrocardiogram waveform signal quality (used in HR and RR) 

	6.4.2. VitalPatch Accelerometer waveform signal quality (used in RR, Posture, Steps) 
	6.4.2. VitalPatch Accelerometer waveform signal quality (used in RR, Posture, Steps) 

	6.4.3. VitalPatch temperature waveform signal quality 
	6.4.3. VitalPatch temperature waveform signal quality 

	6.4.4. Nonin Infrared Photoplethysmography waveform signal quality (used in SpO2 and PR) 
	6.4.4. Nonin Infrared Photoplethysmography waveform signal quality (used in SpO2 and PR) 




	7.1. Patient Reported Outcome Measures (wearability questionnaire) 
	7.1. Patient Reported Outcome Measures (wearability questionnaire) 

	7.2. Patient compliance with wearable devices 
	7.2. Patient compliance with wearable devices 

	7.3. Patient experience 
	7.3. Patient experience 





	5. Staff impact and alerts 
	5. Staff impact and alerts 
	5. Staff impact and alerts 

	6. System reliability 
	6. System reliability 

	7. Patient reported outcomes and experience 
	7. Patient reported outcomes and experience 


	Status 
	National ethical approval has been obtained by the Wales Research Committee 5 on the 24th August 2021 (reference 21/WA/0250). Trial successfully prospectively registered in ClinicalTrials.gov on the 12th November 2021 (ClinicalTrialsGov - NCT05118477). Recruitment started in August 2022. 
	Reflection 
	After the studies described in chapters 1-5, it is now time to put our system to the test in an unbiased environment. The need for robust RCTs is raised in the systematic review (Areia, Carlos et al. 2021a), and we are in an ideal position to conduct an initial local feasibility study. Then, if our progression criteria goals are met, data from this trial will be used to make a formal application for external funding for a multicentre RCT, with a thorough, data-based sample size calculation and an initial pl
	number of sites/wards to be included. This is a long-term plan to hopefully provide the much-needed data and answer to my meta-analysis question (chapter 1). 
	In the protocol, I added three potential challenges that I feel needed to be discussed here. The first is the intrinsic bias of patient recruitment, as previous experiences (unpublished) indicate that the most likely population to consent for this trial are stable patients. During the design of the study, I considered other practical strategies to avoid this, such as: 
	- Discuss study with patients as soon as they are admitted to the ward; 
	- Discuss study with patients as soon as they are admitted to the ward; 
	- Discuss study with patients as soon as they are admitted to the ward; 

	- Approach straight after surgery, as soon as they regain capacity and remove the traditional continuous monitoring; 
	- Approach straight after surgery, as soon as they regain capacity and remove the traditional continuous monitoring; 

	- Identify and approach patients in ICU about to be discharged to the trial ward; 
	- Identify and approach patients in ICU about to be discharged to the trial ward; 

	- Include other wards receiving ICU patients; 
	- Include other wards receiving ICU patients; 


	The second challenge is that we are currently not including patients without capacity for this study. I believe this might be limiting our population, as patients under the Mental Capacity Act (MCA) may represent a significant percentage of the population of interest, and we might be biasing our results by not including them, when in fact these might be the ones needing it the most (more elderly, comorbidities, etc…). Although these are just assumptions, if we find this percentage is indeed high in the targ
	The third potential challenge of this study might be the blinding of the control group data, as patients in this group will be encouraged to use the devices but will be blinded to its data. Clinical staff will also be blinded to this group’s data and will not be alerted in case of a detected deterioration by the vHDU system. We foresee some challenges explaining the importance of the control group data blinding and will be conducting regular training sessions and 1:1 discussions with both staff and patients
	My work in the vHDU project made me aware of all the potential challenges when developing, testing, and deploying new technologies in clinical environments; and how simple practical things can serve as a confounder and bias trials such as these, also a reason for conducting a feasibility study before committing to a full trial. The pandemic deployment (chapter 5) taught me that there are a lot of operational, technical, and practical issues that only emerge after deployment, when we move the technology from
	In summary, this protocol comprehensively outlines the methodological rationale and steps underpinning this feasibility RCT, that will hopefully provide not only robust clinical data, but also 
	operational insights so we can design a well-thought, multi-centre pragmatic RCT, that will give a fair trial at this technology to prove its worth.   
	 Chapter 7 Critical Analysis  
	Narrative thread and final reflection 
	A conclusion from chapter 1 was that despite the exponential growth of WMS, few studies are testing its implementation and clinical impact. Our previous work permitted to have the vHDU system in a “near ready-state” by the time the COVID-19 pandemic started; allowing us to finalise its development and quickly implement it in our local hospital. Our ability to quickly deploy a WMS inside the hospital during the pandemic supports the links between chapters 1-4 in this synthesis, as several factors contributed
	a) Comprehensive understanding of current WMS clinical impact evidence (chapter 1) and local monitoring practices and protocols (chapter 2):  
	a) Comprehensive understanding of current WMS clinical impact evidence (chapter 1) and local monitoring practices and protocols (chapter 2):  
	a) Comprehensive understanding of current WMS clinical impact evidence (chapter 1) and local monitoring practices and protocols (chapter 2):  


	The systematic review and meta-analysis provided important practical information on current available devices capabilities, implementation challenges and system iterations with clinical staff. An example would be the need to focus on actionable alerts. In chapter 1, all studies with alerting systems focused their efforts in reducing artifacts and false alerts, by frequently going to the wards, liaising, and collecting feedback with clinical staff and individualising thresholds by adjusting the system to tha
	The qualitative interviews provided further crucial guidance in the implementation of the vHDU system, by understanding current monitoring practices and early clinical staff and patient views on potential impact of WMS integration in clinical care. We tried to build our system using the current practice knowledge acquired from this qualitative data and other (unpublished) focus groups throughout the project. 
	b) Selection of wearable devices with clinically acceptable wearability (chapter 3) and accuracy (chapter 4): 
	b) Selection of wearable devices with clinically acceptable wearability (chapter 3) and accuracy (chapter 4): 
	b) Selection of wearable devices with clinically acceptable wearability (chapter 3) and accuracy (chapter 4): 


	Since the beginning of the project, we prioritised the need for a thoughtful balance between wearability and accuracy. In chapter 2, nurses highlighted that traditional continuous monitoring was not applicable to all patients, and could be disruptive if they wanted to mobilise, often resulting in the removal of the monitoring cables. This reinforced the need of the wearability study described in chapter 3 and was one of the main reasons why we started by testing devices comfort before even submitting them t
	“It doesn’t matter how great a device is if patients don’t wear it.” – Nurse feedback during a focus group (unpublished) 
	The work in chapter 1 also highlighted current concerns around devices accuracy, supporting the need for an internal validation study (chapter 4) before moving them to the hospital environment. After this, data was collected on both devices’ wearability and accuracy, that allowed us, together with the clinical staff, to make an informed and prompt decision on which devices would be integrated into the WMS to monitor isolated COVID patients (chapter 5). For example, the Wavelet was the clear favourite pulse 
	The diagnostic accuracy testing during movement and controlled hypoxia reassured staff and COVID-19 patients in the isolation wards that all included finger worn pulse oximeters were able to detect hypoxaemia, excluding the only wrist worn Wavelet device (Santos, M. et al. 2021). It also provided information on potential movements that could degrade performance (for example rubbing or tapping the finger probe). I believe these results were able to encourage patient mobility whilst in isolation, knowing they
	c) Continuing involvement and collaboration with clinical staff, hospital departments and management (chapter 2-5) 
	c) Continuing involvement and collaboration with clinical staff, hospital departments and management (chapter 2-5) 
	c) Continuing involvement and collaboration with clinical staff, hospital departments and management (chapter 2-5) 


	 As a result of the ongoing vHDU project work and communication with the multiple departments involved, the vHDU system was quickly iterated and finalised with the clinical staff. By using a familiar user interface, with minimal training, nursing staff when making their observations were able to review the outputs of the data collection app on the Android tablet as if it were a “bedside monitor” (Figure 11A and 11B). Additionally, the charts on the remote Clinician Dashboard (Figure 12A and 12B) were modell
	According to our results throughout the vHDU project (Areia, Carlos et al. 2021a, Xu et al. 2021, Areia, Carlos et al. 2021b) and other research (Leenen et al. 2022a, 2020, Sun et al. 2020), although wearable technology is exponentially growing, there is still uncertainty around their accuracy (Xu et al. 2021) and potential impact on patient safety (Areia, Carlos et al. 2021a); therefore these devices and systems should be tested and implemented as a complement, and not a substitute, to standard care and di
	  
	Overall contribution to the field  
	The vHDU studies were used for my doctoral portfolio as I strongly believe this project outlines a robust pipeline from its concept to implementation. To my knowledge, although several research teams and industry companies are developing and testing these medical devices and WMS, the vHDU project is the first to transparently publish all the involved process to its deployment as part of the local clinical response to the pandemic. Each step of this project has made significant individual contributions to th
	Figure
	Figure 14 – Journals citation network, BMJ Open (P1 and P6), Critical Care (P2 and P3), Frontiers in Digital Health (P9), JMIR (P6 and P7), JMIR mHealth and uHealth (P5), Journal of Advanced Nursing (P4), Research Square (P10). Figure downloaded from Dimensions website (Hook, Porter, and Herzog 2018). 
	The biggest contribution of this synthesis is the pipeline and thread created throughout the vHDU studies. This progressive work provides evidence and information not only on technical aspects (such as accuracy and reliability assessment, system integration and deployment) but also on the human factors surrounding our work. The interview and focus group qualitative data have been central throughout this project, reiterating the importance of mixed-methods approach to this type of work (Palinkas et al. 2011,
	Overall, I believe my own contributions through this work also open multiple pathways to further external research and provide important information on the steps in the development and 
	deployment of wearable systems in the hospital environment, that can be of use to organisations and clinical entities. Using wearables for remote monitoring have the potential to promote safety and early deterioration detection, as well as improve clinical outcomes, and I believe we are not far from this technology to be part of hospital care, however, research needs to continue to ensure its integration is appropriate, by reducing care disruption and maximising its usefulness to all stakeholders.  
	As this work was funded by the NIHR Oxford Biomedical Research Centre, all the included outputs are fully open access, meaning they can be easily and freely accessible to everyone interested in this work. All manuscripts are published in journals in the top quartile of their respective field, from clinical engineering, nursing, and critical care. With ranging impact factors from 2.692 to 9.097, indicating that all papers have been through several rounds of peer review and iterations before being published, 
	Overall limitations 
	Limitations of each paper are described inside the respective manuscript. This doctoral work also has its limitations. Firstly, due to the pandemic, the vHDU project had to stop in the general wards, which was also a strength as we focused our efforts on finalising and deploying the system in the covid isolation wards, accelerating the development of the vHDU system. This re-focus considerably delayed/cancelled the publication of other studies of this project (such as locational testing, user interface deve
	Recommendations and future work 
	A clear plan needs to be developed by everyone involved on how best to harness this WMS technology while integrating it into hospital care. Firstly, as already discussed, I am a strong advocate that initial integration of WMS should always be as a complement and not a replacement to standard care (Xu et al. 2021). Secondly, WMS needs to be optimised as much as possible before deployment, and should not be disruptive of practices and protocols, to avoid resistance from staff, patients and other stakeholders,
	“Implementation of these technologies requires the collaboration of the healthcare professionals and patients, not just in adoption, but also in the process of development and implementation in best practice and care pathways.” (Lewy 2015) 
	Not only the technology needs to be ready for clinical use, but also its end users need to be prepared, as another important aspect of successful integration is appropriate staff training and education. Due to several individual, organisational, and educational factors, there is overall lack of knowledge on data interpretation, trend analysis and wearable technology knowledge by clinicians (Smuck et al. 2021). To support the rollout, testing, and training of WMS, perhaps the use of clinical champions to sup
	A potential real positive impact from WMS could also be its integration into hospital systems, as automatic real-time continuous monitoring may reduce the time spent on vital sign measurement and manual recording into electronic systems (Redfern et al. 2019, Dall’Ora et al. 2019, 2021) and improve staff workload and productivity (Leenen et al. 2022a, Areia, Carlos et al. 2021b). The vHDU system was developed with the long-term of hospital system integration, however, during the feasibility and testing, this
	With all these challenges and future work in mind, our next step is the feasibility RCT discussed in chapter 6, with the long-term objective of acquiring independent funding for a full, multicentre RCT, that will hopefully fill the gap highlighted in the meta-analysis (chapter 1). I envisage this work to potentially provide robust data on the impact of WMS in the deterioration detection and associated clinical outcomes, that will likely contribute to the future of clinical monitoring and healthcare practice
	Other analyses are being finalised and several other studies/ideas emerging from the work outlined in this synthesis being explored (Table 9): 
	Table 9 – Future research studies and ideas resulting from the vHDU project. 
	Resulted from chapter 
	Resulted from chapter 
	Resulted from chapter 
	Resulted from chapter 
	Resulted from chapter 

	Study 
	Study 

	Status 
	Status 



	2 
	2 
	2 
	2 

	Clinical staff survey on the perceived reliability of current vital sign monitoring methods used in the hospital environment 
	Clinical staff survey on the perceived reliability of current vital sign monitoring methods used in the hospital environment 

	Writing 
	Writing 


	2 & 5 
	2 & 5 
	2 & 5 

	Clinical staff survey on the perceived reliability of current vital sign monitoring methods versus vHDU system in the COVID wards 
	Clinical staff survey on the perceived reliability of current vital sign monitoring methods versus vHDU system in the COVID wards 

	Writing 
	Writing 


	2 & 5 
	2 & 5 
	2 & 5 

	Qualitative interviews and focus groups analysis during VHDU system development and COVID-19 deployment 
	Qualitative interviews and focus groups analysis during VHDU system development and COVID-19 deployment 

	Writing 
	Writing 


	5 
	5 
	5 

	Retrospective analysis of vital signs data from patients with COVID-19 using the 'virtual high dependency unit' monitoring system. 
	Retrospective analysis of vital signs data from patients with COVID-19 using the 'virtual high dependency unit' monitoring system. 
	Objectives will include: 
	a) Describe the physiological pattern of vital signs over the course of COVID-19 infection for hospitalised level 1 patients.  
	a) Describe the physiological pattern of vital signs over the course of COVID-19 infection for hospitalised level 1 patients.  
	a) Describe the physiological pattern of vital signs over the course of COVID-19 infection for hospitalised level 1 patients.  

	b) Compare detection of clinical deteriorations in continuous ambulatory monitoring of vital signs with deteriorations detected through intermittent vital signs measurements. 
	b) Compare detection of clinical deteriorations in continuous ambulatory monitoring of vital signs with deteriorations detected through intermittent vital signs measurements. 

	c) Assess the number of adverse events in COVID-19 patients monitored via the vHDU system. 
	c) Assess the number of adverse events in COVID-19 patients monitored via the vHDU system. 

	d) Define antecedents to adverse events detected in continuous vital signs data, compared with patients without an event. 
	d) Define antecedents to adverse events detected in continuous vital signs data, compared with patients without an event. 

	e) Measure the agreement between vHDU system and nurse manual vital-sign measurements. 
	e) Measure the agreement between vHDU system and nurse manual vital-sign measurements. 

	f) Measure vHDU system reliability 
	f) Measure vHDU system reliability 


	 

	Data analysis 
	Data analysis 


	6 
	6 
	6 

	Impact of the vHDU system on deterioration detection and clinical outcomes in hospitalised patients. A feasibility randomised controlled trial (chapter 6) 
	Impact of the vHDU system on deterioration detection and clinical outcomes in hospitalised patients. A feasibility randomised controlled trial (chapter 6) 

	Ongoing 
	Ongoing 


	2 & 6 
	2 & 6 
	2 & 6 

	Qualitative interviews and focus groups analysis during alerting system iterations and feasibility RCT 
	Qualitative interviews and focus groups analysis during alerting system iterations and feasibility RCT 

	Ongoing 
	Ongoing 


	Resulted from chapter 
	Resulted from chapter 
	Resulted from chapter 

	Idea 
	Idea 


	3 
	3 
	3 

	Develop scale for patient perceived comfort, wearability and safety of medical wearable devices and/or WMS. 
	Develop scale for patient perceived comfort, wearability and safety of medical wearable devices and/or WMS. 


	4 
	4 
	4 

	Pulse oximetry accuracy differences in different skin colour types (using the hypoxia study data). 
	Pulse oximetry accuracy differences in different skin colour types (using the hypoxia study data). 


	6 
	6 
	6 

	Full randomised controlled trial. 
	Full randomised controlled trial. 




	 
	Other applications of the technology and contributions not explored in this synthesis 
	Besides the general ward, this or similar technology has the potential to promote patient safety in other settings as well, such as care/nursing or the patient’s own home. The COVID19 pandemic has boosted the growth of remote clinical monitoring in order to reduce admissions to hospital and ED attendance, promote stable patients’ self-management and reduce readmissions and overall 
	healthcare system capacity through the use of remote monitoring tools (Gruwez et al. 2022, Bouabida et al. 2021, Pronovost, Cole, and Hughes 2022, Fan et al. 2021). Simultaneously to the vDHU project, our team was also collaborating with the Nuffield Department of Primary Care Health Sciences and developing hospital to home studies using similar monitoring technology in neck of femur fractures (Armitage et al. 2020, 2021), COPD (Whelan et al. 2021) and hypertension (Armitage et al. 2019) patients. I was als
	These are just some examples of the panoply of fields and environments remote monitoring technology can support; with several other healthcare applications that appropriate WMS integration can potentially benefit. 
	Contributorship statements 
	All authors contributions as well as my own are outlined in the “author contribution” section of each respective manuscript. In chapter 1, I conducted the systematic review and meta-analysis, from research question design, protocol development, PROSPERO registration, protocol publication, study selection, bias assessment, statistical analysis, manuscript writing, journal submission, peer review response and letter response to editor. In chapter 2, I was responsible for qualitative data analysis, manuscript 
	  
	Research career, skill development and growth throughout project 
	As the vHDU project progressed, I progressively developed as a researcher with it, and have grown from collaborating and supporting studies to design and lead my own (table 10).  
	Study activity contribution 
	Study activity contribution 
	Study activity contribution 
	Study activity contribution 
	Study activity contribution 

	Chapter 1 
	Chapter 1 

	2 
	2 

	3 
	3 

	4 
	4 

	5 
	5 

	6 
	6 
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	TR
	P1 
	P1 

	P2 
	P2 

	P3 
	P3 

	P4 
	P4 

	P5 
	P5 

	P6 
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	P7 
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	P8 
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	P9 
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	P10 
	P10 


	Research question design 
	Research question design 
	Research question design 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 


	Protocol development 
	Protocol development 
	Protocol development 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 


	Research ethics application 
	Research ethics application 
	Research ethics application 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 


	Registered PROSPERO 
	Registered PROSPERO 
	Registered PROSPERO 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 


	Designed search strategy/terms 
	Designed search strategy/terms 
	Designed search strategy/terms 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 


	Selected studies for inclusion 
	Selected studies for inclusion 
	Selected studies for inclusion 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 


	Data extraction 
	Data extraction 
	Data extraction 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 


	Quality and bias assessment 
	Quality and bias assessment 
	Quality and bias assessment 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 


	Recruitment 
	Recruitment 
	Recruitment 
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	Data/statistical analysis 
	Data/statistical analysis 
	Data/statistical analysis 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 


	Initial manuscript draft 
	Initial manuscript draft 
	Initial manuscript draft 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 


	Final approval of manuscript 
	Final approval of manuscript 
	Final approval of manuscript 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 


	Peer review response  
	Peer review response  
	Peer review response  

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 




	Table 10 – Contributions table. Green: main responsible/lead, Yellow: supported, Red: not contributed, Grey: Not applicable. * Note: In P9 refers not to the recruitment of research participants but implementation of the vHDU system in the clinical wards. 
	Chapter 1 was the first systematic review that I designed and led from conception to publication. It highlights the transparency I envisaged for the vHDU project at the time, by registering it early in PROSPERO and publishing the protocol. This was a lengthy and laborious review, with over 18 months of work and 8706 citations manually reviewed by me and another colleague. It made me appreciate the multidisciplinary effort and all the background work that is necessary to produce a methodologically robust rev
	In chapter 2, it was my first experience in applied qualitative research, allowing me to develop and apply thematic analysis principles (Braun and Clarke 2006, 2013). I now understand how demanding qualitative research is, and how methodical thematic analysis needs to be to create robust qualitative insights. Despite its challenges, all this work raised my own awareness to the importance of mixed-methods research in digital health, and how crucial it was to promptly deploy the vHDU system during COVID. 
	Chapter 3 was my introduction to programming and statistics, for the first time, I designed and conducted the statistical analysis using R and RStudio. This is where I discovered my passion for data analytics and my development journey in this field began. Soon after, I joined a postgraduate course in Health Data Analytics at UCL. In chapter 4, the chest patch validation required more advanced statistics, and this challenge further progressed my skills in time series and big data analysis, with the support 
	Chapter 4 was one of the most operationally challenging studies I have ever conducted, however, it allowed me to develop my organisational and project management skills. As mentioned in this chapter, by leading the day-to-day activities of this experiment, I had to manage a multitude of variables to ensure everything was running smoothly, from facilities, resources, kit, participants, and my own team. Although challenging, this also developed several of my leadership skills, such as conflict resolution, mot
	Chapter 5 outlines probably the most thrilling time of my career, that was simultaneously scary and exciting, contributing not only to my professional, but also personal development. As a researcher there is nothing as fulfilling to see our work being rapidly translated into clinical practice in a worldwide emergency, supporting patients and staff during its deployment and seeing its impact in real time. It is in these situations that one quickly realises that all the work and dedication was surely worth it
	Finally, chapter 6 converges my previous work in the design of a feasibility clinical trial. My previous experiences made me aware of all the challenges when developing, testing, and deploying new technologies in clinical environments; and how simple practical things can serve as a confounder and bias trials such as these, also a reason for conducting a feasibility study before committing to a full trial. The pandemic deployment taught me that there are a lot of operational, technical, and practical issues 
	There is an immense collaborative effort behind the work outlined in this synthesis. Besides the multi-professional research group from diverse departments within the University of Oxford, I have also closely collaborated with multiple industry partners and local hospital departments (such as clinical engineering, IT, clinical governance, amongst many others). This allowed me to build a solid network of colleagues throughout these publications (Figure 15). 
	 
	Figure
	Figure 15 – Researchers network from included publications. Note: network limited to included studies. Extracted from Dimensions software (Hook, Porter, and Herzog 2018) 
	The vHDU project greatly contributed to my development as clinical academic, as I feel fully capable to lead studies through their life cycle, from protocol development, ethical submissions, project management, data analysis, to publication and dissemination. Besides, I also feel confident in leading different types of research, such as systematic reviews, qualitative, quantitative (observational, diagnostic, interventional and RCTs) and mixed-methods studies. More importantly, this project taught me to see
	The first publication from this thesis was published in early 2020, with the last still in peer-review (submitted February 2022). All 10 outputs included a total of 52 citations, with a mean of 5.2 citations per article (Figure 16). In the past couple of years my vHDU work has also been mentioned 159 times on Twitter, 2 on Facebook, 4 in news, 1 in blogs, 3 in peer reviews (Figure 17). Whenever possible, I tried to publish the study protocol for methodological transparency, and the work on this project made
	 
	 
	Figure
	Figure 16 –Citations from publications included in this synthesis as of 05th November 2022. Extracted from Dimensions software (Hook, Porter, and Herzog 2018). Solid line refers to complete years (2019, 2020 and 2021) and dotted line the current year (November 2022).  
	 
	Figure
	Figure 17 – Historical social media mentions from publications included in this synthesis as of 05th November 2022. Extracted from Altmetric software (Digital Science 2022). 
	I have also showcased some of my vHDU project work in national and international conferences in the past few years, from allied health professional to critical care themed conferences. There I have presented posters (Areia, C et al. 2022b, 2020), rapid (Areia, C et al. 2022a, 2021, Areia et al. 2019b) and platform presentations (Areia, C et al. 2022c). I believe this dissemination work was important to reach other academics, clinicians and promote public awareness of remote wearable monitoring capabilities 
	Furthermore, I am also an advocate for health data science and analytics skills for nurses and allied health professionals, providing support and teaching whenever possible. I have been an Associate Lecturer at Oxford Brookes University since 2021, and recently tutored 2 MSc thesis to completion at Oxford Brookes University, with the themes: 
	A) “A Systematic Review and Meta-Analysis Investigating the Effects of mHealth Exercise Interventions in Relation to a Comparator for Individuals with Type 2 Diabetes Mellitus (T2DM).”  
	A) “A Systematic Review and Meta-Analysis Investigating the Effects of mHealth Exercise Interventions in Relation to a Comparator for Individuals with Type 2 Diabetes Mellitus (T2DM).”  
	A) “A Systematic Review and Meta-Analysis Investigating the Effects of mHealth Exercise Interventions in Relation to a Comparator for Individuals with Type 2 Diabetes Mellitus (T2DM).”  

	B) “The effectiveness of wearable devices on pressure ulcer prevention compared to standard care: a systematic review, meta-analysis and narrative analysis.” 
	B) “The effectiveness of wearable devices on pressure ulcer prevention compared to standard care: a systematic review, meta-analysis and narrative analysis.” 


	In summary, my work on the vHDU knowledge allowed me to develop, among many others, my research, organisational and leadership skills and establish myself as an academic in the field of wearable monitoring. It also allowed me to find my passion for data analytics that I am now pursuing as a career alongside clinical and research work. This doctoral degree will hopefully open the door to future opportunities of independent funding and leadership. 
	  
	Conclusion 
	This doctoral synthesis showcases the work and impact of the vHDU project through its multiple studies, from evidence gap identification on the impact of WMS, to wearables devices selection and testing, WMS development and deployment during the COVID-19 pandemic, and design of a randomised trial, that circles back to the first stage, with the aim of providing scientific evidence on the impact of our WMS (vHDU system) in deterioration detection and associated clinical outcomes. Besides highlighting each stud
	The contributions of this synthesis and my work within this project are numerous, that range from thorough methodological and reproducible published protocols widely available to the public, to providing mixed-methods data on the existing state of evidence in the field, current local monitoring experiences by local staff and patients, devices wearability, validation and diagnostic accuracy, detailed WMS development and implementation data during COVID-19, and finally, how all this work will converge in a cl
	 
	  
	References  
	Aagaard, N., Larsen, A.T., Aasvang, E.K., and Meyhoff, C.S. (2022) ‘The Impact of Continuous Wireless Monitoring on Adverse Device Effects in Medical and Surgical Wards: A Review of Current Evidence’. Journal of Clinical Monitoring and Computing [online] available from <https://doi.org/10.1007/s10877-022-00899-x> 
	Alagumalai, A., Shou, W., Mahian, O., Aghbashlo, M., Tabatabaei, M., Wongwises, S., Liu, Y., Zhan, J., Torralba, A., and Chen, J. (2022) ‘Self-Powered Sensing Systems with Learning Capability’. Joule 
	Antikainen, E., Rehman, R.Z.U., Ahmaniemi, T., and Chatterjee, M. (2022) ‘Predicting Daytime Sleepiness from Electrocardiography Based Respiratory Rate Using Deep Learning’. Cinc 
	Appelboom, G., Camacho, E., Abraham, M.E., Bruce, S.S., Dumont, E.L., Zacharia, B.E., D’Amico, R., Slomian, J., Reginster, J.Y., Bruyère, O., and Connolly, E.S. (2014) ‘Smart Wearable Body Sensors for Patient Self-Assessment and Monitoring’. Archives of Public Health [online] 72 (1), 28. available from <http://archpublichealth.biomedcentral.com/articles/10.1186/2049-3258-72-28> [7 November 2018] 
	Areia, C., Barreira, P., Montanha, T., Oliveira, J., and Ribeiro, F. (2019a) ‘Neuromuscular Changes in Football Players with Previous Hamstring Injury’. Clinical Biomechanics [online] 69, 115–119. available from <https://linkinghub.elsevier.com/retrieve/pii/S0268003318310398> 
	Areia, Carlos, Biggs, C., Santos, M., Thurley, N., Gerry, S., Tarassenko, L., Watkinson, P., and Vollam, S. (2021a) ‘The Impact of Wearable Continuous Vital Sign Monitoring on Deterioration Detection and Clinical Outcomes in Hospitalised Patients: A Systematic Review and Meta-Analysis’. Critical Care [online] 25 (1), 351. available from <https://doi.org/10.1186/s13054-021-03766-4> 
	Areia, C, Jarman, A., Biggs, C., Tarassenko, L., Watkinson, P., and Vollam, S. (2022a) ‘Vital Sign Monitoring Methods and Perceived Reliability Differences between Physiotherapists and Nurses. A Cross-Sectional Survey Study’. Physiotherapy [online] 114, e60–e61. available from <https://app.dimensions.ai/details/publication/pub.1145600910> 
	Areia, Carlos, King, E., Ede, J., Young, L., Tarassenko, L., Watkinson, P., and Vollam, S. (2021b) ‘Experiences of Current Vital Signs Monitoring Practices and Views of Wearable Monitoring: A Qualitative Study in Patients and Nurses’. Journal of Advanced Nursing [online] n/a (n/a). available from <https://doi.org/10.1111/jan.15055> 
	Areia, C, King, E., Young, L., Ede, J., Tarassenko, L., Watkinson, P., and Vollam, S. (2022b) ‘Patient and Nurse Experience of Vital-Sign Monitoring Practices and Preliminary Views of Wearable 
	Monitoring: Qualitative Study in a Surgical Ward’. Physiotherapy [online] 114, e223. available from <https://app.dimensions.ai/details/publication/pub.1145632241> 
	Areia, C, Santos, M., Vollam, S., Pimentel, M., Young, L., Roman, C., Ede, J., Piper, P., King, E., Gustafson, O., Harford, M., Shah, A., Tarassenko, L., and Watkinson, P. (2022c) ‘Chest Patch for Continuous Vital-Sign Monitoring: A Clinical Validation Study during Movement and Controlled Hypoxia’. Physiotherapy [online] 114, e4. available from <https://app.dimensions.ai/details/publication/pub.1145632255> 
	Areia, C, Vollam, S., Ede, J., Young, L., Piper, P., King, E., and Watkinson, P. (2020) ‘Regulatory Challenges of Designing and Testing Continuous Ambulatory Vital Signs Monitoring in Ward Environments: Lessons Learned from the VHDU Project’. Physiotherapy [online] 107, e128. available from <https://app.dimensions.ai/details/publication/pub.1128634029> 
	Areia, Carlos, Vollam, S., Piper, P., King, E., Ede, J., Young, L., Santos, M., Pimentel, M.A.F., Roman, C., Harford, M., Shah, A., Gustafson, O., Rowland, M., Tarassenko, L., and Watkinson, P.J. (2020a) ‘Protocol for a Prospective, Controlled, Cross-Sectional, Diagnostic Accuracy Study to Evaluate the Specificity and Sensitivity of Ambulatory Monitoring Systems in the Prompt Detection of Hypoxia and during Movement’. BMJ Open [online] 10 (1), e034404. available from <https://bmjopen.bmj.com/content/10/1/e0
	Areia, Carlos, Vollam, S., Roman, C., Santos, M., Young, L., Biggs, C., Jarman, A., Gerry, S., Tarassenko, L., and Watkinson, P. (2022) ‘Impact of an Ambulatory Monitoring System on Deterioration Detection and Clinical Outcomes in Hospitalised Patients. A Feasibility Randomised Controlled Trial Protocol.’ Pre-Print: Submitted to Pilot and Feasibility Studies Journal [online] available from <https://www.researchsquare.com/article/rs-1191653/v1> [12 April 2022] 
	Areia, C, Vollam, S., Santos, M., Young, L., King, E., Tarassenko, L., and Watkinson, P. (2021) ‘The Future of Vital Sign Monitoring: Testing and Comparing Ambulatory Monitoring Devices Accuracy and Wearability’. Physiotherapy [online] 113, e159. available from <https://app.dimensions.ai/details/publication/pub.1142719798> 
	Areia, Carlos, Vollam, S., Young, L., Biggs, C., Pimentel, M., Santos, M., Thurley, N., Gerry, S., Tarassenko, L., and Watkinson, P. (2021c) ‘Protocol for a Systematic Review Assessing Ambulatory Vital Sign Monitoring Impact on Deterioration Detection and Related Clinical Outcomes in Hospitalised Patients’. BMJ Open [online] 11 (5). available from <https://bmjopen.bmj.com/content/11/5/e047715> 
	Areia, C., Vollam, S., Young, L., Piper, P., Morgan, L., Santos, M., Pimentel, M., Tarassenko, L., and Watkinson, P. (2019b) ‘Continuous Ambulatory Vital Sign Monitoring – the Virtual High Dependency Unit (VHDU) Project’. ICMx 
	Areia, Carlos, Young, L., Vollam, S., Ede, J., Santos, M., Tarassenko, L., and Watkinson, P. (2020b) ‘Wearability Testing of Ambulatory Vital Sign Monitoring Devices: Prospective Observational Cohort Study’. JMIR MHealth and UHealth [online] 8 (12), e20214. available from <http://mhealth.jmir.org/2020/12/e20214/> 
	Armitage, L., Chi, Y., Santos, M., Lawson, B., Areia, C., Velardo, C., Watkinson, P., Tarassenko, L., Costa, M., and Farmer, A. (2021) ‘Monitoring Activity of Hip Injury Patients (MoHIP): A Sub-Study of the World Hip Trauma Evaluation Observational Cohort Study’. Physiotherapy [online] 113, e145–e146. available from <https://app.dimensions.ai/details/publication/pub.1142721949> 
	Armitage, L.C., Chi, Y., Santos, M., Lawson, B.K., Areia, C., Velardo, C., Watkinson, P.J., Tarassenko, L., Costa, M.L., and Farmer, A.J. (2020) ‘Monitoring Activity of Hip Injury Patients (MoHIP): A Sub-Study of the World Hip Trauma Evaluation Observational Cohort Study’. Pilot and Feasibility Studies 6, 1–11 
	Armitage, L.C., Mahdi, A., Lawson, B.K., Roman, C., Fanshawe, T., Tarassenko, L., Farmer, A.J., and Watkinson, P.J. (2019) ‘Screening for Hypertension in the INpatient Environment(SHINE): A Protocol for a Prospective Study of Diagnostic Accuracy among Adult Hospital Patients’. BMJ Open [online] 9 (12), e033792. available from <https://app.dimensions.ai/details/publication/pub.1123160403> 
	Association for the Advancement of Medical Instrumentation (2002) ANSI/AAMI EC13:2002 - Cardiac Monitors,Heart Rate Meters, and Alarms. 1110 N. Glebe Road, Suite 220Arlington, VA 22201-4795 
	Baig, M.M., GholamHosseini, H., Moqeem, A.A., Mirza, F., and Lindén, M. (2017) ‘A Systematic Review of Wearable Patient Monitoring Systems – Current Challenges and Opportunities for Clinical Adoption’. Journal of Medical Systems [online] 41 (7), 115. available from <http://link.springer.com/10.1007/s10916-017-0760-1> [10 February 2020] 
	Beard, D.J., Davies, L., Cook, J.A., Stokes, J., Leal, J., Fletcher, H., Abram, S., Chegwin, K., Greshon, A., and Jackson, W. (2022) ‘Rehabilitation versus Surgical Reconstruction for Non-Acute Anterior Cruciate Ligament Injury (ACL SNNAP): A Pragmatic Randomised Controlled Trial’. The Lancet 400 (10352), 605–615 
	Bonafide, C.P., Lin, R., Zander, M., Graham, C.S., Paine, C.W., Rock, W., Rich, A., Roberts, K.E., Fortino, M., Nadkarni, V.M., Localio, A.R., and Keren, R. (2015) ‘Association between Exposure to Nonactionable Physiologic Monitor Alarms and  Response Time in a Children’s Hospital.’ Journal of Hospital Medicine 10 (6), 345–351 
	Bonnici, T., Tarassenko, L., Clifton, D.A., and Watkinson, P. (2013) ‘The Digital Patient.’ Clinical Medicine (London, England) 13 (3), 252–7 
	Bouabida, K., Malas, K., Talbot, A., Desrosiers, M.-È., Lavoie, F., Lebouché, B., Taguemout, M., Rafie, E., Lessard, D., and Pomey, M.-P. (2021) ‘Remote Patient Monitoring Program for COVID-19 Patients Following Hospital Discharge: A Cross-Sectional Study’. Frontiers in Digital Health [online] 3. available from <https://www.frontiersin.org/article/10.3389/fdgth.2021.721044> 
	Braun, V. and Clarke, V. (2013) Successful Qualitative Research: A Practical Guide for Beginners. ed. by Oaks, T. SAGE 
	Braun, V. and Clarke, V. (2006) ‘Using Thematic Analysis in Psychology’. Qualitative Research in Psychology [online] 3 (2), 77–101. available from <https://www.tandfonline.com/doi/abs/10.1191/1478088706qp063oa> 
	Cancela, J., Pastorino, M., Tzallas, A.T., Tsipouras, M.G., Rigas, G., Arredondo, M.T., and Fotiadis, D.I. (2014) ‘Wearability Assessment of a Wearable System for Parkinson’s Disease Remote Monitoring Based on a Body Area Network of Sensors’. Sensors 14 (9), 17235–17255 
	Cardona-Morrell, M., Prgomet, M., Turner, R.M., Nicholson, M., and Hillman, K. (2016) ‘Effectiveness of Continuous or Intermittent Vital Signs Monitoring in Preventing Adverse Events on General Wards: A Systematic Review and Meta-Analysis’. International Journal of Clinical Practice 70 (10), 806–824 
	Chalmers, S. (2022) ‘Dipping Your Toes into Research: Experiencing the Transition from Pure Clinical Work to Combining Clinical and Research Roles’. British Journal of Community Nursing [online] 27 (Sup4), S9–S12. available from <https://doi.org/10.12968/bjcn.2022.27.Sup4.S9> 
	Chau, N.V.V., Trung, T.N., Khanh, P.N.Q.K., Nhat, P.T.H., Van, H.M.T., Hai, H.B., Thuy, D.B., Tung, N.L.N., Khoa, D.B., Vien, T.T.D., Hao, N. van, Oanh, P.K.N., Khoa, T.D., Phong, N.T., Nguyen, N.T., Huynh, J., Walker, T.M., van Nuil, J., An, L.P., McKnight, J., Toan, L.M., Tan, L. van, Dung, N.T., Truong, N.T., and Thwaites, C.L. (2022) ‘Wearable Devices for Remote Monitoring of Hospitalized Patients with COVID-19 in Vietnam’. Wellcome Open Research 7, 257 
	Cheong, S.H.R., Ng, Y.J.X., Lau, Y., and Lau, S.T. (2022) ‘Wearable Technology for Early Detection of COVID-19: A Systematic Scoping Review’. Preventive Medicine 107170 
	Cowley, A., Diver, C., Edgley, A., and Cooper, J. (2020) ‘Capitalising on the Transformational Opportunities of Early Clinical Academic Career Training for Nurses, Midwives and Allied Health Professionals’. BMC Medical Education [online] 20 (1), 418. available from <https://doi.org/10.1186/s12909-020-02348-2> 
	Creswell, J.W. and Plano Clark, V.L. (2011) Designing and Conducting Mixed Methods Research . 2nd edn. London: Sage 
	Dall’Ora, C., Griffiths, P., Hope, J., Briggs, J., Jeremy, J., Gerry, S., and Redfern, O.C. (2021) ‘How Long Do Nursing Staff Take to Measure and Record Patients’ Vital Signs Observations in Hospital? A Time-and-Motion Study’. International Journal of Nursing Studies [online] 118, 103921. available from <https://www.sciencedirect.com/science/article/pii/S0020748921000614> 
	Dall’Ora, C., Griffiths, P., Redfern, O., Recio-Saucedo, A., Meredith, P., and Ball, J. (2019) ‘Nurses’ 12-Hour Shifts and Missed or Delayed Vital Signs Observations on Hospital Wards: Retrospective Observational Study’. BMJ Open [online] 9 (1), e024778. available from <http://bmjopen.bmj.com/content/9/1/e024778.abstract> 
	Demain, S., Gonçalves, A.-C., Areia, C., Oliveira, R., Marcos, A.J., Marques, A., Parmar, R., and Hunt, K. (2015) ‘Living with, Managing and Minimising Treatment Burden in Long Term Conditions: A Systematic Review of Qualitative Research’. PLoS ONE 10 (5) 
	Digital Science (2022) Altmetric. London. available from <https://www.altmetric.com/> [16 August 2022] 
	Douw, G., Huisman-de Waal, G., van Zanten, A.R.H., van der Hoeven, J.G., and Schoonhoven, L. (2016) ‘Nurses’ “Worry” as Predictor of Deteriorating Surgical Ward Patients: A Prospective Cohort Study of the Dutch-Early-Nurse-Worry-Indicator-Score’. International Journal of Nursing Studies [online] 59, 134–140. available from <http://www.ncbi.nlm.nih.gov/pubmed/27222458> [6 February 2020] 
	Downey, C., Brown, J., Jayne, D., and Randell, R. (2022) ‘Nursing Staff Perspectives of Continuous Remote Vital Signs Monitoring on Surgical Wards: Theory Elicitation for a Realist Evaluation’. Journal of Evaluation in Clinical Practice [online] n/a (n/a). available from <https://doi.org/10.1111/jep.13678> 
	Downey, C., Randell, R., Brown, J., and Jayne, D.G. (2018) ‘Continuous versus Intermittent Vital Signs Monitoring Using a Wearable, Wireless Patch in Patients Admitted to Surgical Wards: Pilot Cluster Randomized Controlled Trial’. Journal of Medical Internet Research [online] 20 (12), e10802. available from <https://www.jmir.org/2018/12/e10802/> [3 January 2019] 
	Downey, C.L., Brown, J.M., Jayne, D.G., and Randell, R. (2018a) ‘Patient Attitudes towards Remote Continuous Vital Signs Monitoring on General Surgery Wards: An Interview Study’. International Journal of Medical Informatics [online] 114, 52–56. available from <https://linkinghub.elsevier.com/retrieve/pii/S1386505618302508> [20 February 2020] 
	Downey, C.L., Chapman, S., Randell, R., Brown, J.M., and Jayne, D.G. (2018b) ‘The Impact of Continuous versus Intermittent Vital Signs Monitoring in Hospitals: A Systematic Review and Narrative Synthesis’. International Journal of Nursing Studies [online] 84, 19–27. available from <https://www.sciencedirect.com/science/article/pii/S0020748918300981?via%3Dihub> [4 June 2020] 
	Downey, C L, Croft, J., Buckley, H., Randell, R., Brown, J.M., and Jayne, D.G. (2018) ‘Trial of Remote Continuous versus Intermittent NEWS Monitoring after Major Surgery (TRaCINg): Protocol for a Feasibility Randomised Controlled Trial’. Pilot and Feasibility Studies [online] 4 (1), 112. available from <https://doi.org/10.1186/s40814-018-0299-z> 
	Drew, B.J., Harris, P., Zègre-Hemsey, J.K., Mammone, T., Schindler, D., Salas-Boni, R., Bai, Y., Tinoco, A., Ding, Q., and Hu, X. (2014) ‘Insights into the Problem of Alarm Fatigue with Physiologic Monitor Devices: A  Comprehensive Observational Study of Consecutive Intensive Care Unit Patients.’ PloS One 9 (10), e110274 
	Ede, J., Jeffs, E., Vollam, S., and Watkinson, P. (2020) ‘A Qualitative Exploration of Escalation of Care in the Acute Ward Setting.’ Nursing in Critical Care 25 (3), 171–178 
	Ede, J., Petrinic, T., Westgate, V., Darbyshire, J., Endacott, R., and Watkinson, P.J. (2021) ‘Human Factors in Escalating Acute Ward Care: A Qualitative Evidence Synthesis’. BMJ Open Quality 10 (1), e001145 
	Fan, E.M.P.J., Ang, S.Y., Phua, G.C., Chen Ee, L., Wong, K.C., Tan, F.C.P., Tan, L.W.H., Ayre, T.C., Chua, C.Y., Tan, B.W.B., and Yeo, K.K. (2021) ‘Factors to Consider in the Use of Vital Signs Wearables to Minimize Contact With Stable COVID-19 Patients: Experience of Its Implementation During the Pandemic’. Frontiers in Digital Health [online] 3. available from <https://www.frontiersin.org/article/10.3389/fdgth.2021.639827> 
	Ghanchi, A. (2021) ‘Adaptation of Coronavirus Disease (COVID-19) Protocols to a Parisian Maternity Unit During the 2020 Pandemic: A Managerial Perspective’. Disaster Medicine and Public Health Preparedness [online] 15 (2), e36–e39. available from <https://www.cambridge.org/core/article/adaptation-of-coronavirus-disease-covid19-protocols-to-a-parisian-maternity-unit-during-the-2020-pandemic-a-managerial-perspective/6502228E83CE843C8199FF4B7B21F450> 
	van Goor, H.M.R., van Loon, K., Breteler, M.J.M., Kalkman, C.J., and Kaasjager, K.A.H. (2022) ‘Circadian Patterns of Heart Rate, Respiratory Rate and Skin Temperature in Hospitalized COVID-19 Patients’. PloS One 17 (7), e0268065 
	Görges, M., Markewitz, B.A., and Westenskow, D.R. (2009) ‘Improving Alarm Performance in the Medical Intensive Care Unit Using Delays and  Clinical Context.’ Anesthesia and Analgesia 108 (5), 1546–1552 
	Greenhalgh, T., Knight, M., A’Court, C., Buxton, M., and Husain, L. (2020) ‘Management of Post-Acute Covid-19 in Primary Care’. BMJ [online] 370, m3026. available from <http://www.bmj.com/content/370/bmj.m3026.abstract> 
	Gruwez, H., Bakelants, E., Dreesen, P., Broekmans, J., Criel, M., Thomeer, M., Vandervoort, P., and Ruttens, D. (2022) ‘Remote Patient Monitoring in COVID-19: A Critical Appraisal’. European Respiratory Journal [online] 59 (2), 2102697. available from <http://erj.ersjournals.com/content/59/2/2102697.abstract> 
	Harford, M., Areia, C., Villarroel, M., Jorge, J., Finnegan, E., Davidson, S., Mahdi, A., Young, D., Tarassenko, L., and Watkinson, P.J. (2020) ‘Study Protocol for an Exploratory Interventional Study Investigating the Feasibility of Video-Based Non-Contact Physiological Monitoring in Healthy Volunteers by Mapping Of Lower Limb SkIn PErfusion (MOLLIE)’. BMJ Open 10 (6), e036235 
	Hawthorne, G., Richardson, M., Greening, N.J., Esliger, D., Briggs-Price, S., Chaplin, E.J., Clinch, L., Steiner, M.C., Singh, S.J., and Orme, M.W. (2022) ‘A Proof of Concept for Continuous, Non-Invasive, Free-Living Vital Signs Monitoring to Predict Readmission Following an Acute Exacerbation of COPD: A Prospective Cohort Study’. Respiratory Research [online] 23 (1), 102. available from <https://doi.org/10.1186/s12931-022-02018-5> 
	Heydari Beni, N. and Jiang, N. (2022) ‘Heartbeat Detection from High-Density EMG Electrodes on the Upper Arm at Different EMG Intensity Levels Using Zephlet’. SSRN Electronic Journal 
	Holder, T.R.N. (2022) Towards Electronic Systems, Experimental Protocols, Study Infrastructure, and a Unified Theory for Quantifying Psychophysiological States in Human-Canine Interactions. Raleigh, North Carolina: North Carolina State University 
	Hook, D.W., Porter, S.J., and Herzog, C. (2018) ‘Dimensions: Building Context for Search and Evaluation’. Frontiers in Research Metrics and Analytics [online] 3, 23. available from <https://app.dimensions.ai/details/publication/pub.1106289502> 
	Hravnak, M., Edwards, L., Clontz, A., Valenta, C., Devita, M.A., and Pinsky, M.R. (2008) ‘Defining the Incidence of Cardiorespiratory Instability in Patients in Step-down Units Using an Electronic Integrated Monitoring System.’ Archives of Internal Medicine [online] 168 (12), 1300–8. available from <http://www.ncbi.nlm.nih.gov/pubmed/18574087> [6 February 2020] 
	Iqbal, F.M., Joshi, M., Fox, R., Koutsoukou, T., Sharma, A., Wright, M., Khan, S., Ashrafian, H., and Darzi, A. (2022) ‘Outcomes of Vital Sign Monitoring of an Acute Surgical Cohort With Wearable Sensors and Digital Alerting Systems: A Pragmatically Designed Cohort Study and Propensity-Matched Analysis’. Frontiers in Bioengineering and Biotechnology [online] 10. available from <https://www.frontiersin.org/articles/10.3389/fbioe.2022.895973> 
	Jansen, J.O. and Cuthbertson, B.H. (2010) ‘Detecting Critical Illness Outside the ICU: The Role of Track and Trigger Systems’. Current Opinion in Critical Care [online] 16 (3), 184–190. available from <http://www.ncbi.nlm.nih.gov/pubmed/20305556> [14 December 2018] 
	Javanbakht, M., Mashayekhi, A., Trevor, M., Rezaei Hemami, M., L. Downey, C., Branagan-Harris, M., and Atkinson, J. (2020) ‘Cost Utility Analysis of Continuous and Intermittent versus Intermittent Vital Signs Monitoring in Patients Admitted to Surgical Wards’. Journal of Medical Economics [online] 1–9. available from <https://www.tandfonline.com/doi/full/10.1080/13696998.2020.1747474> [4 June 2020] 
	Jeffs, E., Vollam, S., Young, J.D., Horsington, L., Lynch, B., and Watkinson, P.J. (2016) ‘Wearable Monitors for Patients Following Discharge from an Intensive Care Unit: Practical Lessons Learnt from an Observational Study’. Journal of Advanced Nursing 72 (8), 1851–1862 
	Joshi, M., Archer, S., Morbi, A., Arora, S., Kwasnicki, R., Ashrafian, H., Khan, S., Cooke, G., and Darzi, A. (2021) ‘Short-Term Wearable Sensors for In-Hospital Medical and Surgical Patients: Mixed Methods Analysis of Patient Perspectives’. JMIR Perioper Med [online] 4 (1), e18836. available from <http://www.ncbi.nlm.nih.gov/pubmed/33885367> 
	Joshi, M., Ashrafian, H., Aufegger, L., Khan, S., Arora, S., Cooke, G., and Darzi, A. (2019) ‘Wearable Sensors to Improve Detection of Patient Deterioration’. Expert Review of Medical Devices 
	Knight, J.F. and Baber, C. (2005) ‘A Tool to Assess the Comfort of Wearable Computers’. Human Factors: The Journal of the Human Factors and Ergonomics Society 47 (1), 77–91 
	Knight, J.F., Baber, C., Schwirtz, A., and Bristow, H.W. (2002) ‘The Comfort Assessment of Wearable Computers’. in Proceedings. Sixth International Symposium on Wearable Computers, [online] held 2002. IEEE, 65–72. available from <http://ieeexplore.ieee.org/document/1167220/> [10 February 2020] 
	Knight, J.F., Deen-Williams, D., Arvanitis, T.N., Baber, C., Sotiriou, S., Anastopoulou, S., and Gargalakos, M. (2007) ‘Assessing the Wearability of Wearable Computers’. Proceedings - International Symposium on Wearable Computers, ISWC 75–82 
	Kuo, C., Patton, D., Rooks, T., Tierney, G., McIntosh, A., Lynall, R., Esquivel, A., Daniel, R., Kaminski, T., and Mihalik, J. (2022) ‘On-Field Deployment and Validation for Wearable Devices’. Annals of Biomedical Engineering 1–17 
	L. Poisson, J. and O’Leary, M.F. (2022) ‘Improving Our Reaction Time–Using Technology to Identify Transfusion Reactions Sooner’. in Transfusion. Wiley Online Library 
	Lee, S.-M., Lee, S.-H., and Park, J. (2022) ‘A Multidimensional Approach to Wearability Assessment of an Electronic Wrist Bracelet for the Criminal Justice System’. Fashion and Textiles [online] 9 (1), 25. available from <https://doi.org/10.1186/s40691-022-00301-z> 
	Leenen, J.P.L., Dijkman, E.M., van Hout, A., Kalkman, C.J., Schoonhoven, L., and Patijn, G.A. (2022a) ‘Nurses’ Experiences with Continuous Vital Sign Monitoring on the General Surgical Ward: A Qualitative Study Based on the Behaviour Change Wheel’. BMC Nursing 21 (1), 1–11 
	Leenen, J.P.L., Leerentveld, C., van Dijk, J.D., van Westreenen, H.L., Schoonhoven, L., and Patijn, G.A. (2020) ‘Current Evidence for Continuous Vital Signs Monitoring by Wearable Wireless Devices in Hospitalized Adults: Systematic Review.’ Journal of Medical Internet Research [online] 22 (6), e18636. available from <http://www.jmir.org/2020/6/e18636/> [10 July 2020] 
	Leenen, J.P.L., Rasing, H.J.M., van Dijk, J.D., Kalkman, C.J., Schoonhoven, L., and Patijn, G.A. (2022b) ‘Feasibility of Wireless Continuous Monitoring of Vital Signs without Using Alarms on a General Surgical Ward: A Mixed Methods Study’. Plos One 17 (3), e0265435 
	Lewy, H. (2015) ‘Wearable Technologies – Future Challenges for Implementation in Healthcare Services’. Healthcare Technology Letters [online] 2 (1), 2–5. available from <https://doi.org/10.1049/htl.2014.0104> 
	Li, G., Cheng, L., Fan, M., and Lin, L. (2022) ‘A Dynamic Spectrum Optimized Single-Trail Extraction Method for Noninvasive Analysis of Human Blood Components’. Infrared Physics & Technology [online] 126, 104358. available from <https://www.sciencedirect.com/science/article/pii/S1350449522003395> 
	Lippi, L., D’Abrosca, F., Folli, A., Dal Molin, A., Moalli, S., Maconi, A., Ammendolia, A., de Sire, A., and Invernizzi, M. (2022) ‘Closing the Gap between Inpatient and Outpatient Settings: Integrating Pulmonary Rehabilitation and Technological Advances in the Comprehensive Management of Frail Patients’. International Journal of Environmental Research and Public Health 19 (15), 9150 
	van Loon, K., van Zaane, B., Bosch, E.J., Kalkman, C.J., and Peelen, L.M. (2015) ‘Non-Invasive Continuous Respiratory Monitoring on General Hospital Wards: A Systematic Review’. PLoS One 10 (12), e0144626 
	López-Espuela, F., Rodríguez-Martin, B., Lavado García, J., Toribio-Felipe, R., Amarilla-Donoso, F.J., Rodríguez Almagro, J.J., Ribeiro, A.S.F., Fernandes, V.S., and Moran-García, J.M. (2022) ‘Experiences and Mediating Factors in Nurses’ Responses to Electronic Device Alarms: A Phenomenological Study’. Journal of Nursing Management [online] 30 (5), 1303–1316. available from <https://doi.org/10.1111/jonm.13614> 
	Louie, A., Feiner, J.R., Bickler, P.E., Rhodes, L., Bernstein, M., and Lucero, J. (2018) ‘Four Types of Pulse Oximeters Accurately Detect Hypoxia during Low Perfusion and Motion’. Anesthesiology [online] 128 (3), 520–530. available from <http://Insights.ovid.com/crossref?an=00000542-201803000-00016> [7 November 2018] 
	de Man, F.R., Greuters, S., Boer, C., Veerman, D.P., and Loer, S.A. (2013) ‘Intra-Operative Monitoring – Many Alarms with Minor Impact’. Anaesthesia [online] 68 (8), 804–810. available from <https://doi.org/10.1111/anae.12289> 
	Manta, C., Jain, S.S., Coravos, A., Mendelsohn, D., and Izmailova, E.S. (2020) ‘An Evaluation of Biometric Monitoring Technologies for Vital Signs in the Era of COVID‐19’. Clinical and Translational Science [online] 13 (6), 1034–1044. available from <https://app.dimensions.ai/details/publication/pub.1130455673> 
	Martín Yeves, L. (2022) Evaluación de La Usabilidad y Satisfacción de Un Sistema de Apoyo a Las Decisiones Clínicas Basado En La Telemonitorización de Pacientes Con Covid-19 En Situación de Aislamiento Domiciliario. Proyecto Ulysses. [online] available from <https://uvadoc.uva.es/handle/10324/55115> [3 November 2022] 
	Mcquillan, P., Pilkington, S., Allan, A., Taylor, B., Short, A., Morgan, G., Nielsen, M., Barrett, D., and Smith, G. (1998) Confidential Inquiry into Quality of Care before Admission. 1853–1858 
	Mejia, J.M.R., Rawal, A., and Rawat, D.B. (2022) ‘Finite State Automata for Real-Time Health Electronic Record Update: A Survey’. in 2022 IEEE Global Humanitarian Technology Conference (GHTC). held 2022. 154–161 
	Mok, W.Q., Wang, W., and Liaw, S.Y. (2015) ‘Vital Signs Monitoring to Detect Patient Deterioration: An Integrative Literature Review’. International Journal of Nursing Practice [online] 21, 91–98. available from <http://doi.wiley.com/10.1111/ijn.12329> [13 January 2020] 
	Morgado Areia, C., Santos, M., Vollam, S., Pimentel, M., Young, L., Roman, C., Ede, J., Piper, P., King, E., Gustafson, O., Harford, M., Shah, A., Tarassenko, L., and Watkinson, P. (2021) ‘A Chest Patch for Continuous Vital Sign Monitoring: Clinical Validation Study During Movement and Controlled Hypoxia’. J Med Internet Res [online] 23 (9), e27547. available from <http://www.ncbi.nlm.nih.gov/pubmed/34524087> 
	National Center for Immunization and Respiratory Diseases - Division of Viral Diseases (2020) Interim Clinical Guidance for Management of Patients with Confirmed Coronavirus Disease (COVID-19). Centers for Disease Control and Prevention. [online] available from <https://www.cdc.gov/coronavirus/2019-ncov/hcp/clinical-guidance-management-patients.html> [16 April 2022] 
	National Institute for Health and Care Excellence (UK) (2020) ‘2020 Surveillance of Acutely Ill Adults in Hospital: Recognising and Responding to Deterioration’. in NICE Guideline CG50 [online] London, UK. available from <https://www.ncbi.nlm.nih.gov/books/NBK553551/> [21 August 2021] 
	National Institute for Health Care Excellence (2007) Acutely Ill Adults in Hospital: Recognising and Responding to Deterioration. NICE Guideline [online] London, UK: NICE. available from <https://www.nice.org.uk/guidance/cg50> [6 February 2020] 
	Naziyok, T.P., Zeleke, A.A., and Röhrig, R. (2016) ‘Contactless Patient Monitoring for General Wards: A Systematic Technology Review.’ Studies in Health Technology and Informatics 228, 707–711 
	NICE Clinical Guidelines (2007) Acutely Ill Adults in Hospital: Recognising and Responding to Deterioration. (July), 1–30 
	Nonin Medical Inc Plymouth U (2020) WristOx2® Model 3150 with Bluetooth® Low Energy. [online] available from <https://www.nonin.com/products/wristox2-model-3150-with-ble/> [16 April 2022] 
	O’Carroll, O., MacCann, R., O&#039;Reilly, A., Dunican, E.M., Feeney, E.R., Ryan, S., Cotter, A., Mallon, P.W., Keane, M.P., Butler, M.W., and McCarthy, C. (2020) ‘Remote Monitoring of Oxygen Saturation in Individuals with COVID-19 Pneumonia’. European Respiratory Journal [online] 56 (2), 2001492. available from <http://erj.ersjournals.com/content/56/2/2001492.abstract> 
	Odell, M., Victor, C., and Oliver, D. (2009) ‘Nurses’ Role in Detecting Deterioration in Ward Patients: Systematic Literature Review’. Journal of Advanced Nursing [online] 65 (10), 1992–2006. available from <http://www.ncbi.nlm.nih.gov/pubmed/20568317> [10 March 2020] 
	Olsson, A., Persson, A.-C., Bartfai, A., and Boman, I.-L. (2018) ‘Sensor Technology More than a Support’. Scandinavian Journal of Occupational Therapy [online] 25 (2), 79–87. available from <https://doi.org/10.1080/11038128.2017.1293155> 
	Palinkas, L.A., Aarons, G.A., Horwitz, S., Chamberlain, P., Hurlburt, M., and Landsverk, J. (2011) ‘Mixed Method Designs in Implementation Research’. Administration and Policy in Mental Health and Mental Health Services Research [online] 38 (1), 44–53. available from <https://doi.org/10.1007/s10488-010-0314-z> 
	Pannase, K., Mahakalkar, M.M., and Gomase, K. (2022) ‘Review of Article: Benefits of Wearable Technology to Provide Efficient Nursing Care’. in 2022 3rd International Conference on Electronics and Sustainable Communication Systems (ICESC). held 2022. 24–27 
	Pavic, M., Klaas, V., Theile, G., Kraft, J., Tröster, G., and Guckenberger, M. (2019) ‘Feasibility and Usability Aspects of Continuous Remote Monitoring of Health Status in Palliative Cancer Patients Using Wearables’. Oncology [online] 1–10. available from <http://www.ncbi.nlm.nih.gov/pubmed/31336377> [10 February 2020] 
	Pimentel, M.A.F., Redfern, O.C., Gerry, S., Collins, G.S., Malycha, J., Prytherch, D., Schmidt, P.E., Smith, G.B., and Watkinson, P.J. (2019) ‘A Comparison of the Ability of the National Early Warning Score and the National Early Warning Score 2 to Identify Patients at Risk of In-Hospital Mortality: A Multi-Centre Database Study’. Resuscitation [online] 134, 147–156. available from <https://doi.org/10.1016/j.resuscitation.2018.09.026> 
	Pimentel, M.A.F., Redfern, O.C., Hatch, R., Young, J.D., Tarassenko, L., and Watkinson, P.J. (2020) ‘Trajectories of Vital Signs in Patients with COVID-19’. Resuscitation 0 (0), 138028 
	Prgomet, M., Cardona-Morrell, M., Nicholson, M., Lake, R., Long, J., Westbrook, J., Braithwaite, J., and Hillman, K. (2016) ‘Vital Signs Monitoring on General Wards: Clinical Staff Perceptions of Current Practices and the Planned Introduction of Continuous Monitoring Technology’. International Journal for Quality in Health Care [online] 28 (4), 515–521. available from <https://academic.oup.com/intqhc/article-lookup/doi/10.1093/intqhc/mzw062> [14 December 2018] 
	Pronovost, P.J., Cole, M.D., and Hughes, R.M. (2022) ‘Remote Patient Monitoring During COVID-19: An Unexpected Patient Safety Benefit’. JAMA [online] 327 (12), 1125–1126. available from <https://doi.org/10.1001/jama.2022.2040> 
	Rafl, J., Bachman, T.E., Rafl-Huttova, V., Walzel, S., and Rozanek, M. (2022) ‘Commercial Smartwatch with Pulse Oximeter Detects Short-Time Hypoxemia as Well as Standard Medical-Grade Device: Validation Study’. DIGITAL HEALTH [online] 8, 20552076221132130. available from <https://doi.org/10.1177/20552076221132127> 
	Rajbhandary, P.L., Nallathambi, G., Selvaraj, N., Tran, T., and Colliou, O. (2022) ‘ECG Signal Quality Assessments of a Small Bipolar Single-Lead Wearable Patch Sensor’. Cardiovascular Engineering and Technology 1–14 
	Redfern, O.C., Griffiths, P., Maruotti, A., Recio Saucedo, A., and Smith, G.B. (2019) ‘The Association between Nurse Staffing Levels and the Timeliness of Vital Signs Monitoring: A Retrospective Observational Study in the UK’. BMJ Open [online] 9 (9), e032157. available from <http://bmjopen.bmj.com/content/9/9/e032157.abstract> 
	Romero-Brufau, S., Gaines, K., Nicolas, C.T., Johnson, M.G., Hickman, J., and Huddleston, J.M. (2019) ‘The Fifth Vital Sign? Nurse Worry Predicts Inpatient Deterioration within 24 Hours’. JAMIA Open [online] 2 (4), 465–470. available from <https://doi.org/10.1093/jamiaopen/ooz033> 
	Rosic, T., Petrina, N., Baysari, M., Ritchie, A., and Poon, S.K. (2022) ‘Patient and Clinician Use Characteristics and Perceptions of Pulse Oximeter Use: A Scoping Review’. International Journal of Medical Informatics 104735 
	van Rossum, M., Leenen, J., Kingma, F., Breteler, M., van Hillegersberg, R., Ruurda, J., Kouwenhoven, E., van Det, M., Luyer, M., and Nieuwenhuijzen, G. (2021) ‘Expectations of Continuous Vital Signs 
	Monitoring for Recognizing Complications after Esophagectomy: Interview Study among Nurses and Surgeons’. JMIR Perioperative Medicine 4 (1), e22387 
	Royal College of Physicians (2017) National Early Warning Score (NEWS) 2: Standardising the Assessment of Acute-Illness Severity in the NHS. Updated Report of a Working Party. 
	Royal College of Physicians (2012) National Early Warning Score (NEWS): Standardising the Assessment of Acute-Illness Severity in the NHS—Report of a Working Party. London 
	Santos, M., Vollam, S., Pimentel, M., Areia, C., Louise, Y., Roman, C., Ede, J., Piper, P., King, E., Harford, M., Shah, A., Gustafson, O., Tarassenko, L., and Watkinson, P.J. (2021) ‘Wearable Pulse Oximeters in the Prompt Detection of Hypoxaemia and during Movement: A Diagnostic Accuracy Study’. Journal of Medical Internet Research (JMIR) 
	Santos, M.D., Roman, C., Pimentel, M.A.F., Vollam, S., Areia, C., Young, L., Watkinson, P., and Tarassenko, L. (2021) ‘A Real-Time Wearable System for Monitoring Vital Signs of COVID-19 Patients in a Hospital Setting’. Frontiers in Digital Health [online] 3, 120. available from <https://www.frontiersin.org/article/10.3389/fdgth.2021.630273> 
	Scally, G., Jacobson, B., and Abbasi, K. (2020) ‘The UK’s Public Health Response to Covid-19’. BMJ [online] 369, m1932. available from <http://www.bmj.com/content/369/bmj.m1932.abstract> 
	Scott, L.J., Redmond, N.M., Tavaré, A., Little, H., Srivastava, S., and Pullyblank, A. (2020) ‘Association between National Early Warning Scores in Primary Care and Clinical Outcomes: An Observational Study in UK Primary and Secondary Care’. British Journal of General Practice [online] 70 (695), e374. available from <http://bjgp.org/content/70/695/e374.abstract> 
	Selvaraj, N. (2014) ‘Long-Term Remote Monitoring of Vital Signs Using a Wireless Patch Sensor’. in 2014 IEEE Healthcare Innovation Conference (HIC) [online] held October 2014. IEEE, 83–86. available from <http://ieeexplore.ieee.org/document/7038880/> [10 February 2020] 
	Seshadri, D.R., Davies, E. v, Harlow, E.R., Hsu, J.J., Knighton, S.C., Walker, T.A., Voos, J.E., and Drummond, C.K. (2020) ‘Wearable Sensors for COVID-19: A Call to Action to Harness Our Digital Infrastructure for Remote Patient Monitoring and Virtual Assessments’. Frontiers in Digital Health [online] 2. available from <https://www.frontiersin.org/article/10.3389/fdgth.2020.00008> 
	Skraastad, E.J., Borchgrevink, P.C., Nilsen, T.I.L., and Ræder, J. (2020) ‘Postoperative Quality and Safety Using Efficacy Safety Score (ESS) and a Wireless Patient Monitoring System at the Ward: A 
	Randomised Controlled Study’. Acta Anaesthesiologica Scandinavica [online] 64 (3), 301–308. available from <https://onlinelibrary.wiley.com/doi/abs/10.1111/aas.13492> 
	Smith, G.B., Prytherch, D.R., Meredith, P., Schmidt, P.E., and Featherstone, P.I. (2013) ‘The Ability of the National Early Warning Score (NEWS) to Discriminate Patients at Risk of Early Cardiac Arrest, Unanticipated Intensive Care Unit Admission, and Death’. Resuscitation [online] 84 (4), 465–470. available from <https://doi.org/10.1016/j.resuscitation.2012.12.016> 
	Smuck, M., Odonkor, C.A., Wilt, J.K., Schmidt, N., and Swiernik, M.A. (2021) ‘The Emerging Clinical Role of Wearables: Factors for Successful Implementation in Healthcare’. Npj Digital Medicine [online] 4 (1), 45. available from <https://doi.org/10.1038/s41746-021-00418-3> 
	Spångfors, M., Arvidsson, L., Karlsson, V., and Samuelson, K. (2016) ‘The National Early Warning Score: Translation, Testing and Prediction in a Swedish Setting’. Intensive and Critical Care Nursing [online] 37, 62–67. available from <https://www.sciencedirect.com/science/article/pii/S0964339716300374> 
	Sun, L., Joshi, M., Khan, S.N., Ashrafian, H., and Darzi, A. (2020) ‘Clinical Impact of Multi-Parameter Continuous Non-Invasive Monitoring in Hospital Wards: A Systematic Review and Meta-Analysis’. Journal of the Royal Society of Medicine [online] 113 (6), 217–224. available from <https://doi.org/10.1177/0141076820925436> 
	Taenzer, A.H., Pyke, J.B., McGrath, S.P., and Warner, D.S. (2011) ‘A Review of Current and Emerging Approaches to Address Failure-to-Rescue’. The Journal of the American Society of Anesthesiologists 115 (2), 421–431 
	Tange Larsen, A., Sopina, L., Meyhoff, C.S., Bjarup Dissing Sørensen, H., Kvanner Aasvang, E., Rud Kristensen, S., and Kjellberg, J. (2022) ‘Manuscript: Cost-Effectiveness of Artificial Intelligence-Assisted Continuous Vital Signs Monitoring Systems – Current Evidence and Directions for Future Evaluations’. SSRN Electronic Journal 
	Tarassenko, L., Hann, A., and Young, D. (2006) ‘Integrated Monitoring and Analysis for Early Warning of Patient Deterioration’. British Journal of Anaesthesia [online] 97 (1), 64–68. available from <https://linkinghub.elsevier.com/retrieve/pii/S000709121735184X> [14 July 2020] 
	Tonino, R.P.B., Larimer, K., Eissen, O., and Schipperus, M.R. (2019) ‘Remote Patient Monitoring in Adults Receiving Transfusion or Infusion for Hematological Disorders Using the VitalPatch and AccelerateIQ Monitoring System: Quantitative Feasibility Study.’ JMIR Human Factors [online] 6 
	(4), e15103. available from <http://www.ncbi.nlm.nih.gov/pubmed/31789596> [10 February 2020] 
	Trusson, D., Rowley, E., and Barratt, J. (2021) ‘Multimethods Study Comparing the Experiences of Medical Clinical Academics with Nurses, Midwives and Allied Health Professionals Pursuing a Clinical Academic Career’. BMJ Open [online] 11 (4), e043270. available from <http://bmjopen.bmj.com/content/11/4/e043270.abstract> 
	Tsai, M.-C., Shen, T.-W., Ou, T.-K., and Lee, T.-F. (2021) ‘Measurement Oxygen Saturation Based on Amplitude of Single Wavelength of Photoacoustic Signal from Finger Tips: This Establishes the Formula to Map Features of Photoacoustic (PA) Signals/Images with Oxygen Saturation Directly.’ in 2021 5th International Conference on Medical and Health Informatics. held 2021. 98–102 
	Ullah, E., Albrett, J., Khan, O., Matthews, C., Perry, I., GholamHosseini, H., and Lu, J. (2022) ‘Workload Involved in Vital Signs-Based Monitoring & Responding to Deteriorating Patients: A Single Site Experience from a Regional New Zealand Hospital’. Heliyon [online] 8 (10), e10955. available from <https://www.sciencedirect.com/science/article/pii/S2405844022022435> 
	Uwamariya, M. (2021) IoT-Based Remote Health Monitoring System for Infected People. Rwanda: University of Rwanda 
	Verrillo, S.C., Cvach, M., Hudson, K.W., and Winters, B.D. (2019) ‘Using Continuous Vital Sign Monitoring to Detect Early Deterioration in Adult Postoperative Inpatients’. Journal of Nursing Care Quality [online] 34 (2), 107–113. available from <http://journals.lww.com/00001786-201904000-00004> [12 July 2020] 
	Viergever, R.F. and Ghersi, D. (2011) ‘The Quality of Registration of Clinical Trials’. PLoS ONE 6 (2) 
	VitalConnect. (n.d.) VitalPatch® [online] available from <https://vitalconnect.com/solutions/vitalpatch/> [30 October 2021] 
	Vollam, S., Santos, M., Areia, C., Biggs, C., Roman, C., Young, L., Tarassenko, L., and Watkinson, P. (2022) Retrospective Analysis of Vital Signs Data from Patients with COVID-19 Using the ‘virtual High Dependency Unit’ Monitoring System [online] available from <https://www.isrctn.com/ISRCTN85624923> [6 July 2022] 
	Vuillaume, L.A., Carval, G., Grajoszex, M., Ouamara, N., and Salvestrini, J.P. (2022) ‘Innovation En Santé Au Service Des Urgences et Des Cliniciens-Chercheurs: Le Parcours et l’évaluation Clinique d’un Dispositif Médical’. Annales Françaises de Médecine d’urgence 
	Wallace, M.L., Coleman, T.S., Mentch, L.K., Buysse, D.J., Graves, J.L., Hagen, E.W., Hall, M.H., Stone, K.L., Redline, S., and Peppard, P.E. (2021) ‘Physiological Sleep Measures Predict Time to 15‐year Mortality in Community Adults: Application of a Novel Machine Learning Framework’. Journal of Sleep Research 30 (6), e13386 
	Watkinson, P.J., Barber, V.S., Price, J.D., Hann, A., Tarassenko, L., and Young, J.D. (2006) ‘A Randomised Controlled Trial of the Effect of Continuous Electronic Physiological Monitoring on the Adverse Event Rate in High Risk Medical and Surgical Patients’. Anaesthesia 61 (11), 1031–1039 
	Weenk, M., Bredie, S.J., Koeneman, M., Hesselink, G., van Goor, H., and van de Belt, T.H. (2020) ‘Continuous Monitoring of Vital Signs in the General Ward Using Wearable Devices:  Randomized Controlled Trial.’ Journal of Medical Internet Research 22 (6), e15471 
	Weenk, M., van Goor, H., Frietman, B., Engelen, L.J., van Laarhoven, C.J., Smit, J., Bredie, S.J., and van de Belt, T.H. (2017) ‘Continuous Monitoring of Vital Signs Using Wearable Devices on the General Ward: Pilot Study.’ JMIR MHealth and UHealth [online] 5 (7), e91. available from <http://mhealth.jmir.org/2017/7/e91/> [24 August 2018] 
	Weenk, M., Koeneman, M., van de Belt, T.H., Engelen, L.J.L.P.G., van Goor, H., and Bredie, S.J.H. (2019) ‘Wireless and Continuous Monitoring of Vital Signs in Patients at the General Ward.’ Resuscitation 136, 47–53 
	Weller, R.S., Foard, K.L., and Harwood, T.N. (2018) ‘Evaluation of a Wireless, Portable, Wearable Multi-Parameter Vital Signs Monitor in Hospitalized Neurological and Neurosurgical Patients’. Journal of Clinical Monitoring and Computing 
	Wells, C.I., Xu, W., Penfold, J.A., Keane, C., Gharibans, A.A., Bissett, I.P., and O’Grady, G. (2022) ‘Wearable Devices to Monitor Recovery after Abdominal Surgery: Scoping Review’. BJS Open 6 (2), zrac031 
	Whelan, M., Biggs, C., Areia, C., King, E., Lawson, B., Newhouse, N., Ding, X., Velardo, C., Bafadhel, M., Tarassenko, L., and others (2021) ‘Recruiting Patients to a Digital Self-Management Study Whilst in Hospital for a Chronic Obstructive Pulmonary Disease Exacerbation: A Feasibility Analysis’. Digital Health 7, 20552076211020876 
	Willan, J., King, A.J., Jeffery, K., and Bienz, N. (2020) ‘Challenges for NHS Hospitals during Covid-19 Epidemic’. BMJ [online] 368, m1117. available from <http://www.bmj.com/content/368/bmj.m1117.abstract> 
	Wong, D., Bonnici, T., Knight, J., Morgan, L., Coombes, P., and Watkinson, P. (2015) ‘SEND: A System for Electronic Notification and Documentation of Vital Sign  Observations.’ BMC Medical Informatics and Decision Making 15, 68 
	World Health Organization (2020) WHO Director-General’s Statement on IHR Emergency Committee on Novel Coronavirus (2019-NCoV). [online] available from <https://www.who.int/dg/speeches/detail/who-director-general-s-statement-on-ihr-emergency-committee-on-novel-coronavirus-(2019-ncov)> [16 April 2022] 
	Xu, C., Yuan, R., Wang, T., Shen, K., Ye, Y., and Chen, J. (2022) ‘Research on User Intention to Use Wearable Devices: Taking College Students as Examples’. Journal of Innovation and Social Science Research ISSN [online] 2591, 6890. available from <https://web.archive.org/web/20220612185251id_/http://jissr.net/api/static/2022-9-5_20> [15 September 2022] 
	Xu, W., Gharibans, A.A., Bissett, I.P., O’Grady, G., Wells, C.I., Areia, C., Biggs, C., Santos, M., Thurley, N., Gerry, S., Tarassenko, L., Watkinson, P., and Vollam, S. (2021) ‘Continuous Wireless Postoperative Monitoring Using Wearable Devices: Further Device Innovation Is Needed’. Critical Care [online] 25 (1), 394. available from <https://doi.org/10.1186/s13054-021-03805-0> 
	Yizhe, Z. (2021) ‘Design and Implementation of Firefighter Signs Monitoring System Based on Internet of Things Technology’. in 2021 International Conference on Intelligent Computing, Automation and Systems (ICICAS). held 2021. IEEE, 151–154 
	  
	  
	Appendix 1- Relationship flowchart 
	Figure
	Appendix 2- Candidate full publication list 
	2.1- Included publications 
	1  Areia C, Vollam S, Young L, et al. Protocol for a systematic review assessing ambulatory vital sign monitoring impact on deterioration detection and related clinical outcomes in hospitalised patients. BMJ Open 2021;11. doi:10.1136/bmjopen-2020-047715 
	2  Areia C, Biggs C, Santos M, et al. The impact of wearable continuous vital sign monitoring on deterioration detection and clinical outcomes in hospitalised patients: a systematic review and meta-analysis. Critical Care 2021;25:351. doi:10.1186/s13054-021-03766-4 
	3  Xu W, Gharibans AA, Bissett IP, et al. Continuous wireless postoperative monitoring using wearable devices: further device innovation is needed. Critical Care 2021;25:394. doi:10.1186/s13054-021-03805-0 
	4  Areia C, King E, Ede J, et al. Experiences of current vital signs monitoring practices and views of wearable monitoring: A qualitative study in patients and nurses. Journal of Advanced Nursing 2021;n/a. doi:https://doi.org/10.1111/jan.15055 
	5  Areia C, Young L, Vollam S, et al. Wearability Testing of Ambulatory Vital Sign Monitoring Devices: Prospective Observational Cohort Study. JMIR Mhealth Uhealth 2020;8:e20214. doi:10.2196/20214 
	6  Areia C, Vollam S, Piper P, et al. Protocol for a prospective, controlled, cross-sectional, diagnostic accuracy study to evaluate the specificity and sensitivity of ambulatory monitoring systems in the prompt detection of hypoxia and during movement. BMJ Open 2020;10:e034404. doi:10.1136/BMJOPEN-2019-034404 
	7  Areia C, Santos M, Vollam S, et al. Chest patch for continuous vital-sign monitoring: A clinical validation study during movement and controlled hypoxia. Journal of Medical Internet Research 2021;in press. doi:10.2196/27547 
	8  Santos M, Vollam S, Pimentel M, et al. Wearable pulse oximeters in the prompt detection of hypoxaemia and during movement: a diagnostic accuracy study. Journal of Medical Internet Research (JMIR) Published Online First: 2021. doi:21/03/2021:28890 
	9  Santos MD, Roman C, Pimentel MAF, et al. A Real-Time Wearable System for Monitoring Vital Signs of COVID-19 Patients in a Hospital Setting. Frontiers in Digital Health 2021;3:120. doi:10.3389/fdgth.2021.630273 
	10  Areia C, Vollam S, Roman C, et al. Impact of an Ambulatory Monitoring System on Deterioration Detection and Clinical Outcomes in Hospitalised Patients. A Feasibility Randomised Controlled Trial Protocol. Pre-print: submitted to Pilot and Feasibility Studies journal Published Online First: 2022. doi:10.21203/rs.3.rs-1191653/v1 
	  
	 
	2.2- Publications not included but related 
	11  Armitage LC, Chi Y, Santos M, et al. Monitoring activity of hip injury patients (MoHIP): a sub-study of the World Hip Trauma Evaluation observational cohort study. Pilot Feasibility Stud 2020;6:1–11. 
	12  Whelan M, Biggs C, Areia C, et al. Recruiting patients to a digital self-management study whilst in hospital for a chronic obstructive pulmonary disease exacerbation: A feasibility analysis. Digital Health 2021;7:20552076211020876. 
	13  Harford M, Areia C, Villarroel M, et al. Study protocol for an exploratory interventional study investigating the feasibility of video-based non-contact physiological monitoring in healthy volunteers by Mapping Of Lower Limb skIn pErfusion (MOLLIE). BMJ Open 2020;10:e036235. 
	  
	2.3- Posters and presentations 
	14  Areia C, Jarman A, Biggs C, et al. Vital sign monitoring methods and perceived reliability differences between physiotherapists and nurses. A cross-sectional survey study. Physiotherapy 2022;114:e60–1. doi:10.1016/j.physio.2021.12.316 
	15  Areia C, King E, Young L, et al. Patient and nurse experience of vital-sign monitoring practices and preliminary views of wearable monitoring: Qualitative study in a surgical ward. Physiotherapy 2022;114:e223. doi:10.1016/j.physio.2021.12.212 
	16  Areia C, Vollam S, Ede J, et al. Regulatory challenges of designing and testing continuous ambulatory vital signs monitoring in ward environments: lessons learned from the vHDU project. Physiotherapy 2020;107:e128. doi:10.1016/j.physio.2020.03.185 
	17  Areia C, Vollam S, Santos M, et al. The future of vital sign monitoring: Testing and comparing ambulatory monitoring devices accuracy and wearability. Physiotherapy 2021;113:e159. doi:10.1016/j.physio.2021.10.160 
	18  Armitage L, Chi Y, Santos M, et al. Monitoring activity of Hip Injury Patients (MoHIP): A sub-study of the World Hip Trauma Evaluation Observational Cohort Study. Physiotherapy 2021;113:e145–6. doi:10.1016/j.physio.2021.10.140 
	19  Areia C, Santos M, Vollam S, et al. Chest patch for continuous vital-sign monitoring: A clinical validation study during movement and controlled hypoxia. Physiotherapy 2022;114:e4. doi:10.1016/j.physio.2021.12.244 
	  
	2.4- Other publications 
	20  Beard DJ, Davies L, Cook JA, et al. Rehabilitation versus surgical reconstruction for non-acute anterior cruciate ligament injury (ACL SNNAP): a pragmatic randomised controlled trial. The Lancet 2022;400:605–15. 
	21  Lai LYH, Arshad F, Areia C, et al. Current Approaches to Vaccine Safety Using Observational Data: A Rationale for the EUMAEUS (Evaluating Use of Methods for Adverse Events Under Surveillance-for Vaccines) Study Design. Front Pharmacol 2022;13:554. 
	22  Kostka K, Duarte-Salles T, Prats-Uribe A, et al. Unraveling COVID-19: a large-scale characterization of 4.5 million COVID-19 cases using CHARYBDIS. Clin Epidemiol 2022;14:369. 
	23  Williams RD, Markus AF, Yang C, et al. Seek COVER: using a disease proxy to rapidly develop and validate a personalized risk calculator for COVID-19 outcomes in an international network. BMC Med Res Methodol 2022;22:1–13. 
	24  Morales DR, Ostropolets A, Lai L, et al. Characteristics and outcomes of COVID-19 patients with and without asthma from the United States, South Korea, and Europe. Journal of Asthma 2022;:1–11. 
	25  Reyes C, Pistillo A, Fernández-Bertolín S, et al. Characteristics and outcomes of patients with COVID-19 with and without prevalent hypertension: a multinational cohort study. BMJ Open 2021;11:e057632. 
	26  Prats-Uribe A, Sena AG, Lai LYH, et al. Heterogeneity and temporal variation in the management of COVID-19: A multinational drug utilisation study including 274,719 hospitalised patients from, the United States of America, China, Spain, and South Korea. Pharmacoepidemiol Drug Saf 2021;:78–9. 
	27  Li X, Lai LYH, Ostropolets A, et al. Bias, precision and timeliness of historical (background) rate comparison methods for vaccine safety monitoring: an empirical multi-database analysis. Front Pharmacol 2021;:3307. 
	28  Recalde M, Roel E, Pistillo A, et al. Characteristics and outcomes of 627 044 COVID-19 patients living with and without obesity in the United States, Spain, and the United Kingdom. Int J Obes 2021;45:2347–57. 
	29  Roel E, Pistillo A, Recalde M, et al. Characteristics and outcomes of over 300,000 patients with COVID-19 and history of cancer in the United States and Spain. Cancer Epidemiology, Biomarkers & Prevention 2021;30:1884–94. 
	30  Duarte-Salles T, Vizcaya D, Pistillo A, et al. Thirty-day outcomes of children and adolescents with COVID-19: an international experience. Pediatrics 2021;148. 
	31  Prats-Uribe A, Sena AG, Lai LYH, et al. Use of repurposed and adjuvant drugs in hospital patients with covid-19: multinational network cohort study. BMJ 2021;373. 
	32  Reps JM, Kim C, Williams RD, et al. Implementation of the COVID-19 vulnerability index across an international network of health care data sets: collaborative external validation study. JMIR Med Inform 2021;9:e21547. 
	33  Tan EH, Sena AG, Prats-Uribe A, et al. COVID-19 in patients with autoimmune diseases: characteristics and outcomes in a multinational network of cohorts across three countries. Rheumatology 2021;60:SI37–50. 
	34  Reps JM, Kim C, Williams RD, et al. Can we trust the prediction model? Illustrating the importance of external validation by implementing the COVID-19 Vulnerability (C-19) Index across an international network of observational healthcare datasets. JMIR Med Inform 2021. 
	35  Lane JCE, Weaver J, Kostka K, et al. Risk of depression, suicide and psychosis with hydroxychloroquine treatment for rheumatoid arthritis: a multinational network cohort study. Rheumatology 2021;60:3222–34. 
	36  Burn E, You SC, Sena AG, et al. Deep phenotyping of 34,128 adult patients hospitalised with COVID-19 in an international network study. Nat Commun 2020;11:1–11. 
	37  Areia C, Barreira P, Montanha T, et al. Neuromuscular changes in football players with previous hamstring injury. Clinical Biomechanics 2019;69:115–9. 
	38  Younis AS, Abdelmonem IM, Mohamed YR, et al. Hydrogel dressings for donor sites of split‐thickness skin grafts. Cochrane Database Syst Rev 2020;2020. 
	39  Davies L, Cook J, Leal J, et al. Comparison of the clinical and cost effectiveness of two management strategies (rehabilitation versus surgical reconstruction) for non-acute anterior cruciate ligament (ACL) injury: study protocol for the ACL SNNAP randomised controlled trial. Trials 2020;21:1–16. 
	40  Morales DR, Conover MM, You SC, et al. Renin–angiotensin system blockers and susceptibility to COVID-19: an international, open science, cohort analysis. Lancet Digit Health 2021;3:e98–114. 





