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Abstract
Background
Patients with symptomatic coronary artery disease (CAD) frequently experience

limitations in daily activities and quality of life. While medication is the first line
treatment for angina, percutaneous coronary intervention (PCI) also relieves
symptoms in obstructive CAD. Treatment success is evaluated through patient
reported outcomes, lacking objective assessment methods.

Objective
To explore alternative methods for assessing patient response to coronary

revascularisation in stable angina using prolonged physical activity monitoring.

Methods
The Virtu-5 study recruited 37 symptomatic CAD patients, using wrist-worn activity

trackers. Patients underwent fractional flow reserve (FFR) guided PCI and were
monitored continuously before and after their procedure. Activity data were collected
for three months pre-procedure and for three to six months post-procedure.
Additionally, questionnaires and six-minute walk tests (6MWT) were conducted at
baseline and follow-up.

Results
Twenty-five patients underwent PCI, whilst twelve patients with FFR negative

disease continued medical management. Compliance with activity tracker usage was
high, and device step counting accuracy was confirmed against manual counting.
Patients with FFR positive disease achieved higher daily moderate to vigorous
physical activity levels versus patients who were found to have FFR negative
disease. The PCI group did not demonstrate an improvement in objective physical
activity behaviours between baseline and follow up. Questionnaire responses and
6MWT outcomes were shown to be superior in the FFR positive group. Several
variables were found to be significantly correlated with changes in physical activity
behaviours, including demographic, wearer compliance and atmospheric factors.
Despite low prior experience with activity trackers, user experience was positive.

Conclusion
The findings from this work suggest that prolonged physical activity monitoring with

wrist-worn activity trackers is a feasible method of collecting data from patients with
CAD. Wearable technology-based monitoring may provide valuable and objective
information for clinicians and researchers to assess the impact of CAD and

revascularisation in patients with angina.
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CHAPTER 1

1. Introduction & Background

Coronary artery disease (CAD) describes the pathological narrowing of coronary
arteries, vessels which supply oxygenated blood to the myocardium. This process
leads to the restriction of blood flow to the myocardium, which is exacerbated during
periods of physical exertion where the increased demand for oxygen is unable to be
met, resulting in the development of myocardial ischaemia. This stress state can
manifest as significant pain or discomfort to the individual, leading to a significant
reduction in physical activity, exercise tolerance and quality of life. In this introduction
the relevant principles of CAD will be reviewed, including its development,
assessment, and current therapies, and how these relate to the use of physical
activity as an assessment tool. This will be followed by an overview of physical
activity assessments, the methods and tools available, the areas in which they’'ve
been applied to medical research and clinical practice, and how it may assist in the

management of CAD.

1.1 Coronary artery anatomy

The gross coronary artery vasculature is made up of larger vessels giving off many
branches (see figure 1.1). The structure can be divided into the left coronary artery
(LCA) and the right coronary artery (RCA), both of which originate from the aortic
root. The LCA originates from the left sinus of Valsalva as the Left Main Stem (LMS),
which bifurcates into the left anterior descending (LAD) and left circumflex (LCX)

arteries, while the RCA originates from the right sinus of Valsalva [1]. These vessels

14



give rise to branch vessels, namely the diagonal and septal branches from the LAD,
the obtuse marginal branches from the LCX, and the marginal branches from the
RCA. The presence of a further branch vessel, the posterior descending artery
(PDA), is used to describe the dominance of either the left or right coronary artery
system, with 70-80% of the general population being right-dominant. There is
significant variation in the distribution of branch vessels between individuals, with
clinically significant coronary anomalies observed in less than 1% of the general

population [2].
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Figure 1.1 Coronary anatomy — right and left coronary artery systems and branches. The
right coronary originates from the right coronary sinus, giving off smaller branches and
terminating in the posterior descending artery. The left main stem originates from the left
coronary sinus and divides into the left anterior descending and left circumflex arteries. The
left anterior descending artery gives rise to diagonal and septal branches, while the left
circumflex gives rise to obtuse marginal branches. (Generated with Biorender.com)
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Similar to all other arteries, the coronary arteries are composed of three microscopic
layers known as the tunica intima, tunica media and the tunica adventitia [figure 1.2].
The tunica intima is the innermost layer of the arterial wall, a cellular monolayer
consisting mostly of squamous endothelial cells which interface directly with
circulating blood within the lumen of the vessel and plays a key role in regulating
many essential functions, including inflammation, thrombosis, vascular tone, and
angiogenesis [3]. The tunica media represents the medial section of the arterial wall,
which contains vascular smooth muscle cells (VSMCs), extracellular matrix (ECM),
and proteoglycans. VSMCs represent the contractile unit of the artery and regulate
arterial tone through dilation or constriction [4]. Coronary arteries are noted to have
significantly more VSMCs compared to other arteries, indicating their relatively
dynamic nature. The outermost layer, the tunica adventitia, is composed of
connective tissue, fibroblasts and perivascular nerves, acting as an important site of
immune surveillance and immune cell migration, as well as having progenitor cell

properties which may play a key role in responding to arterial injury [5].

1.2 Pathophysiology

The pathological process which results in the formation of coronary artery narrowing
leading to CAD is known as atherosclerosis. Whilst initially considered a lipid storage
disorder resulting in excess fats being deposited within the arterial wall, recent
decades have made it clear that the formation of atherosclerotic plague is a complex
process involving multiple pathological mechanisms working in concert (See figure
2). The presence of numerous factors such as dyslipidaemia, hypertension, chronic

hyperglycaemia, environmental toxins from cigarette smoke and infectious agents
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such as bacterial endotoxins stimulate a pathological modulation of arterial
endothelial cell surface expression [6]. This process is particularly enhanced within
coronary vasculature due to unique circumstances such as disturbed blood flow
resulting from vessel tortuosity and predominantly diastolic blood flow. This change
in endothelial cell surface expression enhances leukocyte adhesion to the inner
vessel wall, which promotes the transmigration of phagocytic monocytes and
lymphocytes within the arterial intima [7]. Once present within the arterial wall,
monocytes adopt the macrophage phenotype and internalise oxidised low-density
lipoproteins (LDL), a harmful cholesterol product which is internally packaged as lipid
droplets (LD). Under these pathological circumstances, macrophages are unable to
remove the harmful cholesterol effectively and continue to scavenge oxidised LDL,
becoming lipid-laden foam cells [8]. The foam cells eventually succumb to the toxicity
of the LDs and undergo apoptosis, resulting in the release of harmful LDLs and pro-
inflammatory apoptotic products within the arterial wall, further promoting the

inflammatory mechanism.

Once the inflammatory medley has taken hold, arterial remodelling begins to change
the structure of the vessel wall. Microscopic observations demonstrate the migration
and proliferation of smooth muscle cells (SMC) from the tunica media to the intima in
response to inflammation [9]. While SMCs have been shown to promote some
atheroprotective properties, their proliferation within the arterial intima ultimately
contributes to an extensive change in extracellular matrix composition which
increases LDL retention and oxidisation, sustains inflammation, and produces

calcified deposits within the vessel wall [10-11]. As vessel remodelling continues, the
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lesion grows macroscopically to expand the vessel wall, intruding upon the arterial
lumen which disturbs the flow of blood, becoming atherosclerotic plaque. The growth
of atherosclerotic plaque results in greater restriction of blood flow, eventually

leading to the presentation of CAD.
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Figure 1.2 The process of atherosclerosis: The normal tri-laminar arterial wall, with the
innermost (intima), middle (media) and outermost (adventitia) layers. Atherosclerotic plaque
forms within the intima, with low-density lipoproteins (LDL), macrophages and T cells
accumulating from the blood stream. Macrophages bind to LDL particles to become foam
cells. Smooth muscle cells migrate from the media to intima in response to the accumulating
leukocytes. Reproduced with permission from Springer Nature via RightsLink® (License
number 5836060270999)

1.3 Epidemiology

CAD represents one of the largest health burdens around the world. Around 68,000
deaths in the UK were recorded as having been caused by CAD each year, with
approximately one in seven men and one in 12 women dying from it [12]. Over
200,000 admissions to hospitals in the UK are due to acute presentations of CAD,
usually in the form of a myocardial infarction (MI), which is more commonly referred

to as a heart attack. Around 1.4 million people alive in the UK are survivors of heart
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attacks. Multiple factors contribute to the development of atherosclerosis. Some of
the most notable independent risk factors for the development of CAD include
increasing age, hypertension, hypercholesterolaemia, diabetes mellitus, tobacco
use, obesity, and physical inactivity [13-16]. Genetic factors also play an important
and complex role in the development of CAD, commonly with multiple risk-
associated alleles resulting in a cumulative effect, as well as rare, high risk, single

allele variants [17].

1.4 Symptoms and signs

CAD can present in multiple ways. About 50% of patients who are diagnosed with
CAD present with angina, a pattern of chest pain which is characterised most
frequently as a crushing or squeezing sensation brought on by physical or emotional
stress [18]. Angina can be categorised into different grades of severity based on the
level of activity required to provoke symptoms (see table 1.1). However, angina can
present atypically with varying descriptions of chest discomfort, which makes ruling
out the diagnosis of CAD based on history alone challenging. Some patients present
with more non-specific symptoms such as breathlessness, palpitations, and dizzy
spells and no chest pain. The presence of CAD is not always evident through any
meaningful symptoms and can progress relatively silently, leading to the
development of further cardiovascular disorders such as cardiac failure and
arrhythmia [18]. In approximately 20% of people diagnosed with CAD, the first
clinical manifestation can be cardiac arrest, a cessation of the meaningful pumping
activity of the heart, either due to Ml or ventricular arrhythmia [19]. Additionally, while

symptomatic presentations can vary, the physical examination of a patient with CAD
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can be entirely normal as there are no physical examination signs directly caused by
CAD. If abnormal examination findings are present, such as hypertension, cardiac
murmurs, pedal oedema, or xanthomas, they can be attributed to conditions which

are associated with the risk of developing, or as a result of CAD.

Table 1.1 Angina severity grade based on Canadian Cardiovascular Society Angina
Classification [20]

Angina severity Angina severity description
score
Grade | Ordinary physical activity does not cause angina, such as

walking or climbing stairs. Angina is provoked by
strenuous or rapid or prolonged exertion.

Grade Il Slight limitation of ordinary physical activity. Walking or
climbing stairs rapidly, walking uphill, walking or stair
climbing after meals, cold or wind conditions, or emotional
stress can provoke symptoms. Able to walk more than two
blocks at level pace and climb more than one flight of
stairs at normal pace in normal conditions.

Grade llI Marked limitation of ordinary physical activity. Able to only
walk one or two blocks at normal pace and climb one set
of stairs at normal pace.

Grade IV Unable to carry out any physical activity without
discomfort; angina may be present at rest.

1.5 Investigations

Once CAD is suspected following an indicative clinical history, the diagnosis and
severity can be confirmed through a variety of investigations. The acquisition of an
electrocardiogram (ECG) is a valuable component in the initial investigation of a
patient with suspected CAD. An abnormal ECG taken at rest displaying changes in
Q wave and ST-segment morphology or the presence of left bundle branch block
can allude to the presence of CAD by indicating a previous myocardial ischaemic

injury [21]. However, ECG changes may not represent conclusive evidence of CAD,
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while a normal ECG does not exclude the diagnosis. When combined with clinical
history and examination findings, ECG data can be used to stratify patients into risk
categories. Further basic investigations of patients with typical angina include blood
tests including blood cholesterol levels, renal function, and full blood count to identify

risk factors associated with the development of CAD.

1.5.1 Computed tomography coronary angiography

When anginal chest pain is suspected, as defined by the European Society of
Cardiology (ESC) and the National Institute for Health and Care Excellence (NICE),
patients may be offered computed tomography coronary angiography (CTCA) in the
first instance [22-23]. By timing the study sequence of the computed tomography
(CT) scanner with an injection of iodine contrast through a peripheral venous
cannula, the lumen of the coronary arteries can be visualised as the contrast flows
through the coronary vasculature during diastole. With an effective image spatial
resolution of as little as 0.3mm, CTCA can identify the presence and extent of
atherosclerotic disease [16]. A strength of CTCA is its strong negative predictive
value of 99%, which highlights its role as an accessible and powerful tool to rule out
occlusive CAD [24]. It is also much easier to set up for individual patients and
requires less technical expertise than invasive coronary angiography. Several factors
can limit the application of CTCA, such as the presence of coronary calcium which
creates image artefacts, reduced image quality of smaller branch vessels or irregular
heart rhythms which can make ECG-gated image acquisition difficult. Furthermore,
CTCA assessment does not offer objective physiological information, which is

essential to identify which coronary artery lesions would benefit from
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revascularisation, if any. This would result in the patient requiring further assessment
in the cardiac catheter laboratory, incurring further contrast and radiation exposure.
Despite these limitations, CTCA can confidently rule out obstructive CAD when used
in the correct setting while also gaining important anatomical information which can

inform future assessment and therapeutic decisions.

1.5.2 Invasive Coronary Angiography

Invasive coronary angiography (ICA) is an assessment tool that has been utilised by
clinicians to diagnose and assess CAD since the mid-20" century [25]. Itis a
specialist procedure undertaken in a cardiac catheter laboratory (CCL) involving the
injection of iodine contrast selectively into the coronary artery ostia via thin tubes
inserted percutaneously via the femoral or radial artery. By performing x-ray imaging,
the iodine contrast opacifies the lumen of the coronary artery that is engaged with
the catheter, producing a 2D image of the coronary vasculature (See figure 1.3).
Given its high image resolution and ability to identify disease within smaller branch
vessels, ICA is the current gold standard investigation of suspected CAD [25]. ICA
has been shown to provide prognostic information for patients with CAD which
guides appropriate treatment decisions based on the severity of coronary lumen
narrowing [26]. Furthermore, the access and information afforded by coronary
angiography allows for the use of advanced coronary investigations, such as
fractional flow reserve (FFR), intravascular ultrasound and optical coherence
tomography, to better understand nature and severity of the patient’s condition.
These advanced investigations, as well as the potential for invasive treatment via

angioplasty, are possible during the same visit to the CCL, albeit at the cost of
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prolonged procedure time. These merits are offset by some limitations, not least of
which is the small but important mortality risk associated with coronary angiography,
including stroke and myocardial infarction. An elective procedure is regularly
reported as having an average mortality risk of 0.1-0.2% [27], while patients suffering
acute coronary syndrome can expect an average risk of 1% [28]. Other factors
include radiation exposure to both patient and operator, as well as the limitation of a
2D image characterising a 3D pathology which can lead to disease severity

underestimation.
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Figure 1.3 Invasive coronary angiogram, demonstrating visually significant vessel stenosis in
the proximal left anterior descending artery.
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1.5.3 Ischaemia testing

Whilst the visualisation of the coronary lumen provides diagnostic certainty as to the
presence or absence of obstructive CAD, it is possible to assess the severity of
ischaemia caused by coronary narrowing on the myocardium using techniques which
utilise controlled exercise or medication to simulate cardiovascular stress and
identify areas prone to ischaemia (See table 1.2). These non-invasive methods can
indicate the presence of CAD while providing additional information regarding the
severity of disease based on the proportion of the myocardium affected. These
assessment tools can also demonstrate the presence of infarcted myocardium as
well as provide an objective assessment of global cardiac function which can be
valuable when determining an appropriate treatment. Ischaemia assessments can
help determine the overall severity of CAD, provide prognostic information, and

guide the appropriate offer or withdrawal of invasive therapies in complicated cases.
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Table 1.2 List of clinical non-invasive cardiac ischaemia assessment modalities with
comparisons on advantages and disadvantages [29]. SPECT, single photon emission
computed tomography; PET, positron emission tomography; MR, magnetic resonance.

Procedure Advantages Limitations
Stress - Low cost - High intra- and interobserver
echocardiography | - No radiation exposure variability.
- High diagnostic specificity | - Poor acoustic windows in
(80-88%) some patients reduce image
quality.
SPECT/PET - High diagnostic sensitivity | - Low spatial resolution.
imaging (81-97%) - Relatively lower specificity.
- Feasible in cases which - Radiation burden.
would restrict other - Study protocol can require
modalities (renal failure, entire day for rest and stress
dyspnoea, etc) imaging.
CMR - High spatial and temporal | - Cost intensive
resolution. - Time intensive
- No radiation exposure - Relatively higher case
- High quality structural and | restriction (kidney failure,
functional assessments implanted devices,
claustrophobia)

1.5.3.1 Myocardial Perfusion Imaging

Myocardial perfusion imaging (MPI), which can also be called single-photon
emission computed tomography (SPECT) or Positron Emission Tomography (PET),
is a nuclear imaging technique commonly used in ischaemia stress testing for the
evaluation of CAD. During the imaging procedure, patients undergo stress induction,
either through exercise or with pharmacological agents to increase the blood flow to
the heart. Following the stress induction, a gamma-ray emitting isotope or positron-
emitting radionuclides, for SPECT and PET respectively, is intravenously injected

into the patient and are taken up within the myocardium in proportion to the blood
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flow in different regions of the heart. A gamma camera detects the emitted gamma
rays from the tracer, which is then reconstructed into a 3D image of the heart [30].
The images are then processed to quantify the signal strength of the detected
radiation in corresponding segments of the myocardium, which can determine the

areas of reduced perfusion indicative of CAD.

MPI confers a number of merits and limitations in the evaluation of suspected or
known CAD. The diagnostic accuracy for CAD has been proven in multiple studies,
with modern techniques achieving an overall sensitivity and specificity of 84% and
69% when compared to invasive coronary angiography [31]. SPECT also offers a
guantitative assessment of myocardial perfusion, as well as a functional assessment
of the myocardium at rest and under stress. Furthermore, abnormal myocardial
perfusion detected by SPECT is associated with an increased risk of adverse events,
including myocardial infarction and death, which can help risk stratify patients with
CAD and inform treatment decisions [32]. However, one major limitation is the
ionizing radiation involved in SPECT imaging, which while relatively low, limits the
repeatability of the assessment due to cumulative radiation exposure. Furthermore,
SPECT has lower spatial resolution to other imaging modalities such as Cardiac
MRI, which may impact the detection of small perfusion defects. Furthermore,
various factors can influence image quality, such as respiratory motion and
attenuation artefacts, as well as reduced photon penetration through adipose tissue

which can result in reduced image quality and diagnostic accuracy in obese patients.
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1.5.3.2 Stress Echocardiography

Stress echocardiography is a real-time stress testing modality with some notable
advantages over other ischaemia testing techniques. By generating ultrasound
waves from piezoelectric crystals within a transducer placed on the skin, it is
possible to visualise the various aspects of cardiac structure and function [33]. It
offers real-time imaging, providing immediate assessment of myocardial wall motion
abnormalities during stress. Stress echocardiography can be performed using
various stressors in a similar manner to SPECT, including exercise or
pharmacological agents. Depending on the stress technique employed,
echocardiography has demonstrated variable sensitivity (78—85%) and specificity
(77-91%) for the detection of significant coronary artery stenosis when compared to
invasive coronary angiography [34]. Moreover, it has a lower cost than other forms of
stress imaging and is more widely available in clinical practice. Nonetheless, stress
echocardiography has certain limitations. The image quality is influenced by several
factors such as body habitus, acoustic windows, underlying lung disease and chest
wall deformities, as well as operator expertise [35]. Suboptimal images can limit the
accuracy and reproducibility of results. Additionally, stress echocardiography is
limited in its ability to assess myocardial perfusion directly, relying primarily on the
evaluation of wall motion abnormalities, which may lead to false-negative or false

positive findings.

1.5.3.3 Cardiac Magnetic Resonance Imaging

Stress cardiac MR is a viable option for ischaemia stress testing in patients with

coronary artery disease. Based on the principles of nuclear magnetic resonance,

28



MRI produces a magnetic field which aligns the spin of hydrogen protons in a
patients’ body and utilises radiofrequency excitation to cause a controlled shift in the
Larmor frequency of the hydrogen protons [36]. The realignment of the hydrogen
protons back to their equilibrium state is detected and is spatially encoded to
produce a 3D reconstruction of the tissues within the imaged area. The addition of
agents which alter the magnetic properties of hydrogen protons, such as gadolinium-
based contrast agents, causes an increase in signal intensity of surrounding
hydrogen atoms. This can be used to assess the real-time perfusion of blood into the

myocardium, as well as the assessment of myocardial soft tissue characterisation.

Stress cardiac magnetic resonance (CMR) offers several merits in the assessment of
CAD, most prominently being the excellent spatial and temporal resolution of the
images generated. Standard CMR imaging series achieve a temporal resolution of
less than 45 milliseconds (ms) between phases, and a spatial resolution 3 x 3
millimetres (mm), which enables accurate visualisation and quantification of cardiac
structure and function, wall motion abnormalities and myocardial perfusion defects
[37]. As there is no need for ionizing radiation, the procedure is much safer than
other comparable methods of myocardial imaging. Furthermore, in addition to
assessing myocardial perfusion and wall motion defects, it is possible to assess the
tissue characteristics of the left ventricle with gadolinium enhancement, allowing for
the quantification of scar tissue and oedema, which can demonstrate other forms of
cardiac disease. Despite these advantages there are some limitations to consider
with CMR. Firstly, CMR requires specialised equipment and expertise, as well as
being much more costly than other conventional myocardial ischaemia tests, which

limits its availability in resource-limited settings. A number of patient factors can also

29



contra-indicate the use of CMR, such as certain implanted devices (pacemakers,
defibrillators) or metallic objects within the body, while the presence of non-ferrous
metals can cause significant imaging artefacts [38]. Furthermore, motion artefacts
can significantly reduce the image quality of CMR, which can be caused by irregular
arrhythmias such as atrial fibrillation, or the inability to undertake prolonged breath-

hold manoeuvres.

1.6 Clinical management and interventions

The management of patients with CAD is aimed at reducing symptom burden and
the occurrence of adverse cardiovascular events. As the presentation of each patient
can vary significantly, from asymptomatic incidental findings to severe symptom
burden with associated cardiovascular disorders (including heart failure and
dysrhythmias), the optimal management for each patient is tailored based on their

lifestyle, their disease severity and responsiveness to treatment.

1.6.1 Lifestyle interventions

The foundation of any management strategy for CAD involves modifying a number of
contributing factors. Unhealthy lifestyle factors, such as sedentary behaviour,
smoking and poor weight control, are fundamentally associated with major risk
factors for cardiovascular disease such as hypertension, diabetes and
hypercholesterolaemia [39]. Factors such as unhealthy diets, physical inactivity and
smoking have been shown to be associated negative vascular remodelling
associated with early atherosclerosis which are visible in adolescents [40].
Modification of lifestyle factors alone has been shown to improve outcomes in
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patients suffering with coronary artery disease. Consumption of healthy diets such as
oily fish, fruits and vegetables, and foods with high fibre have been shown to reduce
the risk of adverse cardiovascular outcomes in several prospective trials [41-43].
Tobacco smoking cessation is a cornerstone in all lifestyle modification discussions,
with clear trends in worse outcomes with patients who are current smokers versus
ex-smokers [44]. Patient education and adherence to significant lifestyle changes
remains a key priority of all healthcare services in order to achieve the optimal

outcome for each individual.

1.6.1.1 Physical Activity Interventions and Coronary Artery

Disease

Physical activity behaviour is a key lifestyle factor in the management of coronary
artery disease. Physical activity-based interventions have been shown to attenuate
many major cardiovascular risk factors. Prospective studies have shown that
exercise-based interventions are able to significantly reduce blood pressure, improve
glycaemic control, and support long term weight loss [45-47]. An individual’s level of
cardiorespiratory fitness alone has been shown to be inversely associated with
cardiovascular death and all-cause mortality [48-49]. The effect of physical activity
interventions on the development of atherosclerosis has been extensively
investigated. Regular physical activity has been shown to stimulate the production of
nitric oxide in the endothelial cells of coronary arteries, allowing for improved
vasodilatation and oxygen delivery to the myocardium [50]. Increased nitric oxide
production from endothelial cells is crucial in the modulation of vascular pathologies

through a variety of effects, including reduced inflammation, improved endothelial

31



regeneration and reduced platelet adhesion [51]. Regular physical activity has also
been shown to have a variety of systemic effects which influence coronary artery
disease, such as reducing circulating inflammatory markers (C-reactive protein and
interleukin-6), promotion of antioxidant enzymes and improving endothelial
progenitor cell function [52-54]. Exercise interventions are effectively delivered
through cardiac rehabilitation programmes, along with patient education on lifestyle
modification. In the United Kingdom, the importance of physical activity as a core
target for cardiovascular disease risk factor modification is highlighted in national
guidelines [55]. As suggested by the Chief Medical Officer’s physical activity
guidelines, all adults with risk factors for cardiovascular disease should aim to
achieve 150 minutes of moderate physical activity per week (ie brisk walking), or 75
minutes of vigorous activity per week (ie running, or a combination of the two.
Additionally, reducing time spent sedentary is a key aspect of this advice, although
strict targets are not outlined. Referrals to exercise-based programmes are also
advised for patients with a history of cardiovascular disease and a history of physical
inactivity or sedentary behaviour [56]. Cardiac rehabilitation programmes are also
available to patients with a diagnosis of coronary artery disease suffering with
angina, which aims to offer lifestyle modification education to patients as well as
individualised physical exercises. Unfortunately, accessing these services remains a
significant challenge, despite the evidence for its benefit. The most recent British
Heart Foundation (BHF) audit on cardiac rehabilitation highlighted this issue. While
the incidence of new cases of angina in the UK is conservatively estimated at 22,600
per annum, only 3,144 patients commenced cardiac rehabilitation in one year

according to the most recent BHF audit [57-58].
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1.6.2 Medical therapy

The use of medication represents the cornerstone of modern CAD therapy alongside
lifestyle and risk factor modification. Medical therapy for CAD can be divided into
‘event-reducing” and “symptom-control” medication. Lipid-lowering therapies
constitute one of the key agents utilised for reducing adverse outcomes in stable
angina, with statins most commonly prescribed. Statin use has demonstrated strong
benefits in reducing major adverse cardiovascular outcomes through multiple
randomised controlled trials of patients with ischaemic heart disease (IHD) [59-61].
Angiotensin-converting enzyme (ACE) inhibitors have also been shown to improve
outcomes for patients with CAD and concurrent chronic kidney disease,

hypertension, left ventricle systolic dysfunction or diabetes [62].

Antiplatelet agents are also commonly prescribed in a variety of settings of
ischaemic heart disease presentations to reduce adverse CVD outcomes, including
stable CAD. The use of antiplatelet medication as secondary prevention in patients
who have suffered from an acute Ml is well described, particularly in those who have
undergone percutaneous coronary revascularisation [63]. These strategies generally
include aspirin and either Ticagrelor or Prasugrel, with long term monotherapy of one
of these agents following the acute event. While aspirin monotherapy is currently
recommended in all patients with a diagnosis of stable angina for secondary
prevention, more recent studies have questioned its efficacy in lower CVD risk
profiles [23]. Three separate randomised controlled trials aimed to assess the benefit
of aspirin in reducing the risk of Ml in patients with no prior history of CAD with
advanced age, moderate risk of CVD and diabetes separately [64-66]. All three trials

failed to show a clear benefit of aspirin use in reducing either fatal or non-fatal Ml,
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while significantly increasing the risk of major bleeding. Observational studies have
furthermore failed to demonstrate a benefit in Aspirin use in patients with stable CAD
who have not suffered a previous acute ischaemic event [67] [68]. The lacklustre
findings in these trials are largely hypothesised to be due to a significant change in
the diagnosis and management of CVD risk in the current era as opposed to the
early aspirin trials, where smoking cessation, aggressive hypertension management,
lifestyle advice and statin prescription were not widely available or advocated, as

well as earlier detection of CAD prior to acute ischaemic presentations.

Medications which provide symptom control in angina are available in a variety of
forms. Organic nitrate-based agents such as Nitroglycerin, Isosorbide Mononitrate
and Nicorandil, have been used to manage angina for over a century, which cause
coronary artery dilatation [69-70]. Short acting, sub-lingual nitrates are widely
prescribed as first-line therapy for acute symptom control, have a rapid onset of
action to provide relief from angina within 1-3 minutes. Longer acting nitrates are
indicated to reduce the frequency of angina events when first line agents are
ineffective or not tolerated. Beta-blocker and Calcium channel blocker medications
are indicated as first line agents for stable angina to reduce the frequency of angina
events [71]. Where these medications are insufficient to control symptoms, second
line “symptom control” agents include Ranolazine, lvabradine and longer acting

nitrates can be offered [72-74].
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1.6.3 Coronary Revascularisation

For patients who do not respond adequately to optimised medical therapy (OMT),
more invasive strategies can be offered to treat CAD. One of the accepted
approaches is coronary artery bypass grafting (CABG), which involves connecting
harvested vein or arterial grafts between a healthy section of the coronary anatomy
to a distal portion of the artery beyond the lesion, thereby bypassing the vessel
narrowing [75]. CABG is largely employed in cases of extensive CAD which involves
multiple major coronary vessels or in cases with left main stem disease [76]. While
CABG significantly reduces symptom burden in CAD, the nature of a highly invasive
surgical procedure, limited longevity of vein graft patency, and the need for a healthy
coronary artery segment distal to the vessel narrowing, restricts the number of cases

which are suitable for this procedure.

Percutaneous coronary intervention (PCI) is another revascularisation procedure
which can be considered if medical therapy has not sufficiently controlled the
symptoms of CAD. PCI involves the inflation of a small balloon within the coronary
artery which can open the vessel stenosis, thereby restoring blood flow [77]. The
procedure typically involves the placement of a coronary stent to maintain vessel
patency and has been shown to improve short- and long-term clinical outcomes [78].
Furthermore, this procedure is performed in the same manner as ICA, requiring the
same vascular access at the wrist or hip and can be performed immediately following
the acquisition of coronary images. Without the need for major surgery or a general
anaesthetic, patients undergoing elective PCI are routinely and safely discharged

from hospital on the same day they are admitted. With technological advancements
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made through the development of drug eluting stents improving clinical outcomes
further, the resulting long term clinical outcomes of PCI are comparable to CABG
[79-80]. PCI does involve some risk towards the recipient, including procedural
complications such as stroke, myocardial infarction, arrhythmia and acute renal
impairment. Additionally, the patient is at risk of coronary restenosis, as well as an
increased long term bleeding risk due to the administration of potent antiplatelet
therapy necessary to prevent clot formation on modern stent designs. In patients
with three-vessel disease, long term outcomes have been shown to be favourable
with CABG versus PCI, which is largely driven by increased urgent revascularisation
rates in the latter. PCI is widely recommended as the treatment of choice for single
vessel CAD, while the decision between stenting and CABG in multivessel disease

should be taken in consultation with a specialist heart team [81].

The indications for coronary revascularisation have been shaped by the extensive
research available regarding PCI in CAD. In acute presentations such as ST-
elevated myocardial infarction (STEMI) and non ST-elevated myocardial infarction
(NSTEMI), PCI has shown clear superiority to medication therapy alone in reducing
major adverse cardiovascular events and reducing future CAD symptom burden [82-
84]. This has led to the universally accepted practice of a routine invasive approach
to acute coronary syndrome (ACS), a term which encompasses NSTEMI and STEMI
presentations. Additionally, results from the COMPLETE trial demonstrated that
treatment of non-culprit disease noted in acute presentations of CAD resulted in

superior clinical outcomes in comparison to deferring invasive treatment [85].
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Whilst early revascularisation has been widely accepted as the strategy of choice in
ACS, presentations of stable CAD have demonstrated different outcomes requiring a
considered approach and management remains a controversial topic. A meta-
analysis of 28 studies published between 1977 and 2007 demonstrated superior
outcomes when revascularisation, either PCl or CABG, was combined with medical
therapy to treat CAD versus medication alone [86]. In particular, the MASS Il study,
which recruited 611 patients with stable CAD, observed a significant improvement in
mortality and morbidity by adopting an early revascularisation approach in
comparison to medication therapy alone [80]. However, some argued that the
approach to medical therapy at the time was lacklustre and that an aggressive
medication strategy would be more beneficial. The COURAGE trial demonstrated
this by comparing OMT alone versus PCl and OMT as first line strategies for CAD
[87]. By focusing on achieving medication therapy targets early and deferring
revascularisation, the authors demonstrated similar outcomes in death, Ml, stroke
and hospitalisation from ACS compared to early PCI (19.5% vs 20.5% respectively
with death, MI and stroke collectively, p=0.62; 12.3% vs 13.2% with MI, 0=0.33;
11.8% vs 12.4% with acute hospitalisations, p=0.56). However, patients randomised
to PCl were more likely to be angina-free, required less nitrate therapy and reported
superior improvements in quality of life in comparison to initial OMT. These findings
reinforced the practice of PCI deferral in stable CAD in favour of initial OMT, with
revascularisation to be considered for symptomatic relief in cases of medication-
refractory angina. While these findings have been considered unsurprising to many
interventionalists, over one million PCI procedures are undertaken in north America
every year [88], with approximately 85% undertaken electively in patients with stable

CAD [89]. It is also worth considering the recent ISCHAEMIA trial, the largest
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randomised study comparing early revascularisation to OMT alone in stable CAD
which recruited over 5,000 patients internationally, of which 35% of the study
subjects reported no symptoms within the last month at baseline [90]. With over a
third of patients encountered in a large study setting receiving treatment which was
not in line international guidance, it is worth reflecting on how this represents routine
clinical practice. Additionally, this trial reported that early revascularisation of stable
CAD with moderate to severe ischaemia on non-invasive stress testing failed to

produce a reduction in major adverse cardiac events compared to OMT alone.

Whilst the practice of offering PCI for medication-refractory angina is reasonably well
regarded, the recent ORBITA trial has challenged this approach. The authors
hypothesised that the change in symptom burden associated with PCI was in
response to the placebo effect of the procedure and not the physiological resolution
of CAD [91]. This was due to the absence of any prior trial comparing PCI to OMT
conducting any patient or operator blinding, due to the complex nature of coronary
revascularisation. Once coronary lesions were identified at the time of ICA, 200
patients were randomised to either receive PCI to visually significant lesions or no
revascularisation. The trial involved extensive blinding and masking procedures
which hid whether the patient underwent revascularisation or not from both study
subjects and recovery staff. At six weeks follow up, the patients remained unaware
of which treatment arm they had been randomised to and underwent assessments of
symptom severity and exercise tolerance which were compared with recruitment and
pre-randomisation stages. At that timepoint, no significant difference was observed
between the revascularisation and medication only groups with regards to symptom
severity, angina severity grade or exercise tolerance. Several study design

limitations have been noted, including small sample size, short follow-up period and
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over 30% of study subjects showing non-significant coronary physiology results
(Fractional flow reserve >0.8). Whilst the ORBITA trial raised many questions for
researchers and clinicians with regards to revascularisation in stable CAD, it
demonstrated the feasibility of a novel double-blind placebo-controlled design to PCI

research.

1.7 Coronary physiology assessment

Current advancements in the management of CAD have centred on improving
patient selection and lesion assessment. This has involved a change in focus from a
subjective visual interpretation of 2D images via ICA to physiological assessments of
coronary stenoses. In the recent decades this has been shown to be possible using

invasive and non-invasive methods.

1.7.1 Fractional Flow Reserve

Fractional flow reserve is an invasive assessment method performed within the CCL
which measures the disturbance of blood flow imposed by an atherosclerotic plaque
within the coronary artery. Maximum coronary hyperaemia is stimulated using
vasodilatory pharmacologic agents which enables optimum blood flow through the
coronary arteries. During the period of maximum hyperaemia, a wire which is passed
distally through the coronary stenosis that contains a pressure sensor at its tip. Two
simultaneous pressure readings are recorded during the assessment: pressure
proximal to the stenosis (Pa), and pressure distal to the stenosis (Pd). By

considering Poiseuille’s Law and fluid dynamics principles, a non-stenotic artery’s
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blood flow is proportional to the pressure gradient and the fourth power of the
vessel's radius [92]. In the presence of a significant stenosis, a reduction in Pd
relative to Pa indicates the loss of energy overcoming increased resistance posed by
the presence of increased resistance to flow posed by a stenotic lesion. This
reduction in flow can therefore be inferred from the ratio of the pressure distal to the
stenosis to the pressure proximal to the stenosis (Pd/Pa), which is expressed as a

figure between 0 to 1, with 1 representing theoretical normal flow (see Figure 1.4).
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Figure 1.4 Fractional flow reserve assessment, with resting and maximum hyperaemia
states demonstrated. Mean proximal (Pa) and distal (Pd) measurements are shown which
derives the fractional flow reserve. (Courtesy of Professor Julian Gunn)

The use of FFR in clinical practice within the CCL has become standard practice in
recent years. FFR is indicated in cases of CAD where the stenosis is visually
assessed as occupying between 50 to 90% of the arterial lumen [93]. PCI confers
significant risk to the patient, and the need to justify benefit vs harm is paramount.
FFR is used to detect stenoses which cause significant myocardial ischaemia,
therefore identifying target lesions which will provide the greatest overall benefit to
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the patient. When measuring FFR, a value of 0.8 has been shown to provide a
reliable cut-off point between significant and non-significant disease, with stenosis

FFR of less than 0.8 strongly indicated for intervention [94-95].

FFR assessments confer several benefits to patients with CAD. It has been
demonstrated that PCI which is guided by FFR results in favourable clinical
outcomes when compared to visual assessment of ICA alone. The DEFER trial used
an FFR value of 0.75 as a cut-off for significant stenosis, with cases of stable CAD
with 0.75 or greater randomised to either a reference group to undergo PCI or defer
intervention and continue with OMT, while cases of less than 0.75 would proceed to
intervention. After a 15 year follow up period, there was no significant difference in
the rate of death between the three groups (33% in the FFR<0.75 group, 31.1% in
the defer group, 36.1% in the reference group, p=0.72 between defer and reference)
[96]. Additionally, the rate of myocardial infarction was significantly lower in the
deferral group in comparison to the reference group (2.2% vs 10.0% respectively,
p=0.03). Although the DEFER trial recruited a relatively small cohort, this was the
first major study to demonstrate the safety of PCI deferral in stable CAD based on
FFR assessment as well as the long-term benefit by reducing adverse myocardial
events. The larger FAME trial which followed recruited 1005 patients with CAD to
compare FFR-guided PCI against angiography-alone, utilising an FFR value of 0.8
as the cut-off for treatment indication or deferral [97]. At one year, FFR-guided PCI
resulted in significantly lower rates of death, nonfatal Ml and repeat revascularisation
in comparison to visual assessment guided intervention (13.2% vs 18.3%
respectively, p=0.02). While the FAME trial recruited a combination of patients with

acute presentations of CAD as well as stable angina, the subsequent FAME Il trial
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focused solely on stable CAD. All patients underwent FFR assessment of lesions
greater than 50%, with stenosis FFR values of less than 0.8 randomised to PCI or
deferral with medical therapy alone, and those with FFR values greater than 0.8
continuing medication therapy alone. The trial recruitment was halted early due to a
significant difference in outcomes noted between the patients receiving PCI and the
deferral group (4.3% vs 12.7%, p<0.001) [95]. At the five year follow up of FAME II,
with the 888 patients randomised to PCI or medical therapy, the composite endpoint
of death, MI and urgent revascularisation was significantly lower in the PCI group
(13.9% vs 27.0% respectively, p<0.001) [98]. There was no significant difference
between the PCI group and the FFR>0.8 registry group that received OMT alone at
five years (13.9% vs 15.7% respectively). In addition to clinical benefits, FFR has
been shown to be cost effective for the health service, leading to fewer unnecessary
urgent admissions with CAD and reducing unnecessary stent implantation, offsetting
the initial increase in procedural cost [99]. Overall, these study findings conclude that
a coronary stenosis with an FFR value greater than 0.8 is safe treat with OMT alone
and avoids the unnecessary risk and potential harm imposed by coronary stent
insertion, while lesions with an FFR of less than 0.8 that are treated with PCI result in

superior outcomes for patients with CAD.

1.7.2 CT-derived FFR

The earliest clinical implementation of CFD to coronary artery physiology
assessment involved the use of CTCA. By analysing static CTCA datafiles and
applying CFD modelling based on vessel geometry, myocardial mass and estimated

myocardial blood flow at rest and hyperaemia, an estimation of FFR based on the
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CT images (FFRcrt) can be computed [100]. The addition of computational
physiology assessment to CTCA has made significant advances in recent years. A
meta-analysis comparing FFRcr to invasive FFR in 1,289 patients totalling 2,191
vessels demonstrated good agreement with a c-statistic of 0.89 [101]. A positive
FFRcT result (ie FFRct <0.8) has recently been demonstrated to provide superior
prognostic information than a positive CTCA result (defined as a lesion >50%
indicating CCL assessment) [102]. In this study, in which 206 patients underwent
both CTCA and FFRcr followed by invasive FFR, it was observed that the frequency
of the primary study endpoints (death, MI, unplanned revascularisation) was higher
in the FFRcT positive group than the CTCA-positive group after a 4.7 year median
follow-up period (73.4% vs 48.7% respectively, p<0.001). Additionally, no cardiac
deaths or MI were observed in the negative FFRct group. The growing literature
describing the use of FFRcT has led to its approval by NICE, with a recommendation
that it should be considered as an option for patients undergoing CTCA assessment
with CAD [103]. It is worth noting that the implementation FFRcr is limited by the
same factors that influence CTCA, which ultimately restricts the case selection of
appropriate patients significantly. Nonetheless, the development of FFRct represents
the first significant step in integrating computed coronary physiology to clinical

practice.

1.7.2 Virtual FFR - VIRTUheart™

The first successful 3D model of coronary artery flow using ICA was developed at
the University of Sheffield with the VIRTUheart™ software. The use of ICA provides

higher resolution images to generate detailed 3D models which reflects the geometry
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of the coronary artery lumen with better definition than CTCA (see figure 1.5). The
segmentation stage requires two orthogonal views of the coronary artery segment of
interest, with at least 30 degrees between the two views needed. Given the nature of
ICA, it is also possible to ascertain the aortic pressures which would reflect the inlet
pressures of the coronary segment, a figure which is not directly available for FFRcr
and must be estimated. Furthermore, given the availability of ICA across a variety of
hospital settings, it is possible that vVFFR models could be generated for a much
larger number of patients with CAD outside of tertiary centres, therefore addressing
the need to improve disease management by accessing physiological assessments

more easily.
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Figure 1.5 Screenshot of VIRTUheart VFFR post-processing result for circumflex coronary
stenosis. VFFR result is shown as 0.82, indicating that lesion would not reach the threshold
for PCI.

The Virtu-1 study was the first to demonstrate the potential of ICA-derived VFFR by
analysing 35 coronary artery segments from 19 patients who underwent ICA for CAD

assessment [104]. Using rotational angiography to obtain the views needed for
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segmentation, the VirtuHeart software was able to produce vVFFR results with an
accuracy, sensitivity and specificity of 97%, 86% and 100% respectively in
comparison to measured FFR. It was shown that vFFR deviated from the measured
FFR reading by +0.06 with good correlation (r=0.86). The computation time required
to generate the model was approximately 24 hours, although this was significantly
improved through workflow process optimisations which resulted in computational
times of less than 4 minutes [105]. Additional utility has been added to the
VIRTUheart tool with the development of outlet boundary condition personalisation.
While inlet parameters can be gained directly through measuring aortic pressures,
outlet parameters must also be considered in the workflow, which was initially
generalised to a population average of coronary microvascular resistance. However,
it is known that changes in microvascular resistance can significantly influence FFR
results, and that microvascular resistance can vary significantly between individuals
[106]. By considering patient parameters which influence microvascular resistance,
such as hypertension, diabetes mellitus, serum haematocrit level and cardiac
structure, a personalised estimation of microvascular resistance can be tailored to
the patient. This in turn provides a personalised CFD model tuned to the patient’s
characteristics, which can theoretically result in geometrically identical arterial
segments resulting in different VFFR results, and therefore treatments, between

different patients.

1.8 Assessing physical activity behaviour

The delivery of targeted interventions aimed at improving lifestyle factors associated

with cardiovascular risk relies on the identification of these characteristics. Most of
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these factors, such as body weight, smoking habit, and diet, are easily identifiable
and quantifiable, with reasonably ubiquitous standards applied across adults of all
ages and genders. Assessing physical activity behaviour in a free-living population
represents a unique challenge in this regard, as the objective assessment of physical
activity behaviours is not easily obtained or standardised as there are numerous
assessment methods. Such assessments must consider several specific factors,
such as the mode, frequency, duration, and intensity of each activity the individual
undertakes, as well as the day-to-day variability that can be expected in such
activities. This makes identifying individuals who require physical activity
interventions accurately difficult, as well as assessing sufficient improvements in
these parameters, either because of direct behaviour change or the result of medical

intervention.

1.8.1 Criterion methods

Criterion methods allow for the direct measurement of physical activity parameters
by measuring the energy expended by various physical activities. The direct
measurement of expended energy through physical activity involves quantifying the
rate of an individual's metabolism over a period of time. By expending energy for
various functions and processes, oxygen is consumed, and heat is generated
through metabolism. Metabolic rate describes the rate at which the body consumes
energy in order to carry out these processes; the higher the energy demand of the
activities, the higher the metabolic rate [107]. Whilst these criterion methods are less
commonly used to assess physical activity than either objective or subjective

methods due to their individual limitation, it is important to note that these methods
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allow for the quantification and comparison between various physical activity states
across a variety of populations. This information is extrapolated into less intrusive
and complex methods by which physical activity can be quantified in the general

population and provide accurate assessments of physical function.

There are several methods to express the energy expended through different activity
states that are used in the assessment of physical activity. The total amount of
energy expended by an individual over a 24-hour period is termed the total energy
expenditure (TEE), which is made up of three key components: resting energy
expenditure (REE), thermic effect of food (TEF) and activity energy expenditure
(AEE) [108]. REE denotes the energy expended to maintain standard metabolic
activities of the internal organs of the body (ie brain, heart, lungs, kidneys, etc), while
TEF describes the amount of energy needed to fully digest, transport and absorb
food through the gastrointestinal tract. AEE represents the energy expended through
physical activities and represents the most variable component of TEE, both
interpersonally and intrapersonally. By observing an individual’s energy expenditure
in various states, with a set period of resting used to calculate the REE and applying
the assumption that TEF utilises roughly 10% of an individual’'s TEE, it is possible to

calculate the AEE through the following equation [109]:

AEE [kcal] = TEE [kcal] x 0.9 — REE [kcal]

A common method of expressing the intensity of a particular activity is through
metabolic equivalent of task (MET) units, where one MET represents the energy

expenditure rate during the resting state [110]. MET can be further defined as the

47



rate of oxygen consumption, where 3.5ml Oz/kg/min is equivalent to one MET. As
MET is tied to the consumption of oxygen and therefore metabolic rate, it can also be
approximated into the rate of kilocalories (Kcal) consumed through metabolism,
where 1 MET = 1 Kcal/kg/h. Exercise values of energy expenditure can therefore be
described as in the following example: an activity which consumes 10.5ml O2/Kg/min
(equivalent to 3 METS) is performed over 30 minutes, resulting in 112.5 kcals of

energy expenditure.

Direct behavioural observation is one of the earliest methods of quantifying physical
activity, which involves the observation of subjects by experts over periods of time,
classifying different physical activities behaviours into distinct categories [111]. While
this provides contextual information to quantifiable assessments of overall physical
activity outcomes, direct behavioural observation is highly time consuming and
impractical for long term monitoring in free living environments. Furthermore, subject
behaviour is likely to be significantly influenced by constant direct observation, while
the categorisation of behaviours may be influenced by the subjectivity of the

observer.

Direct calorimetry measures the total amount of heat produced by an individual in a
specialised chamber, which represents an accurate measure of the individual’'s
metabolic rate and energy expenditure [112]. Alternatively, indirect calorimetry
measures the consumption of oxygen and the release of carbon dioxide, which is
closely tied to metabolic rate [113]. Using either technique, by observing a subject
over varying physical activity states, such as resting, sitting, standing, running and so

on, it is possible to capture a temporal resolution of the changes in energy
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expenditure, allowing for the accurate, quantitative assessment of physical activity.
However, both have significant limitations: both require specialist equipment that
requires careful calibration and can only be used in controlled laboratory
environments, limiting the application of either of these methods from being used in a
free-living state. Additionally, they are both expensive and time consuming, both for
the monitoring of subjects and the analysis of data. However, it is by these methods
that common physical activities can be quantified by their estimated effect on the

human metabolic rate based on the findings of these techniques.

A further criterion method assessing physical activity behaviour is the use of doubly
labelled water (DLW). This method involves the ingestion of water containing stable
isotopes of hydrogen (°H) and oxygen (*20) [114]. Over a period of weeks, the water
gradually leaves the body after reaching equilibrium within the various human tissues
and cells. The rate of the isotope elimination from the body is modulated by the
individual’s metabolic rate and physical activity levels. By examining the interval
changes in isotope elimination, it is possible to calculate the TEE of the subject in
between each sample collection, and when compared to their resting metabolic
state, an assessment of the energy spent due to physical activity can be ascertained
[115]. DLW allows for the assessment of physical activity behaviours in any
environment and does not rely on direct observation or supervision, making it the
gold standard assessment of human TEE under free living conditions [116].
However, while it provides a summary of the total energy expended during a certain
period, it cannot provide data of the intensity, frequency, nature or length of
individual physical activities performed during the monitoring period. Additionally, the

analysis of DLW requires specialised laboratory equipment and facilities and is more
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complex than either direct or indirect calorimetry, making it technically difficult and

costly.

1.8.2 Objective methods

Over recent decades, the development of wearable devices capable of monitoring
the health characteristics of an individual has led to new avenues of physical activity
measurement. Through advancements in sensor technology miniaturisation, low
powered electronics, and wireless technology, devices capable of collecting a variety
of data which can be translated into health parameters are now widely available and
applied in medical research [117]. The ease in which these technologies can be
mass produced has led to them becoming widely available to the general public as
“health and fitness devices” and are already acquired by consumers as methods of
assessing and monitoring their own health and fitness [118]. In health research, the
use of these devices is considered an “objective method” of assessing physical

activity, and can provide different metrics of activity behaviour.

1.8.2.1 Heart rate sensors

Heart rate monitoring sensors are commonly found in many commercially available
wearable devices. These devices typically utilise an optical sensing method called
photoplethysmography (PPG), which consists of a light emitting diode (LED) and a
photodetector [119]. The underlying principle of PPG relies on the absorption of light
by oxygenated blood, where the LED emits both red and infrared light emitted
directly onto the skin. The pulsatile nature of blood flow leads to variations in blood
volume in the underlying vessels, which absorbs and reflects light from the LED. The
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photodetector senses the changes in reflected light caused by variations in blood
volume, which is then processed and used to calculate numerous variables. PPG
sensors are used ubiquitously in healthcare settings to monitor heart rate and
oxygen saturations, able to detect changes in a patient’s condition, alert healthcare
professionals to clinical deterioration and monitor response to treatments [120].
Advanced PPG data processing also allows for estimations in blood flow, which
aren’t currently used routinely in clinical practice but are the subject of ongoing
research in applications such as non-invasive blood pressure measurements [121-
122]. As such, PPG based sensor technology is a well-recognised and widely used
sensor modality and can provide useful information through integration with wearable

technology.

The assessment of physical activity behaviour is possible through PPG based
wearable heart rate sensors. By estimating age-appropriate heart rate thresholds for
light, moderate and vigorous physical activity, one can estimate the time spent
undertaking different levels of intensity of exercise an individual is performing while
being monitored [123]. This assessment has been shown to correlate well with DLW
based energy expenditure assessments and can estimate the total energy
consumed through various physical activities in free living environments [124]. Meta-
analyses comparing the accuracy of Fitbit (Fitbit Inc., San Francisco, CA) physical
activity monitoring devices to criterion methods of energy expenditure found that the
wearable devices were prone to underestimate energy expenditure on average [125-
126]. Many of the studies also compared the devices’ PPG-based heart rate
accuracy to ECG monitoring, which found a similar pattern of underestimation.

These findings are important but unsurprising given that PPG based heart rate

51



sensors are known to encounter significant difficulties when estimating heart rate
during exercise, primarily through motion artefact [127]. It is worth noting that all
devices reviewed in both meta-analyses referenced are discontinued Fitbit products
and newer devices have replaced them. This issue highlights a significant challenge
of device validation in this field as the development pace of new wearable devices,
including new sensor hardware and frequently updating data processing software,

outstrips the attempts to validate them.

1.8.2.2 Motion sensors

Motion sensors are devices which have the capability to detect changes in
movement, position, or physical alterations in the environment. They are widely used
in a variety of settings, including healthcare, robotics, navigation, and security
systems, to mention a few. They are commonly used to quantify and track human
movements, making them valuable tools in fields such as sports science,
rehabilitation, and fitness tracking. A variety of different sensor technologies have
been incorporated into tracking human movements, including accelerometers,
pedometers, gyroscopes and magnetometers [128]. Inertial measurement units have
also been utilised in quantifying human movement, which combine multiple sensor

modalities to provide more precise motion tracking.

Accelerometer sensors are the most popular technology used in the field of wearable
technology, having undergone widespread adoption into consumer devices such as
smartphones, smartwatches, and fitness trackers [129]. The design of modern
accelerometers is based on microelectromechanical systems (MEMS) technology,

where very small accelerative masses move in response to changes in motion [130].
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The displacement of these masses generates electrical signals, which are then
processed to determine motion. Tri-axial accelerometers, which are commonly found
in many commercial devices, can provide information on the acceleration of the
device in three dimensions (namely, X, Y and Z axes) simultaneously [131].
Accelerometers are capable of providing a wide range of functionalities in the
assessment of physical activity, including identifying different forms of human
movement (ie walking, cycling, swimming, etc), step counting and measuring the
distance travelled [132]. Furthermore, wrist-worn accelerometer data has been
shown to estimate TEE and AEE with a high level of accuracy in free-living
conditions when compared to criterion methods such as doubly-labelled water [133].
Wearable accelerometers can be placed on various parts of the body to collect
movement and activity data, such as the wrist, hip, upper arm and ankle, improving
their versatility. Furthermore, their low power consumption and small profile make
them ideal for unobtrusive, continuous monitoring. It is worth noting that not all forms
of physical activity are suited to accelerometer-based monitoring due to the limited
context available to the device. Some forms of movement are more difficult to
distinguish as they demonstrate similar accelerometer patterns [134]. Furthermore,
actions which require isometric contractions, such as weightlifting and yoga, may not

be accurately captured by wearable-based accelerometers.

1.8.2.3 Wearable motion sensors in clinical research

Accelerometer-based physical activity monitoring is widely used by researchers in
various fields to assess physical activity behaviours and fitness. Physical activity

monitoring has led to novel insights in people with respiratory and neurological
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conditions, as well as advanced age [135-137]. Various cardiovascular conditions
have also been investigated using accelerometers to understand their impact on
physical activity behaviour. In heart failure, wearable physical activity monitoring has
demonstrated that lower levels of physical activity behaviour are associated with
greater morbidity, mortality and hospital admissions [138-139]. In pulmonary
hypertension, wearable monitoring demonstrated a lack of improvement in physical
activity behaviours following inspiratory muscle training, which correlated with
exercise assessments and patient reported outcomes [140]. Furthermore, the use of
inhaled nitric oxygen therapy in pulmonary hypertension led to improved wearable-
based physical activity parameters in comparison to a control group [141]. The
applicability of wearable physical activity monitoring to a variety of patient settings
allows for exciting new innovations and understanding into how a variety of

pathologies can impact on quality of life and function.

Physical activity monitoring in patients with CAD has similarly been used in clinical
research to understand physical activity behaviours of patient populations. It has
been shown through wristwatch accelerometry monitoring that many patients who
have suffered an ACS event undertake minimal to no amount of cardiovascular
exercise, despite it being recommended and encouraged through cardiac
rehabilitation [142]. In this small observational study, only 16% of participants
achieved the levels of exercise recommended 6 weeks after their index event,
whereas 56.5% of patients undertook no level of exercise by this time. In a
prospective study of patients with coronary artery disease attending cardiac
rehabilitation, improved levels of moderate to vigorous exercise as well as reduced

sedentary time were observed, although the proportion of patients meeting
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recommended levels of exercise activity remained low at 21% [143]. A study of 139
Finnish patients waiting to undergo CABG surgery wearing triaxial accelerometers
showed that physical activity parameters were significantly different to that of healthy
aged-matched population samples [144]. In this group, levels of moderate to
vigorous physical activity were comparatively lower in the pre-CABG patients, while
they undertook longer periods of sedentary behaviour. These results demonstrate
that engaging patients in undertaking positive physical activity behaviours known to
improve cardiovascular risk factors, which should be achievable for most patients,
remains a significant challenge. It is unclear if the levels of physical activity after
revascularisation therapy, as measured by accelerometers, is predictive of worse

outcomes, and there is ongoing work looking at addressing this question [145].

1.8.2.4 Influential factors in objective physical activity
monitoring

When utilising objective physical activity monitoring in clinical research, there are a
number of important factors to consider that can influence an individual’s physical
activity behaviour. Several demographic factors are known to influence physical
activity levels such as age, gender, socioeconomic status and ethnicity/cultural
background [146-148]. Physiological factors such as body mass index (BMI) and
health status, including the number and severity of chronic diseases an individual
suffers from, can also influence physical activity behaviour [149]. These factors are
commonly taken into account in most forms of clinical research and are not specific

to physical activity research.
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There are other potential confounding factors that may also need to be considered
when monitoring daily physical activity behaviour. These include measurement-
related factors, environmental factors, social factors and temporal factors.
Measurement-related factors refer to the use and interpretation of physical activity
monitoring devices, which includes device accuracy and raw data interpretation,
which can vary between different manufacturers, as well as device wearing
compliance, which describes how consistently, frequently and correctly users wear
monitoring devices. Environmental factors include weather conditions such as
temperature, humidity and precipitation which can vary significantly with changing
seasons and can affect outdoor activity [150]. The geographic location (urban versus
rural settings) as well as the presence of accessible built environments, such as
parks, gyms and infrastructure, can also be considered significant environmental
factors [151]. Social factors include cultural norms and attitudes towards physical
activity and types of behaviour, as well as support networks such as friends and
family. Lastly, the time of day physical activity is recorded, as well as weekday

versus weekend physical activity patterns, are termed temporal factors [152].

1.8.3 Subjective methods

The assessment of physical activity behaviour is most commonly performed through
subjective methods. These methods include recall interviews, questionnaires or
surveys and diaries [153]. Recall interviews are ubiquitously applied in routine
clinical assessments of a variety of clinical conditions, particularly cardiovascular
disease, during a patient’s history taking. Structured questionnaires and surveys are

frequently employed during clinical research trials to apply a level of objectivity and
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comparability between subjects and to compare outcomes with baseline function,
while diaries or logs provide more in-depth active monitoring of a patient’s perceived
physical activity behaviour. In comparison to the methods discussed earlier,
subjective methods of physical activity assessment are far easier to implement, are
less expensive, and have the benefit of providing a unique view into the patient’s
personal experience and views that the other methods are simply incapable of
guantifying. However, subjective methods of assessing physical activity are well
known to be flawed. Recall interviews rely heavily on a patient’s perception of their
physical activity behaviour and it can be difficult to obtain accurate information on
exact parameters such as exercise intensity, frequency, and duration. Recall
interviews have been shown to correlate poorly with objective methods of physical
activity to determine minutes spent in MVPA exercise [154]. Questionnaires vary
significantly in their design and detail and can rely on arbitrary descriptions or scales
which patients can find difficult to gauge. The International Physical Activity
Questionnaire (IPAQ), a popular questionnaire method for assessing physical
activity, has been shown to correlate poorly with objective methods of physical
activity, including in heart failure patients [155-157]. A systematic review of studies
comparing a range of subjective methods of physical activity assessment to either
criterion or objective methods found that the correlations between the two were
generally low to moderate, with significant underestimations and overestimations
observed [153]. Ultimately, while being much easier to use in routine clinical practice,
the scientific value of subjective methods of physical activity is questionable, and the
need for robust, standardised methods to record a variety of physical activity
parameters is evident to standardise this key assessment of patient function in

clinical practice.
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1.9 Summary

Despite many advances in the management of CAD, it remains a leading cause of
mortality and morbidity worldwide. Treatments for the symptoms associated with
CAD, primarily angina, improve the quality of life of patients, allowing them to
undertake the activities of their daily lives free from symptom burden. PCl is one
such treatment option, which is regularly utilised in the management of refractory
symptoms despite multiple anti-anginal medications, as well as reducing the risk of
future adverse cardiovascular events in certain cases. Current international
guidelines support this treatment of chronic coronary syndromes, and further efforts
are made to select the appropriate patients to enhance treatment benefit through

FFR.

The true impact of revascularisation in stable CAD on the day-to-day activities of
patients remains uncertain. Current understanding of functional capacity before and
after intervention rely largely on recall questionnaires or discrete assessments of
exercise capacity in a clinical environment. Such questionnaire assessments aim to
understand how much their symptoms impact their lifestyle and activities, while
functional exercise assessments simply ask how much exertion an individual can
undertake during a single visit. These assessments offer little insight into the relative
activity behaviour of a patient, such as the time spent physically active versus
sedentary, and how often they undertake physical exercise and how long. These
parameters are important to understanding the physical activity behaviours of an
individual, and whether they fall into categories of either healthy levels of physical
activity and exercise or unhealthy inactivity. Patients identified in the latter category

may be offered targeted therapies and support aiming to improve such behaviours
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where possible, which is well known to improve the quality of life and outcomes of
patients with CAD. As described earlier, patients with CAD are more likely to
undertake lower levels of physical activity and display more sedentary behaviour.
Whether this is the result of their symptom burden or a contributing factor to their
development of CAD will likely vary between individuals. Therefore, an objective,
validated assessment of patient physical activity behaviour in their own environment
may help identify those with poorer physical activity behaviours, and therefore
highlight them as patients who may benefit from targeted physical therapies through

cardiac rehabilitation programs.

There are many uncertainties regarding the use of objective physical activity
monitoring devices for the assessment of CAD and their response to treatment. It is
currently unclear if an individual’s objective physical activity behaviour interacts with
their revascularisation outcomes. It is not known whether parameters gained from
physical activity behaviours such as daily step count, minutes spent in moderate to
vigorous physical exercise and daily sedentary time can be used to infer an
improvement or a deterioration in a CAD patient’s quality of life or symptom burden.
Lastly, there is no standardised agreement as to how patients with CAD should be
monitored to objectively assess their physical activity behaviour with such devices.
While many studies have undertaken monitoring of physical activity behaviours over
discrete periods of time before and after certain interventions, this approach falls
short of the potential wealth of data that continuous physical activity monitoring
through wearable devices can provide. Whether this form of monitoring is feasible
and an acceptable approach to patient assessment remains to be seen, as well as

whether it provides a better understanding of a patient’s physical activity behaviour.
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1.10 Hypothesis

Wearable physical activity monitoring can provide an objective assessment of
physical activity behaviours for patients suffering with CAD and being treated with

PCI.

1.11 Aims

The aims of the current thesis are to answer the following questions:

1. How acceptable and successful is continuous wearable physical activity
monitoring in a CAD population?

2. How accurate is the Fitbit Charge 4 wearable device step-counting function?

3. What are the associations between objective physical activity parameters
gained from wearable monitoring and traditional assessments in CAD?

4. Does PCI lead to an improvement in objective physical activity parameters,
and is this associated with clinical outcomes?

5. Do factors such as demographics, wearer compliance and weather influence

objective physical activity behaviour in the CAD population?
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CHAPTER 2

2. Methods

This chapter describes the design of the Virtu-5 study, a single centre prospective
cohort study undertaken at Sheffield Teaching Hospitals NHS Foundation Trust
between August 2020 and October 2022, in which | addressed the hypothesis and

aims stated earlier.

2.1 Overview

The Virtu-5 study is a parallel project with two main objectives: first, to collect data
for using wearable technology to monitor physical activity in patients suffering from
angina, and second, to develop and test a novel computer model for assessing
myocardial blood flow. Patients were recruited to the study who were awaiting
invasive coronary artery physiology assessment with the view to proceed to PCI for
symptoms of angina despite optimal medical therapy as defined by ESC guidelines
[22]. To maximise recruitment of suitable patients, those with recent coronary
imaging, either ICA or CTCA, which demonstrated at least one coronary artery
stenosis between 50-90% stenosis severity were included. As recommended by
current clinical guidelines, all patients underwent coronary physiology assessments
via FFR for all suitable target vessels, and the decision for proceeding to PCI would
be based on the result of these findings. Patients with negative FFR values (i.e.
non-significant flow reductions) did not proceed to PCI, but provided a valuable
‘control’ group, experiencing all the study inputs, albeit without stent deployment.

Relevant clinical, imaging, activity monitoring, six-minute walk test, and patient
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reported outcome measures were recorded before, during and after their CCL
procedure. These data were collected throughout the period of study monitoring,
from the point of recruitment prior to their CCL, and up to 6 months after their

procedure.

The Virtu-5 study involved many research and clinical team members who played a
variety of roles in the project, including clinicians, radiographers, physiologists and
non-clinical researchers. Two PhD research students were assigned to the Virtu-5
study, myself and Abdulaziz Al-Baraikan. All aspects of the Virtu-5 study activity
were carried out with the involvement of the research students, either by leading,
supervising, or observing. All data recorded for the study was done by the research
students. The study lead for Virtu-5 was Professor Julian Gunn. Where relevant, all
other members of the team who were involved in the Virtu-5 study activities will be

acknowledged in the relevant sections.

2.2 Ethics and funding

The study received a favourable opinion from the Health Research Authority (HRA)
and the Health and Care Research Wales (HCRW) [IRAS: 272069] (see appendix
2). The Sheffield Teaching Hospital Cardiothoracic Directorate Research Executive
(CDRE) and NIHR Cardiovascular Patient Panel (CPP) approved the study protocol.
Funding was granted by Sheffield Hospitals Charity (Grant number: 192027), the
Engineering and Physical Sciences Research Council (EPSRC) student scholarship,
and the King Saud bin Abdulaziz University for Health Science (KSAU-HS) student

grant.
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2.3 Patient screening and recruitment

Patient screening and recruitment began in August 2020. Potential study participants
were identified by two rounds of screening. The first round of screening involved
reviewing a pooled waiting list of patients who had been listed for an elective
coronary angiogram. This was performed by the research students by accessing the
Sheffield Teaching Hospital’s electronic waiting list system. All patients identified
were considered by reviewing relevant clinical documents available through the
hospital’s electronic system, including clinic letters and imaging reports. Access to all
relevant electronic systems, including a STH computer user login, was given to the
research students on the grounds of accessing data for clinical research. All patients
were screened with the study’s inclusion and exclusion criteria (see section 2.3.1). If
the patient met the relevant inclusion criteria and no exclusion criteria was present at
this stage, they were discussed with the study lead to confirm their suitability for the
study and a study invitation letter and patient information sheet was sent to the
patient via the cardiology department secretaries (see appendix 3). If there was any
missing information that would not allow for a full review of the inclusion and
exclusion criteria at this stage, cases would be reviewed by the study lead and

proceed at their discretion.

Once the patient had received the letter and returned the study invitation, a second
round of screening was performed. Each patient who responded to the letter who
indicated an interest in partaking in the study were contacted by telephone to
arrange a meeting with the research students. Prospective study participants were
offered a choice between online virtual appointments using a virtual meeting platform

(Google Meet or Zoom, depending on their preference), or by meeting face to face.
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Face to face meetings were offered either as home visits by the research students,
or by organising an appointment at the Hallamshire Hospital University site offices.
Family members were welcomed to these meetings at the patient’s discretion. All
screening criteria were reviewed at the meeting with the patient to confirm all the
details were correct and to clarify any missing information that could not be obtained
at the first round of screening. At this stage, if all the inclusion criteria were met and
no exclusion criteria were present, the patient was offered to enrol within the Virtu-5

study.

2.3.1 Inclusion and exclusion criteria

Inclusion Criteria:

e Able to provide informed consent.

e Diagnosis of angina.

e Referred for coronary artery physiology assessment with the view to proceed
to coronary angioplasty.

e Recent coronary imaging, either CTCA or ICA, demonstrating at least one
obstructive coronary lesion amenable to physiological assessment and
angioplasty.

Exclusion Criteria:

e Age < 18 years.

Inability or refusal to give formal consent.

Emergency intervention.

Previous CABG or recent PCI.

Any significant valvular heart disease of at least moderate severity.
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e A diagnosis of heart failure affecting the left or right ventricle.

e Inability or refusal to complete follow up.

e A diagnosis of active cancer or a terminal illness with a prognosis of less than
1 year.

e Contraindications to MRI such as implanted pacemaker, metallic foreign
bodies, implants or severe claustrophobia.

e Contraindications to Gadolinium administration, such as a documented
allergic reaction or chronic renal failure (Creatinine > 180 pmol/dL).

e Contraindications to pharmacological stress testing such as asthma or heart

block.

2.3.2 Consent

All patients recruited to the Virtu-5 study were required to provide informed, written
consent. During the first in-person meeting with each patient, following the second
screening process, all patients would have a discussion with the research student
about the Virtu-5 study and their involvement. The research student undertaking the
consenting process was trained and experienced in obtaining clinical consent,
including consent for coronary angiography and PCI. Consent for clinical procedures,
including CCL procedures and CMR, were taken separately by the relevant

professionals.

Each consent process included a comprehensive discussion with the patient which
covered several relevant key topics, which began by discussing the fundamental

aspect of their experience of angina. This involved exploring the patient’s
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understanding of their diagnosis, the nature of the procedure they were waiting for,
and their expectations following their procedure. From this, the research students
would discuss the research questions and aims of the Virtu-5 study, and the different
research activities involved. Once all the relevant information was discussed, the
patient was offered an opportunity to ask questions about the study. Once all
guestions were addressed, the patient was offered the opportunity to enrol within the
Virtu-5 study and complete the study consent form in triplicate (see appendix 1). One
copy of the consent form was kept alongside the physical research records on site at
the University of Sheffield office, another was filled within the patient’s own notes,

and a third was given to the patient to keep.

2.4 Clinical study protocol

The Virtu-5 study protocol involved the recording of a range of clinical parameters.
As the focus of the study was to capture a comprehensive dataset focused on the
various aspects of CAD, a variety of relevant parameters were collected, including
patient reported outcomes, clinical imaging and coronary physiology assessments,
as well as wearable physical activity monitoring. Furthermore, as the emphasis of the
study is to observe the changes seen in patients suffering with angina following a

PCI, data is collected before, during and after their CCL procedure.

The Virtu-5 study comprised three phases; baseline, recovery, and follow up. An

overview of each study phase and what data collection activity occurred at that time

is illustrated in figure 2.1.
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Figure 2.1 Flowchart of overall study protocol for Virtu-5 project with planned physical activity
monitoring. FFR = fractional flow reserve.

The baseline (pre-CCL) phase began during the same appointment as the first in-
person meeting. The research student administered the study questionnaires to the
patient and set up the wearable physical activity monitoring. Once a CCL
appointment date was given to the patient, a separate appointment was organised
with the research students to undertake further pre-procedure data collection, which

involved a 6-minute walk test (6MWT) and a CMR study. This appointment was
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carried out at the Northern General Hospital as close to the CCL appointment date
as feasible (ideally within 5 days). The baseline phase terminated the day before the
patient undergoes their clinically indicated ICA assessment and the collection of all
relevant data by the research students. Once the patient was discharged from their
elective CCL appointment, they entered the recovery period which lasted for three
months. The follow up period activities occurred between 3 months to 6 months after
the patient’s CCL procedure. If the patient wished to complete their follow up within
the study early, they were offered the earliest date that suited them. At their final
appointment, either at six months post CCL or earlier at the patient’s discretion, the
physical activity device was collected and follow up assessments of 6MWT and

guestionnaires were administered.

2.5 Data management

2.5.1 Imaging data

Two sources of imaging data were collected during the Virtu-5 study, namely
diagnostic coronary angiography images and research CMR studies. With regards to
coronary angiography images, these were transferred to XNAT, a secure university-
managed platform, once all patient demographics were removed and replaced with
virtu-5 study numbers. This transfer of data was performed by the research students.
The research CMR studies were logged with Virtu-5 study identifiers and were stored
directly on a separate secure university-managed repository, Polaris XNAT. Both
platforms could only be accessed through university managed internet access, either

via university managed devices or Virtual Private Networks.
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2.5.2 Non-imaging data

Data collected through activities conducted by the research students was initially
recorded on paper documents. This included baseline patient characteristics, 6-
minute walk test assessments and ICA procedure details. All paper documents were
stored in a secure area once completed, either in the Northern General Hospital or at
the University of Sheffield. All paper documents were dated and contained only the
patient’s study number as the identifier, no other patient identifiable details were

recorded.

Non-imaging data were transcribed to relevant electronic spreadsheets to maintain a
central repository which was stored on the University affiliated Shared Google drive.
Access to the Shared drive was restricted to the research students alone and
required two-factor authentication as per the University of Sheffield’s “Protecting

Personal Data” and “Protecting Research Data” policies.

2.6 Baseline clinical data

2.6.1 Basic demographics

A standard set of demographics associated with physical activity was collected from
the patients following their recruitment to the study. The demographics collected
included age, weight (kg) and height (cm). Body mass index was calculated for each

patient based on these parameters.
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2.6.2 Relevant medical history

Patient past medical history was sought during the initial in-person consultation.
Each patient was asked whether they had been previously diagnosed with the
following conditions: hypertension, hypercholesterolaemia, diabetes, myocardial
infarction or cerebrovascular accident/stroke. Clinic letters, which routinely detailed a
list of relevant clinical diagnoses, were used to screen for these conditions, which
were confirmed with the patient during the recruitment interview. All patients were
asked whether they smoked, categorising each patient as either never having

smoked, previously smoked but now quit, or continued to smoke.

2.7 Questionnaires

The assessment of the patient’s quality of life and symptom burden was undertaken
by three separate questionnaires completed by the patient. The details for each
guestionnaire is included below. Furthermore, an additional questionnaire was given

to all study subjects at their final follow up assessment.

2.7.1 EQ-5D-5L

The level 5 EuroQoL version questionnaire, or EQ-5D-5L, is a descriptive system
designed to assess an individual's general quality of life. The questionnaire consists
of five dimensions: mobility, self-care, usual activities, pain/discomfort and
anxiety/depression (see appendix 5b). Each aspect of the descriptive system has
five levels: no problems, slight problems, moderate problems, severe problems, and

extreme problems. Additionally, the EQ visual analogue scale (VAS) records the
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patient’s self-rated health on a vertical visual analogue scale, with endpoints labelled
‘The best health you can imagine’ for 100, and ‘“The worst health you can imagine’
for 0. All aspects of the EQ-5D-5L focused on how the subject views their health

status that day.

Two scores were generated from the EQ-5D-5L questionnaire. The first was the EQ
VAS, which represented the patient’s view of their overall health and wellbeing. The
second was the England Index value, a score which was based on index value sets
based on the preferences of the general population of England. The England Index
scores indicate differing states of health based on a 20-parameter model, where a
score of 0 suggests a state of health equivalent to death, and 1 indicating full health
[158]. The possible scores based on the England Index values range from -0.285
(suggesting an overall perceived state “worse than dead”) and 0.950. The set values
for each response is shown in table 2.1.

Table 2.1 — EQ-5D-5L England Index value model for domains and responses

No Problems | Slight Moderate | Severe Unable
Mobility 0 0.058 0.076 0.207 0.274
Self care 0 0.050 0.080 0.164 0.203
Usual Care 0 0.050 0.063 0.162 0.184
Pain & discomfort 0 0.063 0.084 0.276 0.335
Anxiety & 0 0.078 0.104 0.285 0.289
depression
2.7.2 Short Form 12

The Short Form-12 survey (SF-12) is a widely used self-reported health-related

quality of life (HRQOL) instrument which measures the effect of health on an
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individual’s quality of life (see appendix 5b). The SF-12 questionnaire consists of 12
guestions aimed at assessing a distribution of 8 dimensions of health: General health
perception, physical health, limited physical role function, physical pain, vitality,
mental health, limited emotional role function, social functioning. Each question
relates the patient’s perception of their health over the last 4 weeks. The latest

version of the SF-12 questionnaire (SF-12v2) was utilised for this study.

The scores for each SF-12 survey is calculated automatically by a dedicated
software (PRO CoRE 2.0 Smart Measurement®), SF-12v2® Health Survey. For
each completed survey, a physical component score (PCS) and a mental component
score (MCS) are derived. Values for PCS and MCS range from 0 to 100, with higher
values indicating better function in each component. For context, a PCS score of 50
or below is considered to indicate a significant physically limiting condition, while a

score of 42 or below on the MCS can indicate clinical depression [159].

2.7.3 Seattle Angina Questionnaire

The third questionnaire completed by each participant, the Seattle Angina
Questionnaire (SAQ), aims to assess the disease-specific burden of angina on a
patient’s quality of life. The self-administered tool includes a 19-item questionnaire
with 5-domains: physical limitation, anginal stability, anginal frequency, treatment
satisfaction, and disease perception/quality of life (see appendix 5c¢). Similar to the
SF-12, the SAQ utilises a 4-week recall period to answer relevant domains. The UK

version of the SAQ was utilised for this study.
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The scoring for each domain of the SAQ was performed manually by the research
students as per the official Outcomes Instruments LLC scoring instructions. A total of
3 scores were produced for each completed questionnaire: the physical limitation
domain, the quality-of-life domain, and the angina frequency domain, each score
ranging from 0 to 100. SAQ scores can be categorised into set ranges to give clinical
context to each score; for the physical limitation and quality of life domains, a score
of 0 to 24 equates to poor health, 25 to 49 as fair, 50 to 74 as good, and 75 to 100 as
excellent. For the angina frequency domain, 0 to 30 represents daily angina, 31 to 60

to weekly angina, 61 to 99 as monthly angina, and 100 as no angina [160].

2.7.4 Patient experience of wearable technology

A further questionnaire was offered to all patients during their final follow up
assessment. This self-reported questionnaire, designed by the research students,
focused on understanding the study subject’s overall experience of wearable
technology and mobile devices (see appendix 5d). The questionnaire included 7
items which addressed different aspects of wearable and mobile technology use,
including their experience prior to their enrolment to the study as well as their
experience of using the devices given to them during the study. The questionnaire
also asked about their impressions of using such devices again in the future, for
either clinical or research purposes. The questionnaire also contained a free text
area in which the patient could record any further thoughts, impressions or
comments related to the wearable device that they felt was not covered fully by the

guestionnaire.
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2.8 Physical activity monitoring

Following enrolment to the Virtu-5 study, each study subject was given a Fitbit™
Charge 4 fitness tracker wristwatch (Fitbit Inc, California, USA). The purpose of the
Charge 4 devices was to collect physical activity data in free living conditions for the
duration of the study. The Charge 4 uses Fitbit Operating System and cloud storage
to transfer, store and export data. The Charge 4 contains a number of relevant
sensors, including a MEMS tri-axial accelerometer and a PPG-based optical heart
rate sensor. The reported battery life of a Charge 4 device is quoted at 7-10 days. All
devices were purchased by the study funding available through the University of

Sheffield’s procurement service.

2.8.1 Device initialisation

All devices went through an initialisation process conducted by the research
students. Firstly, 2 anonymous accounts were created for each study subject; a
personal Fitbit account and a personal Gmail account. Each account activation was
cost free but required a number of details regarding the individual creating the
account, including a unique username, forename, surname and date of birth. Details
provided for the Gmail and Fitbit accounts were not patient specific; all account
forenames and surnames were given as “John” and “Smith” respectively. For date of
birth, the first of January of the patient’s birth year was used for the Fitbit account (for
example, a birthday of 17/07/1968 would be submitted as 01/01/1968 to the Fitbit
account). This was done to avoid providing any patient-identifiable information while
being able to utilise age-specific functions of the Fitbit algorithm of exercise intensity,

as discussed later. Usernames for each Fitbit and Gmail account were generated

74



using the following formula: VH5<Date of recruitment> (for example, a patient
recruited on the 3" of April 2022, the subsequent username would be VH5030422).
All accounts are password protected, which were generated randomly using the free
Norton™ Password Generator webpage, using 8 characters of varying letters,
numbers and symbols. The usernames and passwords for all accounts were
retained by the research students and held on the ‘Virtu-5 study’ shared Google
drive. Study subjects were not given the usernames or passwords for these

accounts.

Once both accounts were created for each subject, the Charge 4 was paired via
wireless Bluetooth connection to an available mobile phone device. This device was
either the patient’s own personal device, or a blank mobile phone device provided to
the patient by the research students which was connected to a local Wi-Fi network.
The patient was provided with a blank mobile phone device if they did not own a
mobile phone device which was compatible with the current Fitbit application. The
blank mobile phone model chosen was a Samsung Galaxy A10, which was acquired
through the university’s procurement service. Once the Charge 4 was paired with the
mobile phone, a standard approach to device settings were set during the
initialisation period. This included disabling the GPS function of the device, which
aimed to maintain the anonymity of the study subjects using the device.
Furthermore, all but one of the Charge 4 device notifications were silenced, such as
“‘Move reminders”, a function designed to encourage physical activity during periods
of inactivity detected by the device, “Daily goals”, which notified users if they had
reached a pre-set activity goal, such as walking 10,000 step, and other

miscellaneous notifications. These changes were intended to reduce the interaction
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of the study subject with the Charge 4 device and to ensure that the physical activity
of the individual was representative of their usual behaviour as opposed to the result
of encouragement from the device. The only device notification that remained active
was the “low battery” notification, which would notify the user of when the Charge 4’s

battery had been reduced to 10% on the watch face.

2.8.2 Patient instruction

Patients were instructed in a number of aspects of how to use the Charge 4 device.
Patients were instructed to wear the Charge 4 device as often and as long as
possible throughout the study. They were also instructed that they could choose to
wear the watch at night if it was felt comfortable to do so, but that there was no
preference indicated by the research team as to whether the patients wore the
device all day or only during the daytime. The patients were instructed to
occasionally take short breaks from wearing the watch, such as when bathing or
showering, to avoid any issues of skin irritation caused by prolonged wear times. The
patients were advised to charge the device once a week, as this would fall well within
the device’s battery capacity, however they were welcome to charge their device
however they saw fit which suited their wear style (i.e. charge each night if only
wearing in daytime, etc). Patients were shown the basic means of maintaining the

Charge 4, including connecting the device to its charging cable.

Finally, each patient was shown how to “synchronise” their Charge 4 with their
mobile device. This involved accessing the Fitbit mobile phone application, and

initialising a manual synchronisation of the device. Synchronisation of the Charge 4
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to the mobile device would transfer all device-collected data to the Fitbit cloud
storage. While the Charge 4 would normally synchronise automatically without any
user input, during preliminary testing by the research students, it was noted that this
automated synchronise function would occasionally fail, leading to periods where
data was not being recorded and could lead to potential data loss. The Charge 4 has
the memory capacity to retain up to 2 weeks of physical activity data at any one time,
after which it would start overwriting old data with newer data recorded by the
patient. As such, patients were taught how to manually synchronise their Charge 4
device and instructed to do so when setting the device aside to recharge if they felt

able to do so.

Patients were informed to use the Charge 4 device as instructed above throughout
the study period, from the time of enrolment up to the final follow up session in their
post-procedure period. Patients were informed that they could take breaks from
wearing the device anytime they wished for as long as they wanted, and were asked
to inform the study team if and when they chose to do so and when they resumed

wearing the device.

2.8.3 Data monitoring, download and storage

Data collected by each Charge 4 device was regularly monitored by the research
students vie the Fitbit webpage. By logging into the Fitbit webpage via the study
subject’s assigned username and password, all data collected by the Charge 4
device could be accessed, reviewed and downloaded remotely. Accounts were

routinely reviewed every 2 weeks, with a particular note made of the most recent
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device synchronisation date. Using the Fitbit webpage, raw data was regularly
downloaded in Microsoft Excel format and subsequently transferred to the Virtu-5’

shared Google drive.

2.8.4 Troubleshooting

All patients were given contact details for the research students in the event of any
issues encountered during the study period. Issues such as physical damage to the
Charge 4 would be reviewed by the research students and, if necessary, the
damaged device would be replaced by a new Charge 4. Furthermore, device
synchronisation was regularly monitored as described above. In the event of a
device not synchronising for over two weeks, the patient would be contacted by the
research student to ascertain if any issues had been encountered (eg device fault or
damage, travel abroad, or a break from wearing the watch). In the event that no
device-specific issue had been encountered, the study subject was advised to
manually resynchronise their Charge 4 with their mobile device. The account would
be re-checked the following day, and if the issue had not been resolved, the study
subject would be offered an in-person visit by the research student to attempt to
ascertain the issue and resolve it, at their earliest convenience. In the event the
issue could not be resolved, a new Charge 4 device was linked to the account and
offered to the patient. Furthermore, at each patient visit, the device and application
OS was reviewed by the research student to ensure that the most up-to-date
software available was installed and, if necessary, update the application or device

software.
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2.8.5 Physical activity data

For each subject enrolled in the physical activity monitoring aspect of the Virtu-5
study, a number of daily parameters were collected through their wearable device.
These parameters included the following:

- Step count

- Minutes spent sedentary

- Minutes spent lightly active

- Minutes spent fairly active

- Minutes spent very active

- Active calories

All of the above parameters are calculated by a proprietary method via the Fitbit
website using accelerometer data, except for “Active calories” which is calculated
using continuous heart rate data. Minutes spent fairly active and minutes spent very
active data have been shown to be consistent to moderate and vigorous intensity
physical activity respectively, therefore the minutes for both of these parameters per
day are combined to a single value of minutes spent in moderate to vigorous

physical activity (MVPA).

2.8.6 Quality control

In order to determine a valid day of monitoring, a criteria of “valid wear day” is
needed. This is to ensure that data captured by the Charge 4 is representative of a
patient’s usual physical activity. This generally involves assessing the patient’s use

of their device, specifically how long they wore their device for each day, and if
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possible, in what context (ie awake vs asleep), and whether this was sufficient to be
classed as a “valid wear day”. Therefore, for each patient, a parameter of “wear time”
and “awake wear time” was recorded for each day they were monitored by the

Charge 4 during the study.

For each day, the number of minutes the patient wore their watch was recorded by
the research student. This method involved reviewing the continuous heart rate data
available through the Fitbit website for each user. By reviewing the day’s continuous
heart rate data, represented by a line graph starting from midnight and finishing the
subsequent midnight, heart rate averages collected every five minutes could be
viewed across each day. Any gaps in the line graph would indicate a period of at
least 10 minutes where heart data had not been collected by the device, which would
indicate “non wear time”. The total amount of non-wear time from each separate
non-wear episode was calculated for each day, and a subsequent daily wear time
was calculated by subtracting the total non-wear time from the total amount of

minutes in a day (1440 minutes). Therefore, the following calculation was used:

Daily wear time = 1440 — total non-wear time
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2.8.6.1 Valid wear day / valid monitoring week

Currently, there is no universally recognised standard by which a “valid wear day” is
defined based on daily wear time. Therefore, as part of the work for this study, a
number of “valid wear day” criteria were used to investigate the impact of different
cut-off methods. These included the following absolute cut off values for minimum
wear time: 1 hour, 4 hours, 8 hours, 10 hours, 12 hours, 14 hours, 16 hours, 18
hours, 20 hours, 22 hours and 23 hours and 24 hours. A range of minimum wear
time cut-offs were used to assess the impact of more and less strict criteria for wear
time in this cohort. This cut off value would then be applied to both pre and post
intervention datasets for each patient. The purpose for using this method would be to
control for potential variations in device compliance between the pre- and post-
intervention period resulting in different physical activity parameter values. This
method was applied to all datasets as a proof of concept, whether the wear time

values were normally distributed or not.

Using each of the values outlined for determining the minimum values for “valid wear
days”, data for physical activity are then represented using two main methods. The
first method is through weekly averages of valid wear days, or valid monitoring
weeks. As described in other similar work looking to determine physical activity
behaviour, a valid monitoring week will be based on at least four valid days occurring
over a 7-day period [161]. Physical activity variables will be averaged over three-
month periods of monitoring. The monitoring values will be split into two distinct
periods in which physical activity parameters are averaged over the entire period.
The two periods are defined as follows: baseline period (data collected between the

day before the patient's CCL appointment date and up to three months before) and
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follow up (data collected after 3 months have passed following the CCL procedure).
There will be a three-month gap in between the baseline and follow up monitoring
periods to allow for recovery from the CCL procedure. A minimum of four valid
monitoring weeks will be required to produce the data needed for each averaged
monitoring period. Each of the different criteria used to classify minimum wear time
criteria for a valid day described earlier will be used to assess the impact of different

guality control measures on this method of data analysis.

2.9 6-minute walk test

To validate the use of wearable physical activity monitoring as assessment tools of
functional capacity in patients suffering with angina, a standard clinical assessment
of physical activity is required. The 6-minute walk test (6MWT) is a widely used
assessment tool in clinical and research setting to assess the sub-maximal exercise
capacity of individuals with cardiac conditions, including angina. All patients recruited
to the Virtu-5 study were consented to undertake a 6-minute walk test assessment

prior to their CCL assessment and at their follow up.

2.9.1 Assessment protocol

All BMWT assessments performed during the Virtu-5 study adhered to the Heart
Online: Health Education Assessment Rehabilitation Toolkit — 6MWT instructions
sheet [162]. All BMWT assessments were conducted in the Northern General
Hospital. The assessments were conducted in a quiet, obstacle free corridor
adjacent to a clinical area on hospital grounds which was accessible only by staff

with keycard access. The test was conducted along a straight, flat, 20 metre track. A
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6MWT walk test protocol and results recording document, which was adapted from
the Heart Online 6MWT toolkit for the purposes of this study, was brought to each
assessment to ensure consistency for all assessments (See appendix 4a). All
equipment listed on the 6MWT were checked before commencing each assessment.
Upon arrival, the patients were instructed to take a seat and rest for 15 minutes.
During this initial rest period, all baseline physical assessments were documented,
after which the patient was given the formal instructions detailed in the 6MWT
protocol sheet. During the formal instruction process, one of the research students
would demonstrate one full lap to the patient. Once the 15-minute rest period had
elapsed, and if the patient was happy to proceed, the first GMWT attempt was
commenced, with pre-specified instructions given each minute of the test. Following
the completion of the first assessment, the documented distance travelled during the
assessment was measured and documented as the 6-minute walk distance (6MWD),
and the patient was returned to the original seating position prior to the first attempt.
The patient was then given 15 minutes of rest while sitting down, during which time
repeat observation assessments were performed. After 15 minutes, once the patient
was ready, a second attempt to complete the 6MWT assessment was undertaken in
the same manner as the first attempt. A second attempt was carried out for all
patient visits to avoid learning bias observed in 6MWT assessments. Once the
second attempt was completed, and their second 6MWD result recorded, a further
set of physical observations were collected and documents, and the patient

observed for 15 minutes in the sitting position, after which the appointment ended.

Each assessment was supervised by two research students, with at least 1 student

having valid Advanced Life Support (ALS) certification. One student would lead the
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assessment as per the 6MWT protocol, the second student would undertake a
manual count of steps. This was performed with a manual tally counter which the
student used to count during the assessment. The student would ensure that the
participant’s Fitbit ‘walking exercise’ function would be activated so that recordings of

steps and distance walked could be recorded specifically for each assessment.

Following completion of both 6MWT assessments, the best 6MWD achieved was
recorded as the result for that assessment period. Estimations of expected 6MWD
results were used to gauge the findings of these assessments in order to personalise
the results. These personalised values were calculated from the patients’
demographics, which included gender, height, weight and age. For male participants,
expected 6MWD and lower limit of normal values were calculated using the following

formula:

Expected 6MWD = (7.57 x height in cm) — (5.02 x age) — (1.76 x weight in Kg) — 309
Lower limit of normal = 6MWD — 153

For female participants, expected 6MWD and lower limit of normal values were

calculated using the following formula:

Expected 6MWD = (2.11 x height in cm) — (2.29 x weight in kg) — 5.78 x age) + 667
Lower limit of normal = 6MWD — 139

2.10 Cardiac Magnetic Resonance Imaging

All patients enrolled into the study were invited to undertake a CMR scan as part of

the study activity. Baseline pre-CCL CMR studies are arranged before each patient’s
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appointment. While having been screened for contra-indications to MRI scanning
and pharmacological stress with Regadenoson during the screening process, a
further safety check for these contra-indications was carried out at their appointment
as per local Radiology department safety procedures. All studies were supervised by
an ALS certified doctor. During physiological stress, a doctor familiar with
administering and monitoring the effects of Regadenoson was present at all times,
with regular assessments and documentation of heart rate, blood pressure, pulse
oximetry and patient symptoms on the standardised recording sheet (see appendix

4c).

The Virtu-5 CMR protocol for the study patients included the following components,
which took roughly 1 hour to complete:

1. Survey

2. Baseline cine imaging for functional imaging

3. Tissue characterisation with native T1-mapping (rest)

4. 4D flow CMR

5. 2D q flow of 2 chamber view (rest)

6. Start pharmacological stress (Regadenoson)

7. First gadolinium contrast injection (half dose)

8. First pass perfusion imaging — short axis 3 slices (Stress)

9. 2D Q-flow imaging of 2 chamber view (stress)

10.15 minutes to return patient to resting state

11.Late gadolinium enhancement imaging (short axis)

12.Second gadolinium contrast injection (Half dose)

13. First pass perfusion imaging — short axis 3 slices (Rest)
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The Virtu-5 CMR protocol involves a variety of standard and research assessments
of cardiac structure, function, perfusion and tissue characterisation, including 4-
dimensional flow assessment. The focus of the work described herein will focus on
the standard datasets available through CMR scanning, and advanced techniques
such as 4D flow imaging is reserved for other avenues of work associated with the

Virtu-5 project.

Ventricular volumetric assessment and myocardial perfusion quantification was
performed by a trained research student using the commercially available software
(Qmass 8.0, Medis, Medical Imaging, Leiden, The Netherlands). Any issues or
difficulties arising from image quality, acquisition or processing was discussed with

the research lead.
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2.11 Left heart catheterisation

All patients recruited to the Virtu-5 study underwent an invasive left heart
catheterisation procedure as standard care for their CAD, following local protocols
for pre-assessment, preparation and procedural consent. Typically, patients would
undergo coronary angiography via a right radial artery approach, with the choice of
catheters used for imaging to be decided at the discretion of the operator. The

standard protocol for invasive coronary angiography included:

Five to six views of the left coronary artery system, and three views of the
right coronary artery system.

e At least two views of each diseased vessel, at least 30" apart.

e Image must be centred before acquiring.

e No panning or magnification.

e Adequate contrast injection.

e At least 4 cardiac cycles acquired per image.

e Good catheter engagement.

Following the acquisition of all coronary angiogram images, an assessment of all
vessels was made by the operator. Any epicardial vessels visually assessed by the
operator to be amenable to percutaneous revascularisation, such as a vessel
diameter greater than 2.5mm with a diameter stenosis between 50% - 90%, was
assessed with a coronary pressure wire (PressureWireX™, Abbott, Uppsala,
Sweden). The FFR assessment was performed as per a standard clinical protocol,
using an adenosine-induced hyperaemia, with pressure measurements proximal and

distal to the target stenosis (Pa and Pd) recorded. A dedicated software platform
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(Coroflow®, Coroventis, Abbott) was used to measure the Resting Full-Cycle Ratio
(RFR) and FFR. Based on the angiographic findings and the measured FFR
assessment, a decision to proceed to PCI was made by the operator. PCI was
performed according to standard clinical practice with the deployment of drug eluting
stents for each appropriate target vessel stenosis. Repeat angiography and FFR
assessment of the target vessel following PCI whenever possible. Angiogram
images were anonymised and transferred to the University’s XNAT image storage

database (University of Sheffield).

2.12 Weather data

Weather parameters were kindly provided from the Weston Park Sheffield Museum,
which provides local meteorological information to the Met Office, the UK’s national
meteorological service. The following daily parameters were recorded throughout all
monitoring periods for each patient: maximum temperature (°C), hours of sunshine,
total solar radiation (W/m?2), total precipitation (mm), average relative humidity (%),
maximum wind speed (Knots). The following devices were used to record the
relevant atmospheric values: Campbell Scientific HC2A-S3 Temp and RH sensor;
Campbell-Scientific W200P/CP Wind Vane and A100L Anemometer; Campbell-
Scientific CM3 Pyronometer (sunshine hours readings calibrated to be equivalent of
Campbell-Stokes sunshine recording device for parity with historic readings); Casella
Tipping Bucket rain gauge. The data provided was focused on the geographical area

of Sheffield and all patients lived within a 20-mile radius of the city.
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2.13 Statistical analyses

All statistical analyses were carried out using IBM SPSS® Statistics software version
29. All statistical analyses performed were undertaken as post hoc analyses. Advice
was taken from the University of Sheffield’s Maths and Statistics Help department
with regards to the development of the generalised linear mixed model, particularly
around suitability for analysing this dataset, appropriate model parameters and
guality assurance, which was discussed during one-to-one meetings with designated
statisticians. Data were reported as means, standard deviations of the means, and
percentages unless stated otherwise. Assessments of skew were performed for each
relevant parameter to assess the normality of distribution. If any of the parameters
contained non-normally distributed data, the analysis was conducted with the
appropriate non-parametric method, otherwise if all the data were normally
distributed, parametric statistical analyses would be used. Agreement between
manual and wearable measures of step count and distance walked during 6MWT
assessments was assessed using Pearson’s correlation coefficient and Bland-
Altman plots to assess the limits of agreement (+1.96 SD). Pearson’s correlation
coefficient was used to calculate the linear correlation between wearable parameters
of physical activity and clinical assessments. Correlation matrices were used to
assess the correlation coefficient in the percentages of change between the

variables before and after PCI.

With regards to the weather data analysis, a specific statistical analysis was
performed. Due to the multiple observations within each participant and given that
the given the longitudinal design of the study, a generalised linear mixed model was

used to analyse the association between different meteorological recordings and
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each physical activity parameter. We used each physical activity parameter
separately as the target model (the dependent variable) for each generalised linear
mixed model to analyse their association with maximum temperature, hours of
sunshine, total solar radiation, total precipitation, average relative humidity and
maximum wind speed (independent variables). The models were further weighted for
wear time, age (> 65 years / < 65 years), gender (male / female), BMI (normal /
overweight / obese), and treatment group (PCI / medical therapy). Statistical
significance from the generalised linear mixed models were calculated using the

Satterthwaite method with robust estimation of fixed effects and coefficients.
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Chapter 3

3 Results

3.1 Baseline characteristics and follow up

A total of forty patients met the inclusion criteria and were recruited to the Virtu-5
study. One patient was recruited within one week of their planned CCL procedure,
and therefore did not have enough time to collect baseline wearable physical activity
data. A further two patients did not have access to wi-fi internet connection at home,
which made continuous physical activity data transmission impractical. That resulted
in a total of 37 patients who undertook wearable physical activity monitoring. Based
on coronary physiology assessments (which will be discussed in section 3.3), from
the wearable physical activity monitoring group, 25 patients underwent PCI, while 12
continued with medical therapy. The characteristics of these patients are shown in
Table 3.1. The average age of the whole cohort was 65 years (+8), 24% of the
recruited participants were female, and the average BMI was 29 (+4). In regard to
relevant past medical history, 70% of the recruited participants had been clinically
diagnosed previously with hypertension, 38% with hypercholesterolaemia, 14% with
T2DM, and 60% reported a history of cigarette smoking. There was a significant
difference noted between the PCI and medical therapy groups, with a greater
proportion of the medical therapy group containing women (12% in the PCI group,
50% in the medical therapy group, p=0.012) and higher number of patients with
diabetes in the medical therapy group (4% in PCI group vs 33% in medical therapy
group, p=0.015). Otherwise, there was no statistically significant difference between

the two treatment groups.
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Table 3.1 Patient characteristics of subjects recruited to the wearable technology study of
Virtu-5 at baseline. Relevant values are presented as means and standard deviation.

Characteristic Whole PCI group Medical therapy | P value
cohort N=25 group
N=37 N=12
Age (years) 65(+8) 67(+8) 63(+8) 0.175
Gender (female) 24% 12% 50% 0.012
Weight (kg) 84(+16) 86(+16) 78(+15) 0.163
Height (m) 170(18) 172(19) 167(+6) 0.065
BMI 29(+4) 29(+4) 28(+4) 0.607
Hypertension 70% 68% 75% 0.663
Hypercholesterolaemia 38% 50% 32% 0.291
T2DM 14% 4% 33% 0.015
Current/Ex smoker 60% 56% 67% 0.724

During the study, one patient who underwent PCI developed a separate illness

during the follow up period, which was not related to their coronary disease, which

required urgent investigations and work up and was offered to leave the study, which

they accepted. Another patient’s procedure was delayed due to a new finding of

anaemia, to which the patient had no specific symptoms but required further

investigations and management before undergoing the CCL appointment. The

second patient was found to have physiologically negative disease, and thus did not

undergo PCI. As a result, these two patients did not complete the minimum 3 months

early follow up period, and therefore were not included in the post CCL analysis.

Therefore, a total of 35 patients completed the baseline and 3 months early follow up
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period. The characteristics of these patients are demonstrated in table 3.2. There
was no statistically significant difference between the two treatment groups.

Table 3.2 Averaged patient characteristics of subjects recruited to the wearable technology
study of Virtu-5 who completed follow up. Relevant values are presented as means and
standard deviation unless otherwise stated.

Characteristic Whole cohort PCI group Medical therapy | P value
group

N=35 N=24 N=11

Average (SD) | Average (SD) | Average (SD)
Age (years) 65(+8) 67(19) 62(+7) 0.164
Gender (female) 23% 13% 45% 0.077
Weight (kg) 85(+15) 87(+15) 81(+12) 0.282
Height (m) 171(+8) 172(49) 168(+6) 0.137
BMI 29(+4) 29(+4) 29(+4) 0.822
Hypertension 71% 67% 82% 0.447
Hypercholesterolaemia 40% 33% 55% 0.283
T2DM 11% 4% 27% 0.082
Current/Ex smoker 63% 58% 73% 0.478
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3.2 Left heart cardiac catheterisation

A total of 37 patients underwent ICA during the study period. Characteristics such as
number of diseased vessels and locations of coronary lesions with a stenosis of
greater than 50% of the lumen. A summary of the ICA procedure findings is detailed
in Table 3.3. The mean number of diseased vessels per patient for the whole cohort
was 1.8, with an average of 2.2 and 0.9 diseased vessels per patient for the PCI and
medical treatment group respectively. Despite having CTCA imaging suggestive of
obstructive coronary disease, along with symptoms of angina, four patients were
found to have no significant epicardial coronary disease (i.e. no stenosis greater than
50% luminal diameter). A summary of the angioplasty details for the PCI therapy

group is detailed in table 3.4.
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Table 3.3 Cardiac catheter lab characteristics of subjects recruited to the wearable
technology study of Virtu-5 at baseline. Relevant values are presented as means and

standard deviation unless stated otherwise.

Characteristic

No of diseased Whole cohort PCI Medical therapy
vessels (>50% N=37 (%) N=25 (%) N=12 (%)
stenosis)
0 4 (11%) 0 (0%) 4 (33%)
1 10 (27%) 5 (20%) 5 (42%)
2 17 (46%) 14 (56%) 3 (25%)
3 4 (11%) 4 (16%) 0 (0%)
4 3 (8%) 3 (12%) 0 (0%)
Total (mean) 65 (1.8) 54 (2.2) 11 (0.9)
Lesion locations
Left main stem 6 (16%) 6 (24%) 0 (0%)
Left anterior 26 (70%) 19 (76%) 7 (58%)
descending
Diagonal 1 (3%) 1 (4%) 0 (0%)
Circumflex artery 12 (32%) 10 (40%) 2 (17%)
Obtuse marginal 1 (3%) 1 (4%) 0 (0%)
Right coronary 19 (51%) 17 (68%) 2 (17%)
artery
Posterior 2 (5%) 2 (8%) 0 (0%)
descending
artery
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Table 3.4 Summary of angioplasty characteristics of the PCI therapy group.

Number of vessels treated

1 vessel 11 (44%)
2 vessels 10 (40%)
3 vessels 3 (12%)
4 vessels 1 (4%)
PCI characteristics
Left main stem 8 (32%)
Left anterior descending 19 (76%)
Diagonal 1 (4%)
Circumflex artery 4 (16%)
Right coronary artery 10 (40%)
Posterior descending 2 (8%)
artery
Total vessels treated 44 (1.8+0.8)
(average+SD)
Total stents deployed 58 (2.31+1.1)
(average+SD)
3.3 Physical activity data

Throughout the monitoring period of the Virtu 5 study, a total of 10,555 days of
physical activity data was collected using the Fitbit monitoring devices. 3979 days of
data was collected during the baseline pre-CCL monitoring period, while 6540 days
of data was collected for the follow up post-CCL monitoring period, with 36 days of
data collected on the same day as their planned procedure. An average of 108 days
of data monitoring pre-CCL was captured for each patient, along with an average of
182 days per patient post-CCL. With regards to recorded wear time, the average
daily wear time recorded for all study participants was 1174 minutes (19.6 hours).
The values for the treatment groups and standard deviations are detailed in table
3.5.
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Table 3.5 Total and averaged wearable physical activity monitored days.

Characteristic Total cohort PCI Medical
Total monitoring period

Total days 10555 7232 3323

recorded

Mean days 285 (+67) 289 (£69) 277 (+64)

recorded (SD)

Mean daily wear
time, minutes (SD)

1174 (+441)

1191 (+420)

1136 (+481)

Pre-CCL monitoring
Total days 3979 2611 1368
recorded
Mean days 108 (£57) 104(+57) 114 (+59)
recorded (SD)

Post-CCL monitoring
Total days 6540 4636 1944
recorded
Mean days 182 (+65) 185 (+62) 176 (+76)

recorded (SD)

3.3.1

Wearer compliance

By analysing the data available through the Fitbit dashboard, it was possible to

assess the length of time each participant wore their device each day. The Fitbit

Charge 4 device recorded data throughout the day for each participant while worn,

which allowed for the recording of daily physical activity trends.
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3.3.1.1 Case study illustrating total wear time calculation

The total wear time for every day the patient was monitored following their
recruitment to the Virtu-5 study was manually calculated by the research students.
Figures 3.1-3.3 demonstrates 3 separate 24-hour periods for the same user which

illustrates how daily wear time is determined manually for each day.

-Egio fitbit Dashboard Log Community STORE

! Check out your health dashboard in the Fitbit app. Get Fitbit on your device App Store « Google Play

{ > Monday 21 MARCH

Heart Rate (v}

125
Peak Zone

100 O minutes

7 Cardio Zone

50 4 minutes

Fat Burn Zone

83 minutes

2AM 2 4 8 10 12PM 2 10  12aM

FAT BURN CARDIO == PEAK

Figure 3.1 Case illustration from a study participant’s Fitbit dashboard illustrating a full day’s
wear time.

By placing the cursor across the graph, the researcher can highlight each 5-minute
interval, which details the average heart rate recorded during that interval. As
indicated in Figure 3.1, when a continuous line is seen from the beginning of the 24-
hour period to the end, this indicates a full day’s compliance with the device, which
implies that at no point during the day the device was removed for a significant
period of time. This day’s total wear time is therefore 1440 minutes, the total number

of minutes in a day.
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Figure 3.2 Case illustration from a study participant’s Fitbit dashboard illustrating a partial
wear time during a 24-hour period.

Figure 3.2 illustrates a 24-hour period where there is a period of time where no heart
rate data was recorded, indicating a period of time where the device was not worn
for a significant period of time. To calculate the wear time for this period, the last 5-
minute interval before the gap is recorded, followed by the first interval after the gap.
In this case, the former interval is 14:50-14:55, and the latter is 20:20 — 20:25. The
gap between these two intervals is calculated as the time difference between 14:55
and 20:20, which is 325 minutes. All gaps noted in each 24-hour period are
measured in this manner, with the total number of minutes within each gap added
together to represent the amount of time the device was not worn throughout that
day. As there are no other gaps in this 24-hour period, the total time the device was
not worn for this day was 325 minutes. As a result, the resultant total wear time is
calculated as the total time device not worn subtracted from the total number of
minutes in a day (1440 minutes). This results in a total wear time for this day as 1115

minutes.
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Figure 3.3 Case illustration from a study participant’s Fitbit dashboard, illustrating a low
wearer compliance with their device during a 24-hour period.

Figure 3.3 illustrates a larger absence of heart rate data where the line does not
reach the end of the 24-hour period. This appearance indicates that the device was
taken off at an earlier point in the day and was not worn again during that 24-hour
period, or that the battery had run out during the 24-hour period. This appearance
can in turn appear in reverse, so that there is no heart rate data at the start of the
day and begins recording data at any time during the day and continues to the end of
the day. This may indicate the watch being taken off the day before and worn again
the following day. To calculate the time the device was not worn for this period, the
last 5-minute interval period is highlighted, which in this case is 03:50 — 03:55. As
there is no other data recorded for the remainder of the day, the gap extends to
00:00. The resulting non-wear time is calculated as the number of minutes between
03:55 and 00:00, which is 1205 minutes. As there are no other wear time gaps

recorded, the resulting total wear time for this day is calculated as 235 minutes.
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3.3.1.2 Cohort wear time compliance

As mentioned earlier, the determination of sufficient wear time is based on the
perceived minimum amount of time needed to record sufficient subject activity which
is informative to the patient’s behaviour. As there is currently no universal definition
for minimum wear time for clinical or research monitoring of physical activity
behaviour with wearable devices, a range of minimum wear time thresholds were
outlined. This would illustrate the relative compliance of the study participants to
each threshold, by demonstrating what proportion of their monitored days met each
criterion. Figure 3.4 is a graph of the whole cohort’s averaged proportional
compliance to each minimum wear time criteria, while figure 3.5 illustrates the
spread of data for each valid day threshold. For the value for valid wear day of 600
minutes per day, which was used in the virtu-5 data analysis to identify the “valid
wear day” minimum, the per patient valid day average compliance was 88.3%, with a

median value of 89.9%.
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Overall Cohort per patient "Valid Day" Compliance vs
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Figure 3.4 — line graph of overall cohort “valid day” compliance versus minimum wear time
criteria. Blue points = mean, red = median. Minimum wear time criteria were defined as
follows: O minutes, 60 minutes, 240 minutes, 480 minutes, 600 minutes, 720 minutes, 840
minutes, 960 minutes, 1080 minutes, 1200 minutes, 1320 minutes, 1410 minutes and 1440
minutes.

Overall Cohort "Valid Day" Compliance vs Minimum Wear
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Figure 3.5 — Box and whisker graphs illustrating wear time “valid day” compliance versus
minimum wear time criteria. Lower whisker = minimum value, lower box = 25" quartile,
middle box = median, upper box = 75" quartile, upper whisker = maximum value.
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3.3.1.3 Wear time compliance with monitoring duration

To assess the potential impact of “reporting fatigue”, given the extended period of
monitoring utilised in this study, the monthly wear time compliance was calculated for
each patient. The minimum wear time criteria for this analysis was set to the study’s
minimum wear time target of 600 minutes per day. An analysis of the descriptive
statistics of each month’s data demonstrated that there was significant negative
skew in the compliance results, which necessitated a non-parametric analysis (see
table 3.6). The median and upper and lower quartiles for each month are illustrated
in figure 3.6, alongside the proportion of monitored cohort participants who had data
collected for that duration. Additionally, the percentage of patients who underwent
their CCL procedure for each month was also illustrated in this graph, as a potential
source of disruption to wearer compliance. The median compliance is maintained at
100% for the first 4 months and is maintained above 90% for the duration of the
monitoring period. The highest consecutive occurrence of CCL appointments was
during the fourth, fifth and sixth month of monitoring (19%, 22% and 16%,
respectively), which did correspond with the lowest 25" percentile values (70%, 80%
and 79% respectively). However, overall, compliance with minimum wear time

parameters of 10 hours or greater was maintained in most study participants.
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Table 3.6 Descriptive statistics of monthly wear time compliance from the time of
recruitment.

Months 1 2 3 4 5 6 7 8 9 10 11 12
Mean | 94% 90% 90% 83% 85% 84% 87% 91% 92% 90% 90% 91%
Std. 12 21 23 27 26 25 25 10 13 20 12 10
Deviation
Skewness | -3.04 | -3.09 | -3.29 | -1.75 | -2.28 | -2.02 | -2.66 | -1.50 | -1.62 | -3.80 | -0.86 | -1.42
25t | 93% 86% 90% 70% 80% 79% 82% 82% 90% 89% 79% 85%
quartile
50th
i 100% | 100% | 100% | 100% | 96% 95% 98% 96% | 100% | 96% 95% 93%
quartile
75t | 100% | 100% | 100% | 100% | 100% | 100% | 100% | 100% | 100% | 100% | 100% | 99%
quartile
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Figure 3.6 — illustration of average monthly wear time compliance relative to the duration of monitoring achieved, plotted alongside the
proportion of participants from the whole cohort who collected data for each successive month, as well as the proportion of patients who
underwent their planned CCL procedure relative to their recruitment date. The solid line graphs indicate the cohort compliance values (dark
blue = lower quartile, orange = median, green = upper quartile), the broken light blue line indicates the percentage of patients who underwent
their CCL appointment for the respective month, and the red bar chart indicates the percentage of patients who have data collected during that

month.
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3.3.14 Association between “valid day” cut-off values and

physical activity parameters

Based upon the predetermined set of “minimum wear time” values required to
indicate a valid wear day, association between daily wear time and each physical
activity parameter was investigated. The Pearson’s R value with 95% confidence
intervals was plotted on a graph corresponding to each minimum wear time cut-off
value (See figure 3.7). Moderate to vigorous physical activity demonstrated no
significant correlation with any of the minimum wear time values. At 0 minutes
minimum wear, daily step count, light physical activity and active calories
demonstrated weak corelations with wear time (R = 0.32, R = 0.594 and R = 0.453,
respectively). All other minimum wear time values for these parameters did not
demonstrate any significant correlation with wear time. Time sedentary
demonstrated significant negative correlation with wear time between 0 minutes and
960 minutes which decreased with each successive cut-off, after which all Pearson

R values were between -0.2 and 0.2.
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Figure 3.7 Graphs illustrating Pearson’s correlation R values with 95% confidence intervals

between different definitions of “minimum wear time” values and each wearable physical
activity parameter.
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3.3.2 Physical activity data outcomes

Data collected from the wearable physical activity monitoring devices were grouped
into two categories; baseline (ie pre-CCL) and follow up (post CCL). The pre-CCL
period includes up to 3 months of physical activity data collected before each study
subject’'s CCL appointment. The follow up data includes physical activity data
collected during the period of physical activity monitoring after 3 months had passed
up until their final follow up appointment. The minimum number of days required to
produce valid data for any given period was set at 20 days. For each day recorded,
the following physical activity parameters were recorded: active calories, minutes of
MVPA, step count, light physical activity (LPA), and time sedentary (TS).
Additionally, the total number of valid monitoring days for each monitoring period

was recorded.

During the pre-CCL period, 35 study subjects collected sufficient physical activity
monitoring days to produce averaged values of physical activity parameters. 24
study subjects went on to undergo physiology-guided PCI, while 11 patients were
found to have physiologically negative disease and did not receive PCI. 2 study
subjects did not have sufficient pre-CCL data to meet the minimum requirement of
20 days of valid wear day data; one was due to device failure from accidents (broken
watch strap and broken screen) which necessitated replacement devices, the
second was due to an expedited CCL appointment which led to insufficient pre-CCL
monitoring to supply valid data. The descriptive analysis demonstrated significant
skew in some of the recorded values, therefore the data was analysed and illustrated
in a nonparametric approach (see table 3.7). The median value for valid days

recorded was 84 days, which was noted to be negatively skewed (-1.18). The
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median daily values for the whole cohort active calories were 927.4 Kcal, MVPA was

25.9 minutes, step count was 6614 steps, LPA was 203.5 minutes, and TS 815.2

minutes. There was a statistically significant difference noted for the MVPA and TS

values between the PCI and medical therapy group (36.7 vs 15.6, p=0.033, and

779.6 vs 728.1, p=0.047, respectively). There was otherwise no statistically

significant difference between valid days, active calories, step count and LPA

between the PCI and medical therapy group (See table 3.8).

Table 3.7 Descriptive statistics for whole cohort baseline physical activity parameters. MVPA
= moderate to vigorous physical activity, LPA = light physical activity, TS = time sedentary.

Percentiles Skewness
Statistic
Mean Minimum Maximum 25t 50t 75t

Valid 71.3 27.0 84.0 54.0 84.0 84.0 -1.18
Days
Active 1041.3 299.1 2088.8 764.3 927.4 1245.3 0.69
calories
MVPA 40.2 1.2 144.9 15.6 25.9 64.8 0.12
Steps 7963.0 2791.1 20920.7 4965.2 6614.0 10863.4 1.04
LPA 210.7 128.2 339.7 166.8 203.5 240.5 0.50
TS 777.5 551.8 1175.2 708.3 771.6 815.2 1.04
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Table 3.8 Descriptive statistical comparison for baseline physical activity parameters for the
PCI and medical treatment groups, MVPA = moderate to vigorous physical activity, LPA =
light physical activity, TS = time sedentary.

Mann-
Shapiro Whitney P value
Median -Wilk P value U Z statistic  (2-tailed)
| [ [ | | |
Valid PCI 84 0.703 <0.001 125 -0.28 0.78
days
Medical 84 0.632 <0.001
Active PCI 1045.9 0.939 0.157 82 -1.78 0.08
calories
Medical 871.0 0.886 0.124
MVPA PCI 36.7 0.910 0.035 72 -2.13 0.03
Medical 15.6 0.700 <0.001
Steps PCI 8380.0 0.937 0.141 85 -1.67 0.10
Medical 5226.0 0.757 0.003
LPA PCI 206.3 0.965 0.552 129 -0.11 0.93
Medical 201.3 0.891 0.141
TS PCI 779.6 0.903 0.024 76 -1.99 0.05
Medical 728.1 0.908 0.230

After completing their follow up, 35 study subjects had sufficient follow up monitoring
to produce valid data (24 PCI treatment group, 11 medical therapy group). 2 patients
had insufficient data; 1 patient had their follow up terminated early due to a new
urgent medical issue becoming apparent following their PCI which was not
associated with either their coronary disease or CCL procedure, a second patient did
not have any follow-up as their CCL procedure had been postponed which led to
their being insufficient time to complete their follow up due to the time constraints of

the study.
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The median whole cohort valid days achieved was 86 days. The whole cohort

median values for active calories was 1052.5, MVPA was 31.3 minutes, step count

was 7428.1 steps, LPA was 212.7 minutes, and TS was 749.4 minutes (See table

3.9). MVPA and active calories values between the PCI and medical therapy group

was statistically significantly different (41.7 vs 14.5, p = 0.008, and 1116.6 vs 939.4,

p=0.023, respectively). The other physical activity parameters were not significantly

different between the two groups (See table 3.10).

Table 3.9 Descriptive statistics for the whole cohort follow up physical activity parameters.
MVPA = moderate to vigorous physical activity, LPA = light physical activity, TS = time

sedentary.
Percentiles Skewness
statistic
Mean Minimum Maximum 25t 50t 75t

Valid 94.9 27.0 190.0 72.0 86.0 123.0 0.52
Days
Active 1088.6 365.01 2109.2 846.6 1052.5 1317.5 0.54
calories
MVPA 40.4 4.8 162.4 145 31.3 53.6 1.74
Steps 7978.2 2569.9 22346.9 4941.8 7428.1 9943.1 1.46
LPA 221.8 112.1 394.9 1935 212.7 260.5 0.67
TS 772.5 496.6 1170.0 704.2 749.4 831.0 1.02
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Table 3.10 Descriptive statistical comparison for follow up physical activity parameters for
the PCI and medical treatment groups. MVPA = moderate to vigorous physical activity, LPA
= light physical activity.

Mann-
Shapiro Whitney 4 P value
Median  Wilk P value U statistic  (2-tailed)
Valid PCI 94.0 0.964 0.525 114 -0.64 0.52
days Medical 78.0 0.893 0.150
Active PCI 1116.6  0.975 0.791 68 -2.28 0.02
calories Medical 939.4  0.882 0.109
MVPA PCI 41.7 0.869 0.005 57 -2.67 <0.01
Medical 14.5 0.722 <0.001
Steps PCI 8184.1  0.898 0.020 87 -1.60 0.11
Medical 5515.3 0.873 0.085
LPA PCI 211.2 0.935 0.125 113 -0.68 0.50
Medical 219.5 0.965 0.827
Time PCI 774.8 0.906 0.028 96 -1.28 0.20

sedentary \edical 725.6 0.905  0.212

3.3.2.1 Change in physical activity following CCL assessment

A total of 33 study subjects achieved sufficient pre-CCL and post-CCL monitoring to
perform a comparison of physical activity parameters before and after their CCL
procedure. As mentioned earlier, two study subjects did not collect sufficient pre-
CCL data, and two separate patients did not have post-CCL data to analyse. The
descriptive statistics for the paired groups of physical activity data are described in
Table 3.11. The data for MVPA, step count and time sedentary were found to be
significantly skewed as per the Shapiro Wilk test, as such a non-parametric
assessment was performed to compare the pre-CCL and post-CCL data. The

Wilcoxon signed rank test demonstrated no significant differences between any of
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the pre-CCL physical activity parameters and their respective post-CCL values in

either treatment groups (See table 3.12)

Table 3.11 Descriptive statistics for the pre-CCL and post-CCL paired data cohort physical
activity parameters. MVPA = moderate to vigorous physical activity, LPA = light physical

activity.
Percentiles Shapiro Wilk
Mean
25th 50th 75th
Statistic P value
Active Baseline 1065.5 768.1 973.8 1246.3 0.951 0.142
calories
Follow up 1102.6 866.6 1052.5 1334.4 0.963 0.312
MVPA Baseline 41.2 15.6 26.3 66.2 0.885 0.002
Follow up 40.7 13.7 311 56.6 0.855 <0.001
Step Baseline 8101.3  4779.2 7516.0 11037.2 0.917 0.016
count
Follow up 8022.3 49234 7428.1 10456.1 0.895 0.004
LPA Baseline 212.4 168.1 205.3 246.7 0.963 0.308
Follow up 222.0 196.2 212.7 255.6 0.952 0.149
Time Baseline 780.1 717.6 771.6 818.6 0.930 0.035
sedentary
Follow up 776.1 706.7 765.2 837.3 0.931 0.037

113




Table 3.12 Descriptive statistics for the pre-CCL and post-CCL paired data for the PCI and
medical therapy groups. MVPA = moderate to vigorous physical activity, LPA = light physical
activity.

Percentiles
Mean 25th 5oth 75th
PCI Group
Active calories Baseline 1142.9 817.0 1088.1 1517.4
Follow up 1205.8 955.0 1128.6 1481.0
MVPA Baseline 47.3 22.4 40.7 70.4
Follow up 48.8 23.9 42.3 64.0
Step count Baseline 8484.7 5044.6 8849.2 11400.8
Follow up 8749.8 5147.9 8357.1 11093.1
LPA Baseline 210.5 169.4 209.1 240.5
Follow up 220.9 193.5 212.7 250.6
Time Baseline 798.7 759.2 779.0 852.2
sedentary Follow up 793.9 709.3 781.4 843.6
Medical therapy group
Active calories Baseline 887.6 475.0 882.7 1094.9
Follow up 865.1 599.0 913 959.3
MVPA Baseline 27.2 6.1 15.6 34.2
Follow up 220 7.5 13.7 27.9
Step count Baseline 6529.7 3491.7 5321.1 8856.7
Follow up 6348.9 4712.6 5366.0 7575.2
LPA Baseline 216.7 151.3 203.3 277.0
Follow up 224.6 196.9 215.4 275.9
Time sedentary  Baseline 737.2 681.6 738.9 775.5
Follow up 735 699.1 726.4 802.1
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Table 3.13 Wilcoxon signed ranks test summary for PCI and medical therapy groups

comparing pre-CCL and post-CCL results.

N Mean Sum of Z statistic P value
rank rank (2-tailed)
Negative ranks 9 9.9 89 -1.49 0.136
PCI
Active group Positive ranks 14 134 187
calories Medical Negative ranks 5 6.2 31 -0.357 0.721
therapy
group Positive ranks 5 4.8 24
Negative ranks 11 11.7 129 -0.274 0.784
PCI
Moderate- group Positive ranks | 12 12.3 147
vigorous
physical Medical Negative ranks 6 6.5 39 -1.172 0.241
activity therapy
group Positive ranks 4 4.0 16
Negative ranks 11 11.6 127 -0.335 0.738
PCI
group Positive ranks 12 12.4 149
Daily steps _
Medical Negative ranks 5 6.4 32 -0.459 0.646
thera|
Py Positive ranks 5 4.6 23
group
Negative ranks 11 9.2 101 -1.125 0.260
PCI
Light physical group Positive ranks 12 14.6 175
BRI Medical Negative ranks | 4 5.0 20 -0.764 0.445
therapy
group Positive ranks 6 5.8 35
Negative ranks 14 10.9 152 -0.426 0.670
PCI
Time group Positive ranks 9 13.8 124
sedentary Medical Negative ranks 6 1.8 29 -0.153 0.878
therapy
group Positive ranks 4 6.5 26
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3.3.3 Demographics and baseline physical activity

All baseline demographic data were assessed for correlations with physical activity
parameters. For dichotomous variables, a point-Biserial Correlation assessment was
implemented, otherwise a Pearson’s correlation assessment was used for
continuous variables. A statistically significant positive correlation was noted
between daily time spent sedentary and dyslipidaemia (r = 0.345). Furthermore, a
statistically significant negative correlation was noted between female gender with
active calories (r = -0.540) and MVPA with age (r = -0.363). The remaining physical
activity parameters did not demonstrate any statistically significant correlations with

the other demographic data (See figure 3.8).
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Age

Gender
Weight

Height

BMI
Hypertension
Dyslipidaemia
T2DM
Smoking
Active calories
MVPA

Steps

LPA
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Gender
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Height
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Smoking
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MVPA
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LPA

Time
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Figure 3.8 Pearson’s correlation matrix for baseline physical activity and study subject demographics. Categorical variables tested with point
biserial correlation. Figures illustrated in bold have a two-tailed correlation significance below 0.05. T2DM = type 2 diabetes mellitus, MVPA =

moderate to vigorous physical activity, LPA = light physical activity.
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3.34 Summary of physical activity monitoring findings

The main findings of the physical activity monitoring data analysis are summarised in
the following points:

e The average length of time the average person wore their Fitbit for the study
period was 285 days, with an average daily wear time of 1174 minutes, or
19.6 hours. The length and average wear time did not vary significantly
between the PCI treatment group and the medical therapy group.

e When the pre-specified “minimum wear time” criteria of 600 minutes was
applied to the cohort, this resulted in a median of 89.9% of monitored days
meeting the “valid wear day” criteria. Higher thresholds for valid wear day
criteria resulted in lower valid wear day compliance rates, however even the
highest thresholds resulted in over half of the monitored days reaching this
criterion in the majority of study subjects.

e Compliance with the 600 minutes minimum wear time criteria was most
strongly noted within the first 4 months of monitoring for each patient across
the cohort, while the median value for each subsequent month of monitoring
remained above 90%.

e When daily wear time was compared with each physical activity parameter, it
was noted that the value for time spent sedentary tended to have some
correlation with wear time, suggesting a correlation between the length of time
an individual wore their watch and the time sedentary value. This correlation
decreased with stricter minimum wear time criteria and was shown to have no
correlation from 1080 minutes.

e With no minimum wear time criteria, there was a modest correlation between

wear time and step count, light physical activity and active calories. Once a
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minimum wear time criteria was introduced to the analysis, all of these
correlations diminished to a non-significant level.

With regards to the overall baseline physical activity data, the average valid
days of data recorded per patient was 71.3 days, with a median of 84 days.
The whole cohort average baseline parameters were as follows: daily step
count of 7963 steps, minutes of moderate to vigorous physical activity of 40.2
minutes, light physical activity of 210.7 minutes, time sedentary of 777.5
minutes, and active calories 1041.3 kcal. When the parameters of the PCI
treatment group versus the medical therapy group were compared, there was
a statistically significant difference in the average MVPA values, with greater
minutes of MVPA achieved in the PCI group versus the medical therapy group
(46.4 minutes vs 26.7 minutes, p = 0.08). No other physical activity
parameters were found to be significantly different.

With regards to the overall follow up physical activity data, the average valid
wear days of data recorded per patient was 94.9 days, with a median of 86
days. The whole cohort average follow up parameters were as follows: daily
step count of 7978.2 steps, minutes of moderate to vigorous physical activity
of 40.4 minutes, light physical activity of 221.8 minutes, time sedentary of
772.5 minutes, and active calories 1088.6 kcal. When the parameters of the
PCI treatment group versus the medical therapy group were compared, there
was a statistically significant difference in the average follow up MVPA and
active calories values, with higher minutes of MVPA and active calories
achieved in the PCI group versus the medical therapy group (48.4 minutes vs

22.9 minutes, p < 0.01, and 1180.3 kcal vs 888.4 kcal, p = 0.02, respectively).
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No other physical activity parameters were found to be significantly different at
follow up.

When baseline and follow up physical activity parameters were compared to
determine if there had been a significant change in any parameter, there was
no statistically significant difference between any of the parameters. The
analysis for each treatment group’s physical activity parameters also
demonstrated no significant difference between baseline and follow up values.
When baseline physical activity parameters were analysed against patient
demographics, there was a modest positive correlation between time
sedentary and the diagnosis of Hypercholesterolaemia (r = 0.345).
Additionally, there was a statistically significant negative correlation between
female gender and active calories (r = -0.540) and MVPA (r = -0.363). There
was no other significant correlation between the other demographic variables

and physical activity parameters.

6-Minute walk test data

A total of 24 study participants took part in the 6MWT assessment; 119 6MWT

assessments were performed, and 21 participants completed both pre- and post-

CCL assessments. As per the 6MWT protocol, the best result for each assessment

period was recorded for the pre-CCL and post-CCL period. The average baseline

6MWD for the whole cohort was 467.7 m (x 83.8). When the separate treatment

groups were analysed, the PCI group average 6MWD was 488.1 m (+ 84.1) and the

medical therapy group was 416.7 (£ 62.7) (See table 3.13). There was no

statistically significant difference between the PCI and medical therapy 6MWD
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results at baseline (p = 0.077) (See table 3.14). The averaged paired cohort follow-

up 6MWD result was 500.6 m (+ 86.4), with the PCI group achieving 516.9 (+ 93.0)

and the medical therapy group 459.8 (= 53.6). There was no statistically significant

difference between the mean 6 MWD results of the PCI and medical therapy groups

(p = 0.178) The mean whole cohort difference between baseline and follow up was

32.9 m, which a paired T test demonstrated a statistically significant difference

between baseline and follow up assessments (p=0.001) (See table 3.15). The PCI

group demonstrated a mean improvement in 6MWD of 28.8 m at follow up and the

medical therapy group demonstrated a 43.2 m improvement, both of which were

found to be statistically significant (p=0.009 and p=0.035, respectively).

Table 3.14 Summary of descriptive statistics of the baseline and follow up 6MWD results for
the whole paired cohort data, PCI and medical therapy treatment group.

Minimum Maximum Mean Std. Deviation | Skewness

Whole Baseline 332.0 635.0 467.7 83.8 0.260
cohort

(N =21) Follow up 376.0 660.0 500.6 86.4 0.271
PCI Baseline 362.0 635.0 488.1 84.1 0.121
(N = 15) Follow up 376.0 660.0 516.9 93.0 -0.100
Medical Baseline 332.0 487.0 416.7 62.7 -0.573
(N = 6) Follow up 400.0 541.0 459.8 53.6 0.622
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Table 3.15 Independent sample T test assessment of PCl and Medical therapy group for
baseline and follow up 6MWD results

T-test for Equality of Means

In

95% Confidence

terval of the

Difference
Two-Sided Mean Std. Error
t df p value Difference | Difference | Lower Upper
Baseline 1.871 19 0.077 71.4 38.2 -8.5 151.3
Followup | 1.398 |19 0.178 57.0 40.8 -28.3 142.4

Table 3.16 Paired T test assessment of pre and post CCL 6MWD assessment.

Paired Differences

95% Confidence Interval
of the Difference
Std. Error Two-Sided
Mean Std. Deviation Mean Lower Upper p value

Whole 32.9 36.5 8.0 16.3 49.5 0.001
cohort

PCI 28.8 36.8 9.5 8.4 49.2 0.009
Medical 43.2 36.9 15.1 45 81.9 0.035
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34.1 Step count accuracy comparison

During the 6MWT assessments, a total of 121 paired samples of manually counted
steps as well as device counted steps using the Fitbit Charge 4 were collected from
34 study subjects. The mean step count collected manually was 664 (SD + 76), while
the Fitbit values was 667 (+ 68) The Pearson’s r value was 0.855 (95% CI 0.803-
0.895, two-tailed P<0.001), with an r? value of 0.731. The two-way mixed model
intraclass correlation (ICC) value for single measures was 0.849 (95% CI 0.790-
0.892, P<0.001). Figure 3.9 illustrates a Bland Altman plot, which demonstrated a 3
steps bias for Fitbit step counting versus manual step counting (SD of 40, 95% limits
of agreement -76 to 82). Mean absolute percentage error (MAPE) was calculated at

4.4% (+4.2).

Bland-Altman scatter plot of difference by mean manual step
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Figure 3.9 Bland Altman plot for the difference between the manual step count values and
the Fitbit step count during the 6MWT assessment. Red line = device step count bias value;
blue dotted lines = 95% limits of agreement)
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3.4.2 6-minute walk test comparison with physical activity

The 6MWD values for each study subject was assessed for correlation with each
physical activity parameters. Pre-CCL measures of daily step count, active calories
and minutes of light physical activity were positively associated with baseline 6MWD,
with R values of 0.614, 0.504 and 0.429 respectively (See table 3.16). When the per
subject changes in 6MWD results between baseline and at follow up were compared
to subject physical activity parameters, there was no statistically significantly
significant association between any of the physical activity parameters and 6MWD

result change (See table 3.17)

Table 3.17 Correlation between baseline 6MWD result and PA parameters. MVPA =
moderate to vigorous physical activity, AC = active calories, LPA = light physical activity, TS
= time sedentary.

2-tailed

Pearson’s R Confidence interval p value

Steps 0.614 0.279 - 0.815 <0.001
MVPA 0.102 -0.314 - 0.486 0.64
AC 0.504 0.127 - 0.754 0.012
LPA 0.429 0.031-0.710 0.036
TS 0.159 -0.261 - 0.528 0.459
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Table 3.18 Correlation between changes in 6MWD result and PA parameters between
baseline and follow up assessments. MVPA = moderate to vigorous physical activity, AC =
active calories, LPA = light physical activity, TS = time sedentary.

2-tailed

Pearson’s R Confidence interval | p value
Steps 0.219 -0.235 -0.595 0.339
MVPA 0.040 -0.399 - 0.464 0.863
AC 0.200 -0.253 - 0.582 0.384
LPA 0.292 -0.159 - 0.643 0.198
TS 0.179 -0.274 - 0.567 0.438

3.4.3 Summary of 6MWT findings

The main findings of the physical activity monitoring data analysis are summarised in
the following points:

e From a total of 24 study subjects who undertook the 6MWT assessment, the
average baseline 6MWD achieved was 467.7 (x 83.8) metres. There was no
significant difference between the PCI treatment and medical therapy groups
at baseline (488.1m £ 84.1 versus 416.7m £ 62.7, respectively).

e The whole cohort average follow-up 6MWD achieved was 500.6 m (+ 86.4).
There was no statistically significant difference between the follow up 6MWD
values for the PCI and medical therapy groups (516.9 m £ 93.0 and 459.8 m +
53.6, respectively).

e Both treatment groups demonstrated a significant improvement in 6MWD at
follow-up when compared to their baseline values pre-CCL. The PCI therapy
group achieved a 28.8 m improvement (p=0.009) and the medical therapy

group achieved 43.2 m (p=0.035).
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e Step count accuracy during the 6MWT between the manual counting method
and the Fitbit device was found to be in good agreement, with an r? value of
0.731 and an ICC value of 0.849. The Bland-Altmann analysis demonstrated
a 3 steps bias for Fitbit step counting, with 95% limits of agreement between -
76 and 82 steps. Lastly, the mean absolute percentage error value was found
to be 4.4%.

e Baseline 6MWD values were found to be significantly correlated with step
count (r = 0.614, p < 0.001), active calories (r = 0.504, p = 0.012) and minutes
of light physical activity (r = 0.429, p = 0.036). There was no significant
correlation between baseline physical activity and change in 6MWD values

between baseline and follow up measurements.

3.5 Questionnaires

Patient reported outcomes were recorded at the time of recruitment pre procedure
and at follow up 6 months post procedure. 34 study participants completed both pre
and post CCL questionnaires. One patient did not undergo their CCL procedure prior
to the end of the study period, and two patients were not available to complete the
follow up questionnaire. This resulted in 23 responses from the PCI group and 11
from the medical therapy group. The data presented is from study subjects with

paired baseline and follow up questionnaire responses.

3.5.1 EQ-5D-5L

The EQ-5D-5L questionnaires were completed at the time of recruitment before the

subject’s cardiac catheter lab procedure and six months after their procedure. Each
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guestionnaire produces two results: the VAS and the England Index (EI) score (See
table3.18). One study subject from the medical therapy group did not fully complete
their follow up questionnaire and was therefore not included in this analysis. The
skewness statistic demonstrated that some of the responses were not normally
distributed, hence non-parametric descriptives and analyses were performed on this
dataset. The median baseline VAS was 75 (IQR 65-82), with the PCI group’s median
as 70 (65-80) and the medical therapy group as 77.5 (68.25-91.25). The cohort
median baseline El was 0.809 (0.729-0.901), with the PCI and medical group as
0.811 (0.733-0.887) and 0.790(0.726-1). The follow up median value of VAS at six
months was 80 (70-95). The follow up values at 6 months for the PCI and medical
therapy group were 85 (75-95) and 77 (47.5 — 95.75), respectively. The follow up
mean EIl value at six months was 0.892 (0.772-1.0). The follow up values at 6
months for the PCI and medical therapy group were 0.892 (0.795 — 1.0) and 0.855

(0.714-1.0). The detailed results are illustrated in figure 3.10.

A total of 33 pairs of pre- and post-CCL EQ-5D-5L responses were compared for any
significant difference. There was no statistically significant difference between the
PCI therapy and medical therapy groups for the VAS and EI values at baseline or at
follow up. When the paired baseline and follow up scores were analysed for each
treatment group, the PCI therapy group demonstrated a significant improvement in
VAS scores (Z = 2.639, p=0.008), which was not seen in the medical therapy group
(Z=0.949, p=0.812) (See table 3.19). There was also a statistically significant
change in El values following PCI (Z = 2.695, p=0.007) which was not demonstrated

in the medical therapy group (z = 0.204, p = 0.204).
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Baseline EQ-5D-5L VAS - PCI vs medical therapy groups
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Follow up EQ-5D-5L VAS - PCI vs medical therapy groups
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Figure 3.10 Distribution of EQ-5D-5L results at baseline and follow up (Blue = PCI, Red =
Medical therapy group)
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Table 3.19 Summary of paired baseline and follow up EQ-5D-5L responses across whole
cohort and separate PCl and medical therapy groups. VAS = visual analogue scale. El =
England index

Mann-Whitney test
(treatment groups)

U Z P value
N Median IQR Skewness (2-tailed)
NS 33 75 65—82.5 -0.180
cohort
VAS
baielline PCl o3 70 65 — 80 0.355 | 935 | 0.849 0.406
Medical 775| 68.25-91.25 -0.998
therapy
el 33 80 70 — 95 -0.798
cohort
VAS
L PCl o3 85 75— 95 -0.805 | 89 1.025 0.324
Medical 775 75.5 - 95.75 -0.452
therapy
OIS 54 0.809 | 0.729 —0.901 -0.785
cohort
El
baseline PCl 53| 0811 | 0733-0.887 1130 | 1055 | 0373 | 0.714
MEdleel 10 0.790 0.726 — 1.0 -0.460
therapy
Whole 501 5802 |  0.772-1.0 -2.204
cohort
El follow
up PCI o3 0.892 0.795 — 1.0 2705| 99 | 0.643 | 0550
Medical 0.855 0.714—1.0 -0.014
therapy
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Table 3.20 Wilcoxon signed ranks test comparing baseline to follow up scores for EQ-5D-5L
responses. VAS = visual analogue scale. El = England index.

VAS - baseline vs follow up scores

Whole cohort PCI Medical therapy
Change in median value 5 15 0
Z value 1.859 2.639 0.949
P value (two-tailed) 0.063 0.008 0.812

El — baseline vs follow up scores

Whole cohort PCI Medical therapy
Change in median value 0.083 0.081 0.065
Z value 3.017 2.695 1.270
P value (two-tailed) 0.003 0.007 0.204
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3.5.2 SF-12

The SF-12 questionnaires were completed at the time of recruitment before the
subject’s cardiac catheter lab procedure and 6 months after their procedure. Each
guestionnaire produces two results: the physical component score PCS and the
MCS. The mean baseline PCS was 37110, with the PCI group’s mean as 36+8 and
the medical therapy group as 39+13. The cohort mean baseline MCS was 46+11,
with the PCI and medical group as 46+11 and 45+10. The follow up mean values of
PCS at 6 months was 43+11. The follow up values at 6 months for the PCI and
medical therapy group were 44+11 and 40+15, respectively. The follow up mean
MCS values at 6 months were 48+10 and 47+12. The follow up values at 6 months
for the PCI and medical therapy group were 0.87+0.12 and 0.87+0.14. The detailed

results are illustrated in figure 3.11.

A total of 33 pairs of pre— and post-CCL SF-12 responses were compared for any
significant difference. One study subject from the PCI therapy group did not fully
complete their follow up questionnaire and was therefore not included in this
analysis. The descriptive statistics for the paired data demonstrated no skewed data,
therefore the data was analysed with parametric statistical methods (see table 3.20).
There was no statistically significant difference between the PCI therapy and medical
therapy groups for the PCS and MCS values at baseline and at follow up. When the
baseline and follow up scores were compared for each treatment group, the PCI
therapy group demonstrated a significant change in PCS (p<0.001), which was not
seen in the medical therapy group (p=0.467) (See table 3.21). There were no
statistically significant changes in MCS responses in either the PCI ((p=0.162) or

medical therapy groups (p=0.053).
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Baseline SF-12 PCS - PCI vs medical therapy groups
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Medical 8% 8% 8% 8% 33% 8% 8% 0% 17% 0%

X

Follow up SF-12 PCS - PCI vs Medical therapy groups
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Figure 3.11 Distribution of SF-12 results at baseline and follow up (Blue = PCI, Red =
Medical therapy group). PCS = physical component score, MCS = mental component score.
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Table 3.21 Summary of paired baseline and follow up SF-12 responses across whole cohort
and from PCI and medical therapy groups. The p value was calculated using the
independent samples T test, with assumed equal variances. PCS = physical component
score, MCS = mental component score.

Independent samples T
test
(Treatment groups)
Std. t value df P value
N Mean | Deviation | Skewness (2-tailed)
Whole
R 33 37.3 9.9 0.520
PCS PCl 95 | 366 7.8 0.802 0568 | 31 0.574
baseline
Medical
therapy 11 38.7 13.4 0.143
Whole
R 33 44, 11.7 -0.423
Hes PCl 9o | 460 9.8 -0.459 1419 | 31 | o0.166
follow up
Medical
therapy 11 40.0 14.6 0.071
Whole
cohort 33 46.0 10.6 0.153
MCS PCI
esell e 22 46.8 10.9 0.093 0.595 31 0.556
Medical
therapy 11 44.4 10.5 0.278
Whole
R Ay 33 49.0 9.8 -0.291
MCS
follow up PCl 22 | 502 9.6 -0.431 0950 | 31 0.349
Medical
therapy 11 46.7 10.4 -0.021
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Table 3.22 Paired samples T test comparing baseline to follow up scores for EQ-5D-5L
responses. PCS = physical component score, MCS = mental component score.

PCS - baseline vs follow up scores

Whole cohort PCI Medical therapy
Mean change (SD) 6.7 (8.0) 9.4 (9.4) 1.3 (5.6)
t 4.839 5.778 0.755
df 32 21 10
P value (two-tailed) <0.001 <0.001 0.467
MCS - baseline vs follow up scores
Whole cohort PCI Medical therapy
Mean change (SD) 3.0 (10.6) 3.4 (10.9) 7.27 (11.0)
t 1.619 1.449 2.193
df 32 21 10
P value (two-tailed) 0.115 0.162 0.053
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3.5.3 SAQ

The SAQ questionnaires were completed at the time of recruitment before the
subject’s cardiac catheter lab procedure and 6 months after their procedure. Each
guestionnaire produces three results: the physical limitation domain (PLD), the
quality-of-life domain (QoLD) and the angina frequency domain (AFD). The mean
baseline PLD was 66121, with the PCI group’s mean as 65+19 and the medical
therapy group as 68+26. The cohort mean value for the baseline QoLD was 39+26,
with the PCI and medical therapy group values as 40+24 and 38+31. The cohort
mean baseline AFD was 64+27, with the PCI and medical group as 64+32 and
70+13. The follow up mean values of PLD at 6 months was 77+24. The follow up
values at 6 months for the PCI and medical therapy group were 78+24 and 74425,
respectively. The follow up mean cohort QoLD value at 6 months were 70+25. The
follow up values for the PCI and medical therapy group were 72+23 and 65+29
respectively. The follow up cohort mean AFD value was 86+19. The follow up values
at 6 months for the PCI and medical therapy group were 89+20 and 80+16. The

detailed results are illustrated in figure 3.12.

A total of 33 pairs of pre- and post-CCL SAQ responses were compared for any
significant difference. One study subject from the medical therapy group did not fully
complete their follow up questionnaire and was therefore not included in this
analysis. The descriptive statistics for the paired data demonstrated some skewed
data, therefore the data was analysed with non-parametric statistical methods (see
table 3.22). There was a statistically significant difference between the follow up
median AFD scores between the PCI and medical therapy group (100 vs 80, p =

0.013). Otherwise, there was no statistically significant difference between the PCI
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therapy and medical therapy groups for the PLD and QoLD values at baseline or at
follow up, and no difference in AFD values at baseline. There was a statistically
significant difference between the paired baseline and follow up PLD, QoLD and
AFD scores for the whole cohort (p < 0.001 for all response domains). When the
separate treatment groups were analysed, the PCI treatment group demonstrated an
improvement in all three scores (p < 0.001 for all response domains). However, the
medical therapy group only demonstrated a significant difference in QoLD (p =

0.008), with no significant difference in PLD and AFD values (See table 3.23).
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Baseline SAQ PLD - PCI vs medical

therapy groups
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Figure 3.12 Distribution of SAQ results at baseline and follow up (Blue = PCI, Red = Medical
therapy group). PLD = physical limitation domain, QoLD = quality of life domain, AFD =

angina frequency domain.



Table 3.23 Summary of paired baseline and follow up SAQ responses across whole cohort
and from PCI and medical therapy groups. The p value was calculated using the Mann
Whitney-U test. PLD = physical limitation domain, QoLD = quality of life domain, AFD =
angina frequency domain.

Mann-Whitney test

(treatment group)
U Z P value
N | Median IQR Skewness (2-tailed)
iolel 54 75| 54-84 -0.394
cohort
PLD PCl o3 67| 50— 82 027 94 | 0824 | 0428
baseline
Medical 75 | 56— 94.75 -0.864
therapy
Wﬁo'e 33 84 | 64—100 -0.536
PLD cohort
follow PCl 53 84| 75-100 0.895| 91 | 0950 | 0.363
up :
Medical 60.5 —
tharany 10| 655| g7oC 0.137
whole 5, 42| 21-58 0.519
cohort
QoLD PCl o3 42| 25-58 0.447| 110 | 0.194 | 0.862
baseline
Medical 5| 575] g_g25 0.703
therapy
W?‘O'e 33 75| 58-92 -0.847
QOLD cohort
follow PCl 53 83| 67-92 1127 72 | 1707 | 0.96
up .
Medical 39.75 -
therapy 10 58| 5.5 -0.046
Whole 54 70| 50-82 -0.796
cohort
AFD PCl o3 70| 40-90 0597 | 1195 | 0.260 | 0.800
baseline
Medical 70| 6080 -0.086
therapy
Wgo'e 33 100 | 80 — 100 -1.093
AED cohort
follow PCl o3 100 | 90— 100 1.96 | 605 | 2.678 | 0.013
up .
Medical 80| 70-90 -0.129
therapy
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Table 3.24 Wilcoxon signed ranks test comparing baseline to follow up scores for SAQ

responses. PLD = physical limitation domain, QoLD = quality of life domain, AFD = angina

frequency domain.

PLD - baseline vs follow up scores

Whole cohort PCI Medical therapy
Change in median value 9 17 -9.5
Z value 3.677 3.980 0.474
P value (two-tailed) <0.001 <0.001 0.635
QoLD —baseline vs follow up scores
Whole cohort PCI Medical therapy
Change in median value 33 41 20.5
Z value 4.645 3.918 2.673
P value (two-tailed) <0.001 <0.001 0.008

AFD — baseline vs follow up scores

Whole cohort PCI Medical therapy
Change in median value 30 30 10
Zvalue 3.914 3.542 1.794
P value (two-tailed) <0.001 <0.001 0.073

3.5.4 Wearable technology user experience questionnaire

During the final follow up session, patients were asked to complete a user
experience questionnaire designed by the research students for the Virtu-5 study
(See appendix 5D). Patients were given the option to complete the questionnaires
during their follow up appointment or to return their responses via mail to the
researchers. A total of 29 study participants completed the user experience
guestionnaire. 8 subjects did not return their questionnaires to the research team. A
summary of the descriptive statistics for the demographic data and physical activity
parameter recorded for the cohort that completed the questionnaire are detailed in
table 3.24. As demonstrated in the table, a number of parameters were shown to be
skewed, therefore non-parametric analyses were conducted to compare

guestionnaire responses to the recorded parameters.
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Table 3.25 Descriptive statistics of demographic and physical activity data of user
experience guestionnaire responders. BMI = body mass index, LPA = light physical activity,
MVPA = moderate to vigorous physical activity, TS = time sedentary.

Skewness
Mean Std. Deviation

Age 65.8 8.8 0.107
BMI 28.6 3.9 0.408
Valid days 67.4 231 -1.107
Active 1063.1 490.5 0.636
calories

Daily steps 7970.0 4441.9 1.150
LPA 215.7 55.8 0.460
MVPA 40.5 36.8 1.267
TS 772.6 120.7 1.173

The questionnaire responses were split into 3 sections of multiple-choice questions —
pre-study experience of wearable physical activity monitoring, experience of
wearable technology use during study, and future aspects of wearable technology
use. A fourth optional section included a space for the participants to include a free
text for any additional comments they wished to make regarding their experience

with the wearable monitors.

Questions relating to study participant experience with wearable devices and
smartphones included two questions. According to the responses to the first
question, 65% of the participants had never owned a smartwatch before, with a vast
majority having no interest in obtaining one prior to the study (see figure 3.13(a)).
Only 14% of responders currently used a smartwatch, with the remaining subjects
having previously used a smartwatch. The second question related to the study

subjects’ use of mobile phones. The responses to this question demonstrated that
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93% of the study subjects owned a smartphone, with 48% familiar with using their
device for activities such as browsing social media and internet connectivity. 7% of
the study participants reported that they owned a phone that was not classified as a

smartphone.

The next set of questions included three questions related to the study subject’s
experience of using the wearable device during their time in the study. With regards
to the user’s experience of the wearable device’'s ease of use, 66% of participants
indicated that the wearable device was either easy or very easy to use, while 6% of
participants indicated that the device was either difficult or very difficult to use (See
figure 3.13(b)). With regards to the comfort of wearing the Fitbit device, 72% of
responders indicated that the device was either comfortable or very comfortable to
wear, while 6% of the responders indicated that the device was either uncomfortable
or very uncomfortable to wear. Finally, given the frequent recharging of the device
needed for continuous use, a specific question relating to the ease of recharging was
included. With regards to the convenience of recharging, 76% of the participants
indicated that the device was either convenient or very convenient to recharge, while
10% of the cohort indicated that the recharging procedure for the device was

inconvenient.

The final multiple-choice section of the questionnaire asked about the participants’
thoughts on future use of the device following their involvement in the Virtu-5 study.
Following their involvement in the study, 86% of the responders suggested that they
would be interested in using wearable physical activity monitoring devices such as

the one in the study for personal use, while 14% indicated that they would not be
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interested in using such a device for personal use (See figure 3.131). When asked if
they would be interested in using a wearable device again in the future for medical
purposes, all responders indicated that they would be interested in using a device for
this reason, with 83% of participants indicating that they would be interested in using

a device for a prolonged period of time in a similar way to the study.
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Before involvement in this study, what was your experience with
wearable technology, including any smartwatch or fitness bands.

I currently own and use a smartwatch device (before
I

enrolment into study)

I have used a smartwatch device before and have used it for

a prolonged period of time (greater than 6 months), but no - 10%
longer use it.

I have used a smartwatch device before for a short time, but |
n't conti - odotcime. NN 10%
didn’t continue to use it for a prolonged period of time.

I have never owned or used a smartwatch device but have _ 179%
been interested in using one. 0

I have never owned or used a smartwatch device and had no _ 48%
interest in using one. 0

0% 10% 20% 30% 40% 50% 60%

How would you describe your use and experience of mobile phone or
smartphone devices?

I own a smartphone device and frequently use it for reasons

other than calling or texting, including social media, internet _ 48%
connectivity or mobile gaming. I feel comfortable using it...
I own a smartphone device and occasionally use it for
reasons other than calling or texting such as social media, _ 28%
internet connectivity or mobile gaming, although I don't...
I own a smartphone device but I only use it for calling or

texting, I do not use it for other reasons (i.e. internet _ 17%

connectivity, social media, mobile gaming)
I own a mobile device but it is not a smartphone (It can only o
be used for calling and texting) - 7%
I do not use or own any mobile device = 0%

0% 10% 20% 30% 40% 50% 60%

Figure 3.13(a) User experience questionnaire responses relating to use of wearable
technology prior to study involvement.
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During the study period, how would you rate your experience with
using the smartwatch provided throughout the study period?

I found the smartwatch very easy to use _ 28%
I found the smartwatch easy to use | 357
I found the smartwatch neither easy nor difficult to use _ 28%

I found the smartwatch difficult to use - 3%

I found the smartwatch very difficult to use - 3%

0% 5% 10% 15% 20% 25% 30% 35% 40%

During the study period, how would you rate your comfort with
wearing the smartwatch provided throughout the study period?

I found the smartwatch very comfortable to wear | R 34%
Ifound the smartwatch comfortable to wear | . 33%
I found the smartwatch neither comfortable nor
I 21%

uncomfortable to wear

[ found the smartwatch uncomfortable to wear [l 3%
I found the smartwatch very uncomfortable to wear [l 3%

0% 5% 10% 15% 20% 25% 30% 35% 40%

During the study period, how did you find recharging the smartwatch
device?

I found the smartwatch very convenient to recharge [ N R R 1%
I found the smartwatch convenient to recharge | N 5%

I found the smartwatch neither convenient nor inconvenient _ 14%
to recharge 0

[ found the smartwatch inconvenient to recharge _ 10%

[ found the smartwatch very inconvenient to recharge =~ 0%

0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50%

Figure 3.13(b) User experience questionnaire responses relating to use of wearable
technology during the Virtu-5 study.
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Following your involvement in the study, what are your thoughts
regarding the use of wearable technology for personal use.

I would be interested in using a smartwatch device in the _ 86%
future for personal use. 0

I would not be interested in using a smartwatch device in
14%
the future for personal use.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Following your involvement in the study, what are your thoughts
regarding the use of wearable technology for medical purposes. This
includes monitoring personal health, response to treatment or health

screening.

I would be interested in using a smartwatch device in the

future for medical purposes for a prolonged period (few _ 83%

months or more)

I would be interested in using a smartwatch device in the

future for medical purposes for a short period only (few _ 17%
weeks to a month)

[ would not be interested in using a smartwatch device in
the future for medical purposes

0%
0% 10% 20% 30% 40% 50% 60% 70% 80% 90%

Figure 3.13(c) User experience questionnaire responses relating to potential future use of
wearable technology after involvement in Virtu-5 study.
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3.5.4.1 User experience additional feedback

Each user experience questionnaire gave respondents the opportunity to provide

feedback or additional comments on their experience using the Fitbit device during

the study in the form of a free text space at the end of the questionnaire. A total of

nine free text responses were completed on the questionnaire, with each response

transcribed to table 3.25.

Table 3.26 Free text responses to user experience questionnaire.

Response # | Free text feedback and comments

“l would have been more involved in operating the functions of the

n Smartwatch if it was mine (I viewed it as a ‘reporting device’ for the
study). The watch did not function well in bright daylight with a
black background.”

5 “The fitbit needs to be larger, easier to recharge, a colour screen,
a better touch screen.”

3 “It would be ideal if it could be used to monitor the health of people
with heart conditions.”

4 “l will continue to wear a smartwatch. It has been a positive
experience and | like monitoring my activity.”

5 “Very fiddly to get it to charge fully.”

6 “l found the smartwatch easy to use and very motivating.”
“The issue | had with the smartwatch was | found it inaccurate
showing correct pulse while exercising. Eg Fitbit showed a pulse

7 measurement as 131 whereas cardio monitor showed 164.
However, sometime sits reassuring when chest pain is
experienced to know what my heart rate is like.”
“The smartwatch could have been easier to recharge in my

8 opinion. The charger and cables took some getting used to, not as
easy as phone to recharge.”

9 “Provides motivation to do physical activity. | have not worked out
the full functionality of the smart watch.”
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3.5.4.2 Association between user experience and recorded physical

activity parameters

Each question response was analysed for association with each physical activity
parameter, along with age, BMI and “valid day” records. Responses were grouped
into negative responses and positive or neutral responses to estimate the
association of negative user experience with physical activity parameters. As the
descriptive statistical summary of the data demonstrated skewness with some data,
the two response groups were compared using the Mann-Whitney U test. Any

universally positive or neutral responses were not analysed in this manner.

All suitable question responses were analysed to compare negative responses to
positive or neutral responses (See Table 3.26). Question 7 was not analysed as all
responses were universally positive. There was no significant difference in age or
BMI between the response groups for all of the questions. With regards to the
responder’s experience prior to their enrolment to the Virtu-5 study, whether the
patient had previously owned a wearable device or smartphone was not significantly
associated with a change in any of the physical activity parameters or change the
number of valid days recorded. The patient reported comfort of wearing the device
was associated with a significant change in active calories and MVPA, with user
discomfort associated with lower values (P=0.026 and p = 0.032 respectively).
Furthermore, ease of use and convenience of recharging the device was not
associated with changes in any of the physical activity parameters and number valid
days recorded. Lastly, interest in future personal use of wearable devices was not
associated with any statistically significant change in valid wear days or any of the

physical activity parameters recorded.
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Table 3.27 Summary of comparison between negative and positive or neutral responses to

demographics and physical activity parameters. BMI = body mass index, LPA = light
physical activity, MVPA = moderate to vigorous physical activity, TS = time sedentary.

Active Daily
Age BMI Days Calories | Steps LPA MVPA TS

Question 1

Mann-Whitney U 75 79 92 57 94 69 96 95
Z -1.274 -1.104 -0.577 -1.866 -0.161 -1.313 -0.069 -0.115
P value (two-tailed) 0.203 0.270 0.564 0.062 0.872 0.189 0.945 0.908
Question 2

Mann-Whitney U 84.000 | 75.500 | 63.500 74.000 | 65.000 | 92.000 | 57.000 | 67.000
Z -0.878 -1.258 -1.947 -1.021 -1.439 -0.186 -1.811 -1.346
P value (two-tailed) 0.380 0.208 0.052 0.307 0.150 0.853 0.070 0.178
Question 3

Mann-Whitney U 13.000 9.000 11.000 8.000 5.000 1.000 12.000 10.000
Z -0.120 -0.602 -0.393 -0.681 -1.052 -1.547 -0.186 -0.433
P value (two-tailed) 0.905 0.547 0.694 0.496 0.293 0.122 0.853 0.665
Question 4

Mann-Whitney U 12.000 | 15.500 8.000 1.000 5.000 | 20.000 2.000 | 13.000
Z -1.293 -0.997 -1.792 -2.230 -1.873 -0.535 -2.141 -1.160
P value (two-tailed) 0.196 0.319 0.073 0.026 0.061 0.592 0.032 0.246
Question 5

Mann-Whitney U 37.000 33.500 28.500 20.000 24.000 23.000 14.000 25.000
z -0.143 -0.397 -0.824 -0.535 -0.178 -0.268 -1.070 -0.089
P value (two-tailed) 0.886 0.692 0.410 0.592 0.858 0.789 0.284 0.929
Question 6

Mann-Whitney U 48.500 | 38.000 | 24.000 31.000 | 29.000 | 29.000 | 40.000 | 41.000
Z -0.095 -0.764 -1.802 -1.116 -1.247 -1.247 -0.525 -0.460
P value (two-tailed) 0.924 0.445 0.072 0.264 0.212 0.212 0.599 0.646
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3.5.5 Association of questionnaire responses with physical

activity assessment

Questionnaire responses for the EQ-5D-5L, SF-12 and SAQ at baseline were
compared with their respective period of physical activity monitoring and baseline
6MWD. A total of 35 study subjects had both physical activity monitoring parameters
and questionnaire responses, while 22 patients had paired questionnaire data and
6MWD results. On analysing the baseline EQ-5D-5L results, MVPA had a weak but
statistically significant correlation with VAS (R = 0.363, p = 0.032) and light physical
activity had a weak correlation with the England Index score (R = 0.336, p = 0.048)
(See table 3.27). None of the SF-12 responses demonstrated a statistically
significant correlation with any of the physical activity parameters. With regards to
the SAQ, the physical limitation domain was noted to be correlated with daily step
count (R =0.428, p = 0.010) and MVPA (R = 0.378, p = 0.025). The 6MWD values
were significantly correlated with MCS (r = 0.495, p = 0.019) and AfD scores

(r=0.439 (0.041).
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Table 3.28 Summary of Pearson’s correlation analysis between baseline questionnaire
responses and physical activity monitoring and 6MWD results. VAS = visual analogue scale,
PCS = physical component score, MCS = mental component score, PLD = physical
limitation domain, QoLD = quality of life domain, AfD = angina frequency domain, MVPA =
moderate to vigorous physical activity, LPA = light physical activity. Figures in bold illustrate
statistically significant values.

Step count MVPA Active LPA Time 6MWD
calories sedentary
(p value) (p value) (p value) (p value) (p value) (p value)

VAS 0.285 0.363 0.214 0.000 -0.064 -0.043
(0.097) (0.032) (0.217) (1.000) (0.717) (0.849)

England 0.325 0.230 0.178 0.336 -0.082 -0.030
Index (0.056) (0.185) (0.307) (0.048) (0.641) (0.896)
PCS 0.288 0.265 0.169 0.140 0.089 -0.141
(0.098) (0.130) (0.339) (0.429) (0.617) (0.540)

MCS 0.186 0.045 0.012 0.208 -0.188 0.495
(0.291) (0.799) (0.946) (0.237) (0.286) (0.019)

PLD 0.428 0.378 0.292 0.273 0.103 0.185
(0.010) (0.025) (0.089) (0.113) (0.555) (0.410)

QoLD 0.317 0.277 0.149 -0.008 0.156 0.238
(0.068) (0.113) (0.401) (0.964) (0.377) (0.298)

AfD 0.115 0.197 0.093 -0.154 -0.023 0.439
(0.509) (0.256) (0.597) (0.377) (0.896) (0.041)

3.5.6 Summary of questionnaire findings

The main findings of the patient questionnaire data analysis are summarised in the
following points:
e With the EQ-5D-5L questionnaire, the PCI group demonstrated a significant
improvement in their VAS score (Z = 2.174, p = 0.012) which was not seen in
the medical therapy group (Z = 0.238, p = 0.812).
e With the SF-12 questionnaire, the PCI group demonstrated a significant
improvement in PCS values from baseline to follow up (p = 0.001), which was

not observed in the medical therapy group (p = 0.662).
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e With the SAQ questionnaire, the PCI group achieved a significant
improvement in all three parameters of physical limitation, quality of life and
angina burden (p = 0.008, p < 0.001, and p = 0.003, respectively). The
medical therapy group demonstrated an improvement in the quality of life
domain only (p = 0.018).

e With the patient experience questionnaire, 65% of the participants had never
used a smartwatch before. While 93% of participants reported owning a
smartphone, only 48% felt comfortable doing activities on their phone beyond
texting and calling. 66% of participants found the watch easy to use, and 72%
found the smartwatch comfortable to wear, while 76% indicated that the watch
was easy to recharge. 6% of the cohort found the watch difficult to use and
uncomfortable, while 10% indicated that the device was difficult to recharge.
86% of the participants indicated that they would be interested in using a
smartwatch for monitoring their physical activity for personal reasons in the
future, and all respondents indicated that they would consider using wearable
technology such as this for medical purposes.

e \When negative responses in the patient experiences questionnaire were
analysed along with baseline demographics and physical activity parameters,
it was found that patient discomfort with the watch was associated with lower
values of active calories and MVPA (p = 0.026 and p = 0.032, respectively).
Otherwise, negative patient responses to the remaining questions were not
associated with significant changes in baseline demographics or physical
activity parameters.

e When physical activity parameters were analysed with each questionnaire

EQ-5D-5L VAS was shown to have a weak but significant correlation with

151



MVPA (r = 0.363, p = 0.032), while LPA demonstrated a statistically significant
correlation with El values (r = 0.336, p = 0.048). None of the SF-12 values
correlated with any of the physical activity parameters. With regards to the
SAQ, the PLD was found to correlate with step count (r = 0.428, p = 0.010)
and MVPA (r = 0.378, p = 0.025).

6MWD values were positively correlated with MCS (r = 0.495, p = 0.019) and

AfD scores (r=0.439 (0.041).
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3.6 Cardiac Magnetic Resonance Imaging

A total of 26 patients underwent baseline CMR assessment. Eleven study subjects
who were recruited for the wearable technology monitoring aspect of the Virtu -5
study did not undergo a baseline CMR study. Three of the study subjects were found
to have contra-indications to the CMR study that had not been discovered during
patient screening and recruitment; two were due to a history of penetrating metal
shard injury to the eye, and a third was due to an MRI contra-indicated breast
implant. The remaining eight patients who did not receive a CMR study were unable
to attend their given appointment prior to their angiogram. These were due to
unexpected issues which included cancellations to CCL procedures due to hospital
bed space pressures, changes to COVID rules regarding social isolation policies
prior to elective procedures, staff absences due to COVID positive test results

leading to a cancellation of their CMR appointment.

All studies were successfully analysed for left ventricle volumes and function. Each
value was indexed with body surface area where appropriate. Body surface area
was calculated for all patients using height and weight using the Mosteller formula.
For each CMR study performed, the following values were calculated: end diastolic
volume — indexed (EDVi), end systolic volume — indexed (ESVi), stroke volume —
indexed (SVi), mass — indexed, cardiac output — indexed, and ejection fraction (See
table 3.28). There was no statistically significant difference between the different
treatment groups and any of the CMR derived measurements. Of note, the mean
ejection fraction for the whole cohort was 54%, and there was no statistically
significant difference between the PCI and medical therapy group (53.5% vs 55.2%

respectively, p=0.46). The distribution of each category of cardiac function category
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assessed via ejection fraction is illustrated in figure 3.13. Around half of the PCI and
medical therapy cohorts both had ejection fraction measurements greater than 54%,
with around 35% in each group measurements between 50-54%, and the remainder
had measurements below 50%. It is worth noting that all patients who were recruited
to Virtu-5 were screened for heart failure, and none had a clinical diagnosis of heart
failure. The mean whole cohort heart rate was 63 bpm, and a statistically significant
difference was noted between the PCI and medical therapy group (60bpm vs 70 bpm

respectively, p=0.01).

Distribution of ejection fraction category between each
group

70.0%
60.0%

50.0%

40.0%

30.0%

20.0%

10.0% I I
0.0% L

>54% 50-54% 40-49% <40%

B Whole cohort ®PCI ® Medical

Figure 3.14 Distribution of ejection fraction categories between each treatment group.
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Table 3.29 Whole cohort and treatment group summary of CMR derived parameters,
including comparison of means between treatment groups.

Comparison treatment groups
Whole cohort = 26
PCl group =18 Std. Mann- Z P value
Medical therapy group =8 Mean Median Deviation Skewness whitney U (2-tailed)
Whole cohort 63 62 9.7 1.148
REE S PCI 60 60 7.8 1.154 28.50 2.42 0.01
(bpm)
Medical 70 67 10.6 1.172
Whole cohort 156.2 156.3 36.2 0.228
203 CESIEe PCI 157.6 156.3 39.7 0.223 71.00 -0.06 0.98
volume (ml)
Medical 153.3 155.1 28.6 -0.146
Whole cohort 73.1 71.3 25.1 0.574
End systolic
volume (ml) PCI 4.7 74.6 26.8 0.635 63.00 -0.50 0.64
Medical 69.6 63.5 22.1 0.074
Whole cohort 83.1 83.7 17.2 -0.016
S”o"?m"l‘)"“me PCI 82.9 83.3 18.2 -0.001 70.00 -0.11 0.94
Medical 83.4 84.0 15.9 -0.046
Whole cohort 103.2 99.2 28.3 1.310
Mass (g) PCl 106.8 103.3 32.0 ’ 1.122 53.00 -1.44 0.31
Medical 95.2 90.4 16.6 -0.115
Whole cohort 79.2 76.5 16.4 0.965
End diastolic
volume PCI 79.3 74.4 18.4 1.021 65.00 -0.39 0.72
(indexed)
Medical 78.9 77.6 12.1 0.253
Whole cohort 37.0 35.1 12.6 1.263
End systolic
volume PCI 37.5 35.9 13.6 1.388 69.00 -0.17 0.89
(indexed)
Medical 35.7 33.0 10.8 0.544
Whole cohort 42.2 42.9 7.4 -0.425
Stroke volume
(indexed) PCI 41.8 42.5 7.6 -0.561 67.00 -0.28 0.81
Medical 43.1 42.9 7.4 -0.055
Whole cohort 52.4 49.4 13.5 2.021
Mass (Indexed) PCI 53.8 49.8 15.4 1.831 66.00 -0.33 0.77
Medical 49.2 48.4 7.5 0.015
Whole cohort 54 55 8.0 -0.301
Sz PCI 54 52 7.7 0.086 58.00 -0.78 0.46
Fraction (%)
Medical 55 57 9.1

‘ -1.176
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The baseline demographic data were analysed alongside the CMR output to assess
for potential confounding factors. Age was found to be negatively correlated with SVi
and indexed cardiac output, female gender was negatively correlated with SVi and
positively correlated with ejection fraction, dyslipidaemia was correlated with cardiac
mass and T2DM was positively correlated with SVi and ejection fraction. All other
demographics were not shown to be significantly correlated with the derived CMR
values (see Table 3.29). Furthermore, treatment with PCI was not significantly

correlated with any of the derived CMR values.
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Table 3.30 Summary of Pearson correlation analysis between derived CMR values and
study subject demographics. BMI = body mass index, T2DM = type 2 diabetes mellitus.

Cardiac
Mass - output — Ejection
EDVi ESVi SVi Indexed Indexed Fraction
(p value) (p value) (p value) (p value) (p value) (p value)
Age -0.260 -0.013 -0.560 -0.224 -0.706 -0.382
(0.220) (0.952) (0.004) (0.293) (<0.001) (0.065)
Weight -0.020 -0.039 0.013 -0.035 -0.215 -0.035
(0.925) (0.856) (0.951) (0.870) (0.312) (0.873)
Height 0.194 0.204 0.085 0.201 -0.081 -0.263
(0.365) (0.339) (0.692) (0.346) (0.708) (0.215)
BMI -0.139 -0.156 -0.055 -0.184 -0.228 0.086
(0.518) (0.467) (0.799) (0.389) (0.283) (0.690)
Gender (Female) -0.351 -0.464 -0.001 -0.340 0.144 0.576
(0.093) (0.022) (0.996) (0.104) (0.501) (0.003)
Hypertension 0.042 0.115 -0.108 0.105 -0.080 -0.173
(0.846) (0.591) (0.614) (0.627) (0.709) (0.419)
Dyslipidaemia 0.328 0.302 0.233 0.432 -0.109 -0.220
0.118 0.151 0.274 (0.035) (0.612) (0.302)
T2DM 0.234 -0.058 0.621 0.226 0.312 0.477
0.270 0.788 0.001 0.288 0.137 0.019
Smoking 0.083 0.054 0.101 0.300 0.029 0.081
(0.699) (0.802) (0.637) (0.154) (0.894) (0.708)
PCI -0.060 -0.080 -0.007 -0.218 0.363 0.084
(0.781) (0.709) (0.975) (0.307) (0.081) (0.697)
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3.6.1 Association between MRI and physical activity

All CMR study assessments were analysed for associations with each wearable
monitoring parameter. Baseline assessments of daily active calories, moderate to
vigorous physical activity and step count was associated with ESVi, SVi and indexed
cardiac mass. Light physical activity and time sedentary weren't significantly

associated with any of the CMR derived values (See table 3.30).

Table 3.31 Summary of Pearson correlation analysis between derived CMR values and
baseline physical activity parameters. AC = active calories, MVPA = moderate to vigorous
physical activity, LPA = light physical activity, TS = time sedentary, EDVi = end diastolic
volume indexed, ESVi = end systolic volume indexed, SVi = stroke volume indexed. Figures
highlighted in bold indicate that statistical significance was reached.

Cardiac

Mass — output — Ejection

EDVi ESVi SVi Indexed Indexed Fraction

(p value) (p value) (p value) (p value) (p value) (p value)
AC 0.586 0.593 0.316 0.664 0.243 -0.367
(0.003) (0.002) (0.132) (<0.001) (0.252) (0.077)
MVPA 0.573 0.593 0.287 0.662 0.203 -0.340
(0.003) (0.002) 0.173 (<0.001) 0.340 (0.104)
Steps 0.551 0.574 0.270 0.640 0.220 -0.295
(0.005) (0.003) 0.202 (0.001) 0.301 (0.161)
LPA 0.187 0.213 0.061 0.147 0.243 -0.120
(0.383) (0.318) (0.778) 0.492 0.254 (0.578)
TS 0.058 -0.017 0.167 0.149 -0.070 0.122
(0.789) 0.939 0.436 0.486 0.744 (0.571)
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3.7 Weather data

Atmospheric parameters were successfully collected for the entire monitoring period
of the study. A total of 820 days of atmospheric data was recorded between the 15t of
September 2020 and 30" of November 2022. The daily value for maximum
temperature, total sunshine hours, total radiation, total precipitation and average
relative humidity during each monitoring day over the entire monitoring period, as

well as average trends, are illustrated in figures 3.15-3.20.
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Figure 3.15 Graph of daily maximum temperature values alongside corresponding date. Blue
data points signify the daily values; Red line signifies the rolling 30-day average.
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Figure 3.16 Graph of daily total sunshine values alongside corresponding date. Blue data

points signify the daily values; Red line signifies the rolling 30-day average.
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Figure 3.17 Graph of daily total radiation values alongside corresponding date. Blue data

points signify the daily values; Red line signifies the rolling 30-day average.
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Daily total precipitation (mm)
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Figure 3.18 Graph of daily total precipitation values alongside corresponding date. Blue data

points signify the daily values; Red line signifies the rolling 30-day average.
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Figure 3.19 Graph of daily average relative humidity values alongside corresponding date.

Blue data points signify the daily values; Red line signifies the rolling 30-day average.
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Figure 3.20 Graph of daily average gust values alongside corresponding date. Blue data
points signify the daily values; Red line signifies the rolling 30-day average.

To analyse whether atmospheric conditions varied between treatment groups and
between monitoring periods (pre-cath versus post-cath), independent samples T
tests were used to compare the means of each variable. Table 3.31 and 3.32 detail
the comparison of atmospheric parameters between treatment groups and
monitoring periods respectively. With regards to treatment groups, only average wind
speed was shown to be slightly significantly different between PCI and medical
therapy treatment groups (18.7 vs 19.1 knots, p=0.017). All other atmospheric
parameters were not shown to be significantly different between the two treatment
groups. With regards to monitoring periods, it was demonstrated that the follow up
monitoring period experienced higher daily maximum temperatures (15°C vs 13°C,
p<0.001), total sunshine hours (4.5 vs 4.1, p<0.001), total radiation (173,388 vs

149,498, p<0.001) and wind average wind speed (19.0 vs 18.6, p = 0.036) as well as

162



lower average relative humidity (74% vs 78%) and total precipitation (2.2 vs 2.4 mm,
p = 0.04) when compared to baseline monitoring period atmospheric data.

Table 3.32 Comparison of average atmospheric parameters between PCl and medical
therapy treatment groups.

Treatment | Mean (SD) Mean T value | Pvalue
group Difference (SD) (two-sided)
Maximum PCI 14.2 (+6.3)
temperature Medical -0.1 (£0.1) -0.834 0.405
(‘°C) 14.3 (£6.3)
Total sunshine | PCI 4.3 (+3.5)
hours Medical 42 (+3.3) 0.1(£0.1) 1.279 0.201
TVC\),t/aI 2radiation Pcl 165206 (£122436) 2821 (+£2719) 1.038 0.299
(W/m?) Medical 162386 (+116215) - ' '
R iy = - 2.3 (£5.0) 0.0 (£0.1) 0.281 0.779
Medical 2.3 (+5.0) AT ’ '
Average PCI 76 (+12.0)
humidity (%) Medical 75 (£10.3) 0.4 (£0.3) 1.473 0.141
Average gust PCI 18.7 (+6.9)
(Knots) Medical 191 (+7.0) -0.4 (+£0.2) -2.378 0.017

Table 3.33 Comparison of average atmospheric parameters between pre-CCL and post CCL
monitoring periods.

Monitoring | Mean (SD) Mean T value | Pvalue
period Difference (SD) (two-sided)
Maximum Pre-CCL 13.0 (£6.1)
temperature PoSt-CCL 15.0 (+6.1) -2.0 (£0.1) -15.486 | <0.001
(C) _
Total sunshine | Pre-CCL 4.1 (+3.4)
hours POSL.CCL 45 (i35) -04 (iOl) -5.668 <0.001
Total radiation Pre-CCL 149498 (+117531)
(W/m2) PosL.CCL 173388 (£121523) -23890 (+2566) | -9.309 <0.001
Rain (mm) Pre-CCL 2.4 (£5.1)
PoSt-CCL 2.2 (£4.9) 0.2 (+£0.1) 2.053 0.04
Average Pre-CCL 78 (£12.9)
humidity (%) PoSLCCL 74 (+10.3) 3.4 (£0.2) 13.811 <0.001
Average gust Pre-CCL 18.6 (+7.0)
(Knots) PoSt-CCL 19.0 (46.8) -0.3(x0.1 -2.095 0.036
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3.8 Multivariable analysis of physical activity data

Multivariable analysis using a generalised linear mixed models approach was
performed to assess the degree of association between different influential factors
on physical activity parameters. Patient characteristics data which was included in
the models, as well as temporal factors such as monitoring period and which day of
the week, were allocated to appropriate categories. The categories and distribution
of patient and data characteristics are shown in table 3.33. The daily atmospheric
parameters collected throughout the study were plotted alongside daily physical
activity parameters of patients whose monitoring coincided with the appropriate date.

Table 3.34 Distribution of patient and data characteristics described as categorical variables
used in the generalised linear mixed model analyses.

Characteristics # of patients (%) | # of recorded days (%)
Age
< 65 years 17 (46%) 4313 (46%)
> 65 years 20 (54%) 5000 (54%)
Gender
Male 28 (76%) 7033 (76%)
Female 9 (24%) 2280 (24%)
BMI
Normal (18-24.9) 5 (14%) 1295 (14%)
Overweight (25-29.9) 20 (54%) 4739 (51%)
Obese (>30) 12 (32%) 3279 (35%)
Treatment group
PCI 25 (68%) 6485 (70%)
Medical therapy 12 (32%) 2828 (30%)
Monitoring period
Pre-CCL - 3523 (38%)
Post CCL - 5790 (62%)
Day of the week
Weekday 6679 (72%)
Weekend 2634 (28%)

A linear regression analysis was performed between the physical activity parameters

and the independent variables (atmospheric parameters) to identify potential
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multicollinearity between each value. Table 3.34 illustrates the collinearity statistics
which illustrates the tolerance and Variance Inflation Factor values for each
atmospheric parameter. Total radiation demonstrated a low tolerance value (0.129)
with a variation inflation factor value greater than the critical threshold of 5 (7.724).
This indicates that the total radiation variable has a high multicollinearity value which

is likely to cause significant instability within the generalised linear mixed models.

Table 3.35 — Collinearity statistics of all atmospheric parameters derived via linear
regression analysis. VIF = variance inflation factor.

Independent variable Tolerance | VIF

Maximum temperature 0.459 2.181
Total sunshine 0.22 4537
Total radiation 0.129 7.724
Total precipitation 0.767 1.304
Average relative humidity | 0.373 2.682
Average gust 0.757 1.322

Due to the findings described above, the linear regression analysis was re-run with
the removal of total radiation as an independent variable. Table 3.35 illustrates the
collinearity statistics derived from this assessment. The analysis demonstrated more
favourable tolerance values in comparison with the previous multicollinearity
assessment with total radiation included. All variance inflation factor values were
also below the critical threshold of 5, indicating that there was no significant
multicollinearity that required further corrective action. As a result of this finding, total
radiation was removed from all generalised linear mixed models analysis to optimise

model stability and reliability.
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Table 3.36 — Collinearity statistics of all atmospheric parameters apart from total radiation
derived via linear regression analysis. VIF = variance inflation factor.

Independent variable Tolerance | VIF
Maximum temperature 0.651 1.535
Total sunshine 0.466 2.146
Total precipitation 0.781 1.28
Average relative humidity | 0.447 2.235
Average gust 0.8 1.251
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3.8.1 Generalised linear mixed models analysis of physical

activity and influential factors

Five separate generalised linear mixed models were conducted with each of the
physical activity parameters to assess their association with demographic, temporal,
device use and atmospheric variables. The findings of each generalised linear mixed
models analysis are detailed for daily step count, MVPA, LPA, TS and AC, including
fixed effects and coefficients of associations for each variable analysed (See table
3.36 - 3.40).

Table 3.37 Fixed effects and correlation coefficients of weather variables and covariates with

daily step count value calculated from the generalised linear mixed model. BMI = body mass
index, CCL = cardiac catheter lab.

] Sarlar] 95% Confidence Interval
F coefficient Error Lower Upper p-value

Maximum temperature 0.03 -1.75 10.03 -21.40 17.90 0.861
Total sunshine 3.18 37.99 21.31 -3.78 79.76 0.075
Total precipitation 15.08 4411 11.36 -66.37 21.85 <0.001
Average relative

humidity 15.74 -25.96 6.54 -38.78 -13.13 <0.001
Average gust 0.13 -2.98 8.29 -19.24 13.28 0.719
Gender (female) 86.80 -1089.65 116.96 -1318.91 -860.39 <0.001
Age (> 65 years) 357.56 -2200.45 116.37 _2428.56 -1972.34 <0.001
BMI (Overweight) 291 50 91.28 139.96 -183.08 365.64 0.514
BMI (Obese) -2734.71 139.65 -3008.45 |  -2460.97 <0.001
Treatment group

(medical therapy) 513.81 -2875.62 126.86 -3124.30 -2626.95 <0.001
Monitoring period (post

CCL) 9.39 -326.67 106.59 -535.60 117.73 0.002
Day of the week

(weekend) 89.02 -1030.35 109.21 -1244.42 816.29 <0.001
Wear time 0.20 0.12 0.27 -0.64 0.40 0.655
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Table 3.38 Fixed effects and correlation coefficients of weather variables and covariates with
daily MVPA value calculated from the generalised linear mixed model. BMI = body mass
index, CCL = cardiac catheter lab.

95% Confidence
Fixed Standard Interval
F coefficient Error Lower Upper p-value

Maximum temperature 4.82 0.22 0.10 0.02 0.42 0.028
Total sunshine 0.24 -0.10 0.21 -0.52 0.32 0.627
Total precipitation 9.59 -0.35 0.11 -0.57 -0.13 0.002
Average relative

humidity 29.12 -0.35 0.06 -0.48 -0.22 <0.001
Average gust 0.60 0.06 0.08 -0.10 0.22 0.44
Gender (female) 191.77 -15.28 1.10 | -17.44 -13.12 <0.001
Age (> 65 years) 383.94 2257 115 | -24.82 -20.31 <0.001
BMI (Overweight) 202,15 5.59 1.30 3.04 8.14 <0.001
BMI (Obese) ' -15.53 1.30 | -18.07 -12.99 <0.001
Treatment group

(medical therapy) 520.13 -27.93 1.22 -30.33 -25.53 <0.001
Monitoring period (post

CCL) 6.12 2,55 1.03 -4.58 -0.53 0.013
Day of the week

(weekend) 24.41 -5.46 1.11 7.63 -3.29 <0.001
Wear time 1.79 <-0.01 <001 | <-0.01 <0.01 0.181

Table 3.39 Fixed effects and correlation coefficients of weather variables and covariates with
daily LPA value calculated from the generalised linear mixed model. BMI = body mass index,
CCL = cardiac catheter lab.

95% Confidence
Fixed Standard Interval
F coefficient Error Lower Upper p-value
Maximum temperature 0.06 0.04 0.16 -0.28 0.36 0.801
Total sunshine 2252 1.65 0.35 0.97 2.33 <0.001
Total precipitation 0.15 -0.07 0.17 -0.40 0.27 0.701
Average relative humidity 0.00 0.01 0.11 -0.21 0.22 0.947
Average gust 27.35 -0.70 0.13 -0.96 -0.44 <0.001
Gender (female) 98.05 -22.15 2.24 2653 | -17.76 <0.001
Age (> 65 years) 50.97 -12.94 1.81 -16.49 -9.39 <0.001
BMI (Overweight) 928 87 5.57 2.64 0.40 10.75 0.035
BMI (Obese) -31.05 2.54 36.03 | -26.06 <0.001
Treatment group (medical
therapy) 13.20 8.30 2.29 3.82 12.78 <0.001
Monitoring period (post
CCL) 26.66 8.98 1.74 5.57 12.39 <0.001
Day of the week
(weekend) 130.72 -20.37 1.78 2387 | -16.88 <0.001
Wear time 137.45 0.05 <0.01 0.05 0.06 <0.001
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Table 3.40 Fixed effects and correlation coefficients of weather variables and covariates with
daily TS value calculated from the generalised linear mixed model. BMI = body mass index,
CCL = cardiac catheter lab.

95% Confidence
Fixed Standard Interval

F coefficient Error Lower Upper | p-value
Maximum temperature 3.15 -0.63 0.35 -1.31 0.07 0.076
Total sunshine 0.01 -0.06 0.74 -1.51 1.39 0.939
Total precipitation 0.45 0.30 0.45 -0.58 1.18 0.502
Average relative humidity 6.54 0.62 0.24 0.14 1.09 0.011
Average gust 0.15 0.11 0.29 -0.46 0.68 0.7
Gender (female) 52.06 36.76 5.09 26.77 46.74 <0.001
Age (> 65 years) 30.35 21.43 3.89 13.80 29.05 <0.001
BMI (Overweight) 38.01 39.62 6.26 27.35 51.90 <0.001
BMI (Obese) 55.53 6.43 42.93 68.13 <0.001
Treatment group
(medical therapy) 163.80 -65.45 5.11 -75.47 -55.42 <0.001
Monitoring period (post
CCL) 10.80 12.24 3.73 4.94 19.55 0.001
Day of the week
(weekend) 2.65 6.41 3.94 1.32 14.14 0.104
Wear time 3969.83 -0.60 0.01 -0.62 -0.58 <0.001

Table 3.41 Fixed effects and correlation coefficients of weather variables and covariates with
daily AC value calculated from the generalised linear mixed model. BMI = body mass index,
CCL = cardiac catheter lab.

95% Confidence
Fixed Standard Interval
F coefficient Error Lower Upper p-value

Maximum temperature 9.51 3.06 0.99 1.11 5.01 0.002
Total sunshine 2.38 3.23 2.10 -0.88 7.34 0.123
Total precipitation 8.71 -3.29 1.12 -5.48 1.11 0.003
Average relative

humidity 28.71 3.44 0.64 -4.70 -2.18 <0.001
Average gust 2.38 -1.22 0.79 -2.78 0.33 0.123
Gender (female) 1885.92 -454.23 10.46 | -474.74 -433.73 <0.001
Age (> 65 years) 566.97 -264.63 11.11 | -286.41 -242.84 <0.001
BMI (Overweight) 062,13 159.43 11.34 137.20 181.65 <0.001
BMI (Obese) -98.01 11.35 | -120.26 -75.77 <0.001
Treatment group

(medical therapy) 283.97 -200.31 11.89 -223.61 -177.01 <0.001
Monitoring period (post

CCL) 0.08 3.08 10.62 -17.74 23.89 0.772
Day of the week

(weekend) 128.96 -122.65 10.80 | -143.82 -101.48 <0.001
Wear time 30.47 0.15 0.03 0.10 0.20 <0.001
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It was estimated that women in this cohort recorded on average 1090 steps fewer
than men (F = 86.8, p <.001), participants older than 65 years had 2200 fewer steps
than younger participants (F = 357.56, p < 0.001), and obese patients achieved 2735
fewer daily steps than patients with a normal BMI (F = 391.59, p < 0.001). A number
of weather parameters were found to have a significant relationship with daily step
count. Total precipitation and average humidity were found to have a significant
negative correlation with daily step count with a coefficient of -44.11 (F = 15.08, p <
0.001) and -25.96 (F = 15.74, p < 0.001) respectively. Maximum temperature, total
sunshine and average gust were found to have a non-significant association with
daily step count with coefficients of -1.75 (F = 0.03, p = 0.861), 37.99 (F =3.18,p =
0.075) and -2.98 (F = 0.13, p = 0.719). Furthermore, allocation to the medical
therapy group, monitoring during the post CCL period and weekend recordings were
also negatively correlated with daily step count. Wear time demonstrated no

significant relationship with daily step count.

Demographic characteristics including as female gender, age greater than 65 years
old and obese BMI were significant negative predictors of daily MVPA. Women in
this cohort recorded on average 15 minutes fewer MVPA than men (F = 191.77, p <
0.001), participants older than 65 years had 22 minutes fewer than younger
participants (F = 383.94, p < 0.001), and obese patients achieved 15 minutes fewer
minutes than patients with a normal BMI (F = 202.15, p < 0.001). Maximum
temperature demonstrated a significant positive correlation with daily MVPA with a
coefficient of 0.22 (F = 4.82, p = 0.028). Total precipitation and average relative
humidity were found to have a significant negative correlation with daily MVPA, with

coefficients of -0.35 (F = 9.59, p = 0.002) and -0.35 (F = 29.12, p < 0.001)
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respectively. Total sunshine and average gust were found to have a non-significant
association with daily MVPA with coefficients of -0.10 (F = 0.24, p = 0.627) and -0.06
(F =0.60, p = 0.44). Additional variables included in the GLMM were also found to
significantly influence daily MVPA values. Furthermore, allocation to the medical
therapy group, monitoring during the post CCL period and weekend recordings were
also negatively correlated with daily MVPA values. Wear time demonstrated no

significant relationship with daily MVPA.

With regards to LPA, it was estimated that women in this cohort recorded 22 minutes
fewer of LPA fewer than men (F = 98.05, p < 0.001), participants older than 65 years
had13 minutes fewer than younger participants (F = 50.97, p < 0.001), and obese
patients achieved 31 fewer minutes than patients with a normal BMI (F = 228.87, p <
0.001). Total sunshine demonstrated a significant positive correlation with daily LPA
with a coefficient of 1.65 (F = 22.52, p < 0.001). Average gust was found to have a
significant negative correlation with daily LPA, with a coefficient of -0.70 (F = 27.35, p
< 0.001) and -0.35 (F = 29.12, p < 0.001) respectively. Maximum temperature, total
precipitation and average relative humidity were found to have non-significant
associations with daily LPA with coefficients of 0.04 (F = 0.06, p = 0.801), -0.07 (F =
0.15, p =0.701) and 0.01 (F = 0.00, p = 0.947) respectively. Furthermore, allocation
to the medical therapy group, monitoring during the post CCL period, device wear
time and wear time were also positively correlated with daily LPA values, while

weekend monitoring demonstrated a significant negative relationship with daily LPA.

Female gender, age greater than 65 years old and obese BMI were also significant

predictors of daily TS. It was estimated that women in this cohort recorded 37
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minutes more TS than men (F = 52.06, p < 0.001), participants older than 65 years
had 21 more minutes than younger participants (F = 30.35, p < 0.001), and obese
patients achieved 56 more minutes than patients with a normal BMI (F = 38.01, p <
0.001). Maximum temperature, total sunshine, total precipitation and average gust
were found to have non-significant associations with daily TS with coefficients of -
0.63 (F = 3.15, p = 0.076), -0.06 (F = 0.01, p = 0.939), 0.30 (F = 0.45, p = 0.502) and
0.11 (F = 0.15, p = 0.700) respectively. Furthermore, allocation to the medical
therapy group and monitoring during the post CCL period were also positively
correlated with daily TS values. Wear time was noted to be the most significant
predictor of TS amongst the variables observed with a negative correlation

coefficient of -0.60 (F = 3969.83, p < 0.001).

Lastly, a number of variables in the generalised linear mixed models analysis were
also found to significantly influence daily AC values. Female gender, age greater
than 65 years old and obese BMI were significant positive predictors of daily AC. It
was estimated that women in this cohort recorded 454 kcal fewer than men (F =
1885.92, p < 0.001), participants older than 65 years burned 265 fewer Kcal than
younger participants (F = 566.97, p < 0.001), and obese patients recorded 98 fewer
kcal minutes than patients with a normal BMI (F = 262.13, p < 0.001). Conversely,
patients with overweight BMI on average recorded 159 more kcal of AC than patients
with normal BMI (F = 262.13, p < 0.001). Maximum temperature demonstrated a
significant positive correlation with daily AC with a coefficient of 3.06 (F = 9.51, p =
0.002). Total precipitation and average relative humidity were also found to have a
significant negative correlation with AC, with correlations of -3.29 (F =8.71, p =

0.003) and -3.44 (F = 28.71, p < 0.001). Total sunshine and average gust were found
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to have non-significant associations with daily AC with coefficients of 3.23 (F = 2.38,

p =0.123) and -1.22 (F = 2.38, p = 0.123). Allocation to the medical therapy group

and weekend monitoring were negatively correlated with daily AC values, with

coefficients of -200.31 (F = 283.97, p < 0.001) and -122.65 (F = 128.96, p < 0.001).

Wear time was noted to be a significantly positive predictor of AC coefficient of 0.15

(F = 30.47, p < 0.001).

3.8

Summary of multivariable physical activity analysis

The main findings of the physical activity monitoring data analysis are summarised in

the following points:

820 days of daily weather parameters were recorded which demonstrated
varying patterns atmospheric conditions on a weekly and seasonal basis
throughout the study period.

A total of 9313 days of daily weather data were analysed alongside daily
physical activity levels using generalised linear mixed models analyses to
assess the impact of each atmospheric parameter on separate physical
activity parameters with weighting from demographic, temporal and
measurement-related factors.

Total radiation was found to have significantly high multicollinearity with the
other atmospheric parameters, which has the potential to confound GLMM
computation and results. Its removal from the list of considered atmospheric
parameters led to reduced multicollinearity within the remaining atmospheric
parameters, which would improve the stability of the GLMM used in this work.
The analysis confirmed previous findings in this work that gender, age and
BMI significantly influenced physical activity parameters. All physical activity
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parameters were correlated with these demographics, with all but TS being
positively correlated. The fixed effects of the demographics were shown to be
consistently more influential than weather variables based on calculated F
values.

The allocation to the medical therapy group versus the PCI group was
significantly correlated negatively with daily step count, MVPA, TS and AC,
while also positively correlated with LPA. Additionally, the post CCL
monitoring period was correlated step count, MVPA, while positively
correlated with LPA.

Each atmospheric parameter was found to be significantly correlated with
different physical activity parameters. Maximum temperature was positively
correlated with MVPA and AC, total sunshine was positively correlated with
LPA, total precipitation was negatively correlated with daily step count, MVPA
and AC, average relative humidity was negatively correlated with steps,
MVPA and AC and positively correlated with TS, and average gust was
negatively correlated with LPA.

Wear time was shown to be significantly positively correlated with LPA and
active calories, while also negatively correlated with TS. Weekend monitoring
versus weekday recording was also shown to significantly influence physical
activity values. Step count, MVPA LPA and AC were all negatively correlated

with weekend monitoring, while TS was positively correlated.
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3.9 COVID-19

At the start of 2020, reports of a new respiratory virus, designated SARS-CoV-2
(Severe acute respiratory syndrome coronavirus 2) had emerged from Wuhan, China
and was spreading across the world. On the 11™ of March 2020, the World Health
Organisation (WHO) declared the novel coronavirus outbreak, COVID-19, as a
global pandemic [163]. The rising number of cases seen worldwide, as well as
unprecedented reports of health services overrun with critically ill adults of all ages,
led to widespread national lockdown measures, and on the 23 of March the first
national lockdown was announced in Britain. The following two years saw the largest
disruption to daily life in the UK since the second world war, including two national
lockdowns, restrictions on travel within and outside of the country, social distancing,
as well as the suspension of all non-essential goods and services. Between the 15t of
February 2020 until the 18" of May 2022, over 22 million cases of COVID-19
infections were reported in the UK, leading to over a million reported hospital
admissions. Between the 15t of February 2020 until the 10" of October 2023,
232,052 deaths have been reported in the UK that were either directly caused by or
associated with COVID-19. Millions of people continue to live with the consequences
of the COVID-19 pandemic, either due to personal experience of ill health or chronic
symptoms related to the infection, also known as “long COVID”, or the death of
friends and family. This section describes the impact that the COVID-19 pandemic

inflicted upon the Virtu-5 study, and the adaptations made to continue the work.
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3.9.1 Pause in recruitment

The Virtu-5 study received a favourable (with additional conditions) approval letter
from the North of Scotland Research and Ethics Committee on Monday the 2" of
March 2020. In line with the national lockdown announcement on the 23" of March,
all University of Sheffield research activities were suspended. At this time, no
patients had been screened for the Virtu-5 study. Research activity for the Virtu-5
study did not commence until October 2020, when the study received ‘restart

approval’ by the Clinical Research & Innovation Office (CRIO).

3.9.2 Impact on NHS services and study recruitment

The COVID-19 pandemic brought significant disruption to the NHS. Elective
procedures and appointments were significantly delayed or cancelled, including
urgent services such as cancer care. Elective day case procedures such as invasive
coronary angiography were also impacted by the pandemic, with significant delays
between referral time and procedure date. Multiple logistical issues arose around this
time, including patient infection with COVID-19, staff shortages and a lack of
available hospital beds. Outpatient clinics were severely disrupted, such that patients
suffering with angina who were referred to specialist services experienced delays to
being assessed by a Cardiologist before being referred for ICA, as well as reduced
access to other diagnostic modalities which are routine in the work up of many

angina patients.

With regards to the Virtu-5 study, the following issues impacted the study design:
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Long waiting lists for elective ICA procedures resulted in delays in study
participants proceeding through the Virtu-5 study protocol.

Procedure cancellations and rescheduling was common during the COVID-19
pandemic due to patient sickness, staff shortages or bed shortages.

Social distancing, particularly in the early period of the pandemic, led to strict
social distancing rules and limitations of staff numbers to the minimum
numbers needed in each given space in the clinical environment. As research
students, our presence in clinical spaces during this period was monitored
closely by clinical staff and, in several circumstances, contact with study
participants was significantly limited.

The planning of pre-catheter lab assessments (i.e. 6MWT and CMR), which
were designed to occur as close to the procedure date as possible, was
significantly hampered by last minute changes in procedure dates. This led to
a number of pre-procedural appointments being missed as the study
participants would occasionally be unable to attend two separate hospital
appointments at short notice, as well as organising the minimum staffing level
needed to undertake CMR scanning.

For some time during the pandemic, a period of isolation was mandated for
elective day case procedures, including ICA. This led to a significant impact
on pre-procedural assessments, as the design of the study was to undertake
these assessments within a few days of their catheter lab assessment.
Combined with the short notice of several procedure appointments, this made
organising pre-procedural assessments additionally challenging.

The Medical Education Centre for the Northern General Hospital was utilised

as a COVID-19 testing hub. An adjacent corridor to the Medical Education
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Centre was initially designated as the assessment area for the Virtu-5 6MWT.
With the opening of the COVID-19 testing centre, which utilised the adjacent
corridor as a queue for patients, 6BMWT assessments were suspended for the
Virtu-5 study until a suitable alternative corridor was designated. Given that
the ICA procedures could not be delayed for study activities, this led to some

of the study participants not undertaking the 6MWT assessment.

3.9.3 Patient contact and COVID screening

A significant impact of the COVID pandemic was the restrictions placed upon inter-
personal contact. Several guidelines and updates were issued by the university for
staff and students who undertook clinical activities during the COVID pandemic,
which included regular COVID screening and wearing of Personal Protective
Equipment (PPE) during patient contact. All such guidelines were adhered to by the
research students throughout the Virtu-5 study. The following actions were followed
by the research students during the Virtu-5 study, which were in keeping with
university guidelines at the time:

e PPE, including disposable masks, aprons, and gloves, were worn when
conducting any form of personal patient contact.

e Students would conduct regular lateral flow tests to screen for COVID,
generally once a week. Additionally, students would conduct a lateral flow test
the day before any planned patient contact. Patients were also requested to
undertake a lateral flow assessment before any study appointments.

e In the event a student experienced symptoms of upper-respiratory tract

infection, such as coughing, sore throat or fever, they would undertake a
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COVID PCR swab test at one of the local NHS testing centres. If the test was
positive, the student would follow current COVID guidelines on strict isolation,
generally requiring isolation for 2 weeks. If the test was negative, the student
would continue to avoid any patient or university contact until their symptoms

resolved.
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Chapter 4

4. Discussion

This project was a proof-of-concept study, designed to investigate the feasibility of
using wearable physical activity monitoring devices in patients suffering with
coronary artery disease and receiving treatment; to collect physical activity data, and
determine whether this assessment can provide meaningful information regarding
patient assessment. In summary, the physical activity monitoring devices provided a
large volume of data which provided a variety of insights into the physical activity
behaviours of the participants. There was good adherence to the wearable devices
observed across the cohort, which was largely maintained irrespective of the
duration of monitoring. Several significant associations were noted between
wearable physical activity parameters and recorded participant characteristics and
clinical assessments, highlighting the potential relevance of physical activity
monitoring to the patient assessment. It is worth noting that, despite the difference
between PCI and medical therapy groups regarding the presence of physiologically
significant epicardial disease, as well as the extent of coronary disease (mean
SYNTAX score of 22 in the PCI group versus 11 for the medical therapy group),
there was no statistically significant difference in any of the baseline questionnaire
responses, 6MWD scores and CMR characteristics between the two treatment
groups. Whilst these findings may be explained by the small sample size
represented in this study, it highlights the challenges of determining the severity of
coronary disease as well as appropriate treatment based on non-invasive

assessment methods alone. Information gained through wearable physical activity
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monitoring may provide novel insights that may help clinicians to plan appropriate
treatments with patients for their CAD, as well as provide follow up monitoring to

objectively assess for improvements in physical activity.

4.1 Study design & patient cohort

The number of patients recruited to the Virtu-5 study was small; a total of 40 patients
were recruited to the study, of which 37 were eligible to undergo wearable physical
activity monitoring. Studies investigating outcomes associated with the management
of stable CAD are familiar with thousands of study participants, such as the
ISCHAEMIA trial (5179 patients), the COURAGE trial (2287 patients) and FAME 1
(1005 patients). Furthermore, the follow up period was up to six months in Virtu-5
study, which in comparison to the earlier trials is significantly shorter (3.2 years for
ISCHAEMIA, 4.6 years for COURAGE, 5 years for FAME) [164] [87] [97]. However,
these larger studies were powered for clinical endpoints such as major adverse
cardiovascular events, which include cardiovascular death, myocardial infarction and

urgent revascularisation.

Studies which have investigated the treatment of angina, physical activity and quality
of life in patients with CAD have included smaller numbers and involved shorter
follow up. In one study by Parisi et al, 212 patients with single vessel CAD suffering
with angina were randomised to either medical therapy or PCI [165]. At six months
follow up, the investigators reported superior angina relief in the PCI treatment arm
in comparison to the medical treatment arm (64% angina free versus 46%
respectively, p<0.01) as well as greater exercise tolerance (2.1 minutes exercise

duration versus 0.5 minutes, p < 0.0001). More recently, the ORBITA trial enrolled
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230 patients who were commenced on optimal medical therapy for angina and
randomised to PCI or placebo with a placebo-controlled double-blinded design,
which after 6 weeks of follow up demonstrated no significant improvement in
exercise time or anginal frequency [91]. Similarly, the ORBITA Il study recruited 301
patients with CAD to investigate the effect of PCI on patients with minimal to no anti-
anginal medication in a similar placebo-controlled double-blinded method [166]. At
12 weeks follow up the investigators demonstrated a significant improvement in

angina symptom score versus placebo control.

With respect to studies which have utilised wearable technology-based physical
activity assessments, there is little in the literature which describes this method being
used to assess patients suffering with angina or following treatment with coronary
revascularisation. Freene et al compared device-based physical activity monitoring in
patients attending cardiac rehabilitation following PCI in Sweden and Australia [167].
With 183 participants enrolled, patients were asked to wear a hip-worn tri-axial
accelerometer for seven consecutive days, which demonstrated increased levels of
physical activity in the Swedish cohort in comparison to their Australian counterparts,
although assessments of angina severity or comparisons of underlying coronary
pathology leading to PCI between the two cohorts was not described. A further
cross-validation study by Kambic et al enrolled 91 patients with CAD attending
cardiac rehabilitation which compared 8 days of hip-based physical activity
monitoring with patient-reported physical activity levels [168]. The authors found the
agreement was poor between patient-reported physical activity levels and device-
based measurements, with a trend to overestimate daily MVPA and underestimate

SB. To my knowledge, there has not been any previously described work which
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investigates the use of wearable physical activity monitoring before and after any

form of treatment for CAD.

With regards to patient demographics, the study participants were largely
representative of patients typically seen clinically, as well as in recent literature. The
average age of the patient cohort was 65 years, the average BMI was 29, and 23%
of the participants were of the female gender. The presence of traditional
cardiovascular risk factors in this cohort was also representative of this patient
population (hypertension 70%, hypercholesterolaemia 38%, T2DM 14%, current/ex-
smoker 60%). A few notable differences were observed between the PCI and
medical therapy groups. A higher proportion of females in the medical therapy
versus PCI group (50% vs 12%, p=0.012), as well as a higher proportion of diabetes
in the medical therapy group (4% vs 33%, p=0.015). This variation between the two
treatment groups may be explained by the increased prevalence of angina with
unobstructed epicardial coronary arteries, or microvascular angina, observed in

women and in patients with diabetes [169-170].

4.2 Coronary angiography and PCI

The distribution of CAD observed in the study participants was variable. The most
common location of significant CAD lesions was the LAD (70%), followed by the
RCA (51%) and the LCx (32%). Six of study participants (16%) were noted to have
significant LMS disease. A total of 65 vessels were identified as being significant
enough to warrant physiological assessment, with an average of 2.2 diseased

vessels per patient. 46% of the whole cohort were found to have two vessels with
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significant stenoses, while 27% had only one significantly narrow vessel, with 28% of
the cohort having three or more significantly narrow vessels. Of note, the remaining
four patients (11%) were found to have no obstructive coronary disease with a
stenosis greater than 50%, despite CTCA findings of at least one vessel with
obstructive disease and typical features of angina. This distribution and extent of
coronary disease can be considered typical of the UK population. The proportion of
multivessel disease is noted to be higher than that of recent published work, such as
that of ORBITA I, which described 80% of its recruited cohort as having single
vessel disease, with an average number of diseased vessels per patient of 1.3 [166].
It is worth noting that while the proportion of disease locations in major coronary
vessels were higher in this study in comparison to ORBITA Il (LAD 55%, RCA 22%,
LCx 9%), when the volume of diseased vessels are taken into account, distribution is
comparable, with LAD stenoses being most common, followed by RCA and then
LCx. stenoses Additionally, there was a significant number of LMS disease included
in this cohort, which is typically excluded in other studies involving PCI
revascularisation. However, the distribution of CAD described here represents the
typical workload of the local interventional cardiology centre working alongside a
cardiothoracic surgical department, which has considerable experience in complex

multivessel disease and LMS angioplasty.

There was a relatively high proportion of vessels treated in the Virtu-5 PCI cohort in
comparison to other studies. The PCI cohort had an average of 1.8 vessels treated
per patient, whereas the ORBITA Il study reported an average of 1.3 treated vessels
per patient [166]. The reduction in average diseased vessels identified

angiographically (2.2 vessels) to the average number of treated vessels is explained
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by the routine use of FFR assessment to determine physiological severity and guide
PCI decisions in this cohort, which is a typical pattern seen in physiological
assessments of coronary disease. Additionally, despite the proportionally higher
volume and complexity of disease present in this cohort, there were no significant
adverse outcomes related to PCI observed in any of the participants during the
study. This reflects the workload and expertise of the local cardiac centre to manage

this population.

4.3 Wearable technology and physical activity monitoring

4.3.1 Compliance

One of the key research questions investigated in this study was the feasibility of
prolonged physical activity monitoring in a representative sample of the CAD patient
population. With a total number of 10,555 monitored days of physical activity data
recorded, an average of 285 days of monitoring per patient, and an average of 1174
minutes (19.6 hours) of daily wear time recorded, the feasibility and acceptability of
this form of patient assessment is self-evident. No patients enrolled requested for the
physical activity monitoring to be stopped or temporarily paused. As far as the author
is aware, the volume of physical activity monitoring achieved per patient in this study

is greater than in any published work in CAD.

Quality assurance of physical activity data monitoring was a further key research
objective. Minimum wear time was utilised to ensure that a representative minimum
number of hours were recorded each day, with the assumption that study

participants were not expected to wear their device all day. All day device wearing,
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which is frequently described in other work using wearable physical activity
monitoring, was not mandated in this study. There were a few reasons why a patient-
directed approach to device wear was chosen. The duration of monitoring in this
study was significantly longer than most published work in wearable physical activity,
which would have made all day wearing impractical due to the need for frequent
recharging which can take hours at a time. A solution may have been to mandate six
days of all day wearing, with no more than 30 minutes of non-wear time to wash and
bathe each day, and a seventh day where the participants would have been
instructed to recharge their device battery to full and the physical activity data from
this day would be discounted. This could arguably be preferable to patient-directed
wearing as the device would capture the patient’s physical activity for the whole 24-
hour period, making it potentially more accurate or representative of the participant’s
activity behaviour. However, this would have limited the translation of the study
findings as this would necessitate strict wear patterns which are not consistent with
the heterogenous wear patterns observed in this study, which can be considered
representative of the variability of device use in the general population. Outside of
clinical research, the use of wearable physical activity monitoring is initiated and
monitored by patients, and the generalisability of any findings in this area must
consider the variable nature of device use between individuals in the general
population. The success of such devices lies in their unobtrusive and convenient
nature to consumers, which would be significantly diminished if individuals were
instructed to wear such devices differently to how they would like to, including
overnight. Significant variability in wear time patterns between individuals was noted

in this cohort, which improves the generalisability of this study’s findings, but
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necessitates the requirement for a quality assurance method such as minimum wear

time criteria.

There exists an equipoise in the literature with regards to the ideal minimum wear
time criteria in wearable physical activity monitoring. Fini et al have demonstrated
that differences in minimum wear time can result in significant variation in physical
activity data [171]. The associations between wear time and each physical activity
parameter were assessed with different wear time criteria. My findings demonstrated
that the lack of a minimum wear time criteria could lead to potential confounding in
daily values of step count, LPA, and active calories. The association between wear
time length and each of these parameters became insignificant with a low minimum
wear time criteria of 4 hours onwards. Additionally, MVPA was not associated with
duration of wear time, even without a minimum wear time criteria. An explanation of
the difference between my findings and that of Fini et al is that the volume of data we
collected per patient was considerably larger (271 days from 69 patients, average of
4 monitored days per participant). This variation illustrates the potential advantages
of longer durations of monitoring to acquire larger data samples in reducing the
confounding risk of wear time variability versus shorter monitoring durations. As a
result of this analysis, | demonstrated that these physical activity parameters were
not significantly associated with minimum wear time. This suggests that, for these
parameters, strict wear time parameters would not lead to more representative

physical activity data, and that higher thresholds would only lead to fewer valid data.

It was noted that sedentary time was significantly associated with wear time duration

until stricter minimum wear time criteria (1080 minutes) were applied. The difference

187



between this parameter and other physical activity data collected is explained by the
method in which time sedentary is calculated and how this differs from the other
metrics. By using Fitbit devices, time sedentary is derived from accelerometer data.
While the device is worn, minutes spent sedentary, lightly physically active,
moderately physically active and vigorously physically active are calculated based on
the “counts per minute” from the tri-axial accelerometer. However, for any length of
time the device is not worn, this is counted as time sedentary. This makes time spent
sedentary the only physical activity parameter for which a value is counted when the
device is not worn; hence the significant association with daily wear time. This
becomes increasingly problematic when taking into account wearing patterns and
sleep. The device software is able to register subtle movements of the wearer which
are associated with sleep and does not register this as time sedentary, but as time
sleeping. This results in a higher value of time sedentary recorded for patients who
do not wear their device while sleeping, or frequently recharge their device overnight.
As a result of this finding, results associated with time sedentary in this study must

be interpreted carefully.

Ten hours was the most common published criterion for minimum wear time, which
resulted in 9314 valid monitored days (88.2%). The median proportion of days which
met this criteria across the cohort was 89.9% (IQR 84.4 — 97.5%). Compliance with
this criteria was shown to be well maintained with each successive month of
monitoring up to twelve months. This demonstrates that diminishing wearer
compliance due to prolonged monitoring was not observed in this cohort and further

supports the feasibility of continuous physical activity monitoring in this population.
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4.3.2 Baseline physical activity

Previous work examining objective physical activity monitoring in CAD has primarily
focused on patients attending cardiac rehabilitation, which typically occurs after a
cardiac event or procedure. To the best of my knowledge, no work has previously
been published describing the assessment of patients with stable CAD prior to a

major cardiac event or intervention using wearable physical activity monitoring.

Using the minimum wear time criterion of ten hours, an excellent level of valid day
monitoring was achieved, with a median of 84 days (IQR 54 — 84) out of a possible
84 days within the three-month pre-CCL period. My findings demonstrated that there
is a high degree of variability in physical activity behaviours within the stable CAD
patient population. The difference between the lowest and highest quartile ranges for
steps (2791 - 4,965 and 10,863 - 20,920), active calories (299 - 764 and 1,245 -
2089) and MVPA (1 - 16 and 65 - 145) highlights the range of behaviours observed
in patients suffering with angina. These findings demonstrate that the patients
suffering with symptomatic CAD can achieve high levels of physical activity
behaviours. Many within this cohort would meet the recommended physical activity
behaviours that are intended to lower CVD risk, and thus lifestyle advice is unlikely to
improve this aspect of cardiovascular risk further. It is also possible to objectively
identify patients whose physical activity behaviours consistently fall well below
recommended targets. The identification and prioritisation of such groups of patients
with lower physical activity values may be used to direct targeted lifestyle

interventions.
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A number of insights were also gained when comparing the two treatment groups
before they underwent their CCL procedure. All patients recruited to the Virtu-5 study
were considered to have CAD amenable to PCI based upon prior coronary imaging
and had been treated with at least two anti-anginal therapies before being referred
for further assessment. Therefore, other than the number of vessels involved, the
distinction between these patient groups could only be made by invasive
physiological assessment undertaken during their CCL procedure. However, there
were some notable characteristics between the two groups at baseline. Median
values for step count and active calories were numerically higher in the participants
who subsequently underwent PCI versus the medical therapy group (8380 vs 5226
steps, 1045.9 vs 848.7 Kcal, respectively); however neither of these were shown to
be statistically significantly different. Interestingly, time sedentary was also noted to
be numerically higher in the PCI therapy group in comparison to the medical therapy
group (779.6 vs 728.1 minutes) which was close to reaching statistical significance.
However, it is possible that this signal may have been associated with the issues
mentioned above with recording the TS parameter and patient wear characteristics,
and thus this observation does carry some uncertainty. Time spent in MVPA was
however noted to be significantly higher in the PCI therapy cohort versus the medical

therapy group (36.7 vs 15.6 minutes, p = 0.03).

This was the first study to demonstrate an objective physical activity behaviour
(specify) which was associated with the presence of physiologically significant CAD
in patients suffering with angina, which differs from that of clinical stress tests such
as treadmill testing and exercise stress imaging. The low patient numbers may have

contributed to some of these results not meeting statistical significance. It is not clear
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whether the physical activity behaviour is because of the differing phenotypes of
CAD, or whether sedentary behaviour is more likely to lead to microvascular
dysfunction. However, when taken as a whole, these findings suggest that there are
potentially meaningful differences in the physical activity characteristics of patients
who suffer with angina but with different CAD phenotypes (ie obstructive versus non-

obstructive / microvascular disease).

4.3.3 Change following CCL procedures

Several studies have described the objective physical activity behaviours of patients
with CAD after revascularisation, which have included daily step count monitoring.
Branstrom and colleagues used pedometers to measure physical activity in patients
six months after suffering a Ml, aged < 65 years [172]. Following seven days of
monitoring, mean daily step count in 89 participants was 6719, with the following
lower and upper quartile ranges of 913 — 3408 to 8957 — 19980. The authors did not
describe whether patients attended cardiac rehabilitation following their Ml admission
or what the association revascularisation strategy had with outcomes (76% of
participants underwent PCI, 9% had CABG and 15% were managed medically).
Houle et al also described the seven-day monitoring of post ACS patients with
pedometer step counting [173]. At six and 12 months following their ACS event,
patients were dichotomised into either active or inactive group based upon whether
they achieved an average of 7,500 steps of greater. Twenty-five participants met the
criteria for high activity, with a mean daily step count of 11,320 at six months; and 16

patients were classified as less active, with an average daily step count of 5,503.
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Patients in the active group were noted to have lower triglycerides, lower waist

circumference and higher high-density lipoprotein cholesterol.

Other work has also evaluated the role of time spent undertaking various levels of
physical activity alongside step count. Freene et al describe the use of hip-worn
accelerometers to measure activity levels in 67 patients with CAD following a cardiac
rehabilitation programme [174]. Data were collected over seven days at baseline, six
weeks, six months and 12 months follow up. Most participants (79%) attended
cardiac rehabilitation following a PCI procedure for stable CAD, and the mean
baseline MVPA was 32.7 minutes/day and time sedentary was 723 minutes/day.
There was a positive correlation between MVPA and HDL, and higher levels of TS
were negatively associated with 6MWD results. At six months follow up, only 60%
provided sufficient data for analysis, while at 12 months this dropped to 49%. Lastly,
Kambic et al described the physical activity characteristics of patients who were
referred for cardiac rehabilitation following an ACS event [175]. Ninety-one patients
were monitored with a tri-axial accelerometer for eight days prior to cardiac
rehabilitation, with daily measures of physical activity levels, including sedentary
time, was counted. The authors reported a mean daily MVPA of 63 minutes / day
and 248 minutes / day of LPA, with daily sedentary times averaging 484 minutes /
day and an average daily step count of 6422. The presence or burden of angina in

this cohort was not reported by the authors.

To my knowledge, mine is the first work that describes the objective assessment of
physical activity parameters before and after coronary revascularisation for stable

CAD. Furthermore, as demonstrated earlier, previous work has recruited from patient
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cohorts who have suffered ACS events and have undergone revascularisation for
this indication. This cohort underwent CCL assessment due to the presence of
ongoing anginal symptoms in stable CAD, despite the use of medication to
ameliorate their angina burden. This work therefore is also the first to analyse the
monitoring of patients’ physical activity before and after treatment aimed at reducing
the angina burden. During the follow up period, the average value for daily step
count was 7978, MVPA 40 minutes / day, LPA 222 minutes / day and TS 773
minutes / day. These features are generally in keeping with the earlier work
describing physical activity behaviours following coronary revascularisation. These
results reinforce my earlier findings with baseline physical activity that patients with
stable CAD are able to achieve high levels of physical activity behaviours. As in the

baseline results, the variation observed among the cohort was also substantial.

When the two treatment groups of PCI and medical therapy were compared, a
number of differences were also observed. As in the baseline results, the average
MVPA in the PCI group was significantly higher than in the medical therapy group
(48.4 minutes versus 22.8 minutes, p<0.01). Additionally, the active calories value
was significantly higher in the PCI group (1180.3 kcal vs 888.4 kcal, p=0.02). Step
count averages were numerically higher in the PCI group versus medical therapy,
although this was not statistically significant (8,184 versus 5,515, p=0.11). However,
when paired baseline and follow up datasets were compared for any interval change,
no significant changes were observed in any of the physical activity parameters. This
was further confirmed when the PCI and medical therapy paired datasets were
compared separately. This finding suggests that coronary revascularisation with PCI

for stable angina does not result in a significant change in physical activity. This
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highlights the concept that revascularisation is not a lifestyle intervention which leads
individuals to become more or less active than they were previously. Lifestyle
interventions, such as involvement in cardiac rehabilitation, aims to improve the
participant’s awareness of healthy physical activity which aims to improve
cardiovascular risk both directly by improving exercise behaviours and reducing
sedentary time as well as through secondary effects such as improved rates of

weight loss and better blood pressure control as a consequence of physical exercise.

4.4 6MWT

The 6MWT assessment is frequently utilised in patients suffering with CVD, but its
use in CAD is less well described. 6MWD has been shown to correlate well with self-
reported exercise tolerance in CAD patients as well as maximal oxygen consumption
[176-177]. BMWT assessments have largely been utilised in the cardiac rehabilitation
setting, occurring generally after an ACS presentation or revascularisation
procedure. A shorter 6MWD after an ACS presentation has been shown to correlate
with a higher risk of MACE [178-179]. Data pertaining to the effect of coronary
revascularisation in stable CAD on 6MWD is limited. The assessment of 6MWD in
patients undergoing CABG both pre- and post-operatively has not been directly
described. Rossello et al described the use of the 6MWT before and after CTO PCI,
which demonstrated a significant improvement in 6MWD with successful
recanalisation of CTO disease [180]. It is arguable that the 6MWT is a safe and
useful assessment of exercise tolerance in patients with CAD, although our
understanding of its relationship with symptomatic CAD (angina) and its alleviation,

either with revascularisation or medication, are not well described.
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The present work describing the use of the 6MWT before and after PCI does provide
some interesting insights. First, there was no statistically significant difference
between the PCI and medical therapy groups at baseline, although the PCI group
was numerically superior. This lack of a statistical significance may have resulted
from the low number of paired data collected in this study, but it seems paradoxical
that patients with more disease exercised to at least an equivalent level as those
who had less. Second, both the PCI and medical therapy groups demonstrated a
significant improvement in 6MWD following their CCL procedure. While this may be
unsurprising in the PCI group, it is noteworthy in the medical therapy group, given
that they had no change in their medication, and underwent no cardiac rehabilitation
between the two assessments. One explanation is that patients who are found to
have physiologically negative disease during their procedure received a different
form of therapy during this clinical encounter. Following their procedure, each patient
was informed of the nature of the assessment performed by a knowledgeable and
experienced doctor and reassured that their CAD is not significant enough to warrant
an invasive procedure. By being informed that their “heart condition” may not have
been as severe as previously thought, the encounter may have a psychological
component which helps to modify the patient’s perception of their condition and thus
their perception of their overall health and wellbeing. While the patient has clear
evidence of CAD requiring medical therapy, this inadvertent form of counselling may
have a beneficial placebo effect. This may explain how the medical therapy group
achieved an average improvement of 43.2 m in 6MWD following their CCL

procedure, while the PCI group achieved an average improvement of 28.8 m.
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Lastly, comparisons were drawn between the baseline 6MWT assessment and
wearable physical activity monitoring data. Baseline 6MWD was found to be
positively correlated with daily step count, LPA and active calories. It is interesting
that 6GMWD did not correlate significantly with MVPA values, which would intuitively
indicate the level of regular physical exercise an individual undertakes. However, this
finding highlights one of the areas of poor understanding with 6MWT and physical
activity behaviour. It is not well understood how a healthy individual would achieve a
greater 6MWD result over the average cohort value without exercise training.
Whether higher levels of habitual “light” physical activity are correlated with superior
results to higher moderate to vigorous exercise training is not well described.
Additionally, the parameters of daily step count, LPA and AC are intrinsically linked
to the most common forms of physical activity, namely walking, while MVPA is
associated with other forms of physical activity, such as running, swimming and
cycling. It may simply be that patients with greater 6MWD but low MVPA values
exercise primarily by walking, while other individuals with lower 6MWD values with
relatively high MVPA values may indicate that they exercise through different forms
of physical activity other than walking. This theory is supported by the findings of the
guestionnaire data, which the full results will be discussed in greater detail later in
this chapter. With regards to the correlation between questionnaire responses and
6MWT results, it was noted that the 6MWD values only correlated with SF-12 MCS
scores and SAQ AfD scores. None of the questionnaire physical activity
assessments, including the EQ-5D-5L El value, the SF-12 PCS score or the SAQ
PLD score, were significantly correlated with 6MWD. Of note, the PLD score
comprises of questions which enquires into more vigorous forms of exercise such as

running, jogging, swimming, and tennis. Further speculation on this theory is limited

196



within this study as patients were not directly asked to list all forms of physical
exercises they partook in. However, these findings highlight that 6GMWT results are

partially informative of an individual’s physical activity behaviours.

Lastly, it is worth noting that 6MWD improved in both PCI and medical therapy
groups, despite no significant change in objective physical activity values gained
from the Fitbit device. This finding highlights the potential discrepancy encountered
between an individual’s exercise tolerance and habitual physical activity / exercise
behaviour. It does seem paradoxical that none of the physical activity behaviours
significantly improved despite the clear overall improvement in exercise tolerance.
However, the receipt of PCI or the re-assurance of a “non-significant” CAD is likely
have a significant impact on an individual’s perception of what physical activity they
are prepared to undertake. This would therefore have a potential influence on the
results of a 6MWT while having little impact on daily activities with which they have

grown accustomed to.

4.4.1 Step count accuracy

Measurement accuracy is of paramount importance to ensure any device’s reliability
as a clinical assessment tool. Step counting accuracy assessments in wearable
devices are well described in the literature given the vast options available for
consumer-based physical activity monitoring. Germini et al described the state of
step counting accuracy in the literature of modern wearable devices published
between 2013 and 2018, with a total of 31 studies investigating 72 different devices

from 29 different brands, highlighting the variety of devices and manufacturers
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available [181]. While reporting step counting accuracy in wearable technology has
gained popularity, a variety of reference step counting methods are reported, leading
to significant variations observed in the literature. The different reference methods
include manual step counting, automated step counting through video analysis, or
using a reference step counting device. Expert consensus suggests that video
recorded free-living step counting with 2 observers should be the gold standard of
measuring device accuracy [182]. While this method provides a rigorous assessment
of a patient’s usual activity in their own environment rather than a clinical space or
with restricted types of walking, its main drawback is its laborious nature. Assessing
45 participant recordings during a 10-14 waking hours period would require 450-630
hours of video recording to be analysed. Additionally, this method fails to capture
outdoor activity which can introduce several influential factors in step counting, as
well as being far more intrusive than other methods of physical activity monitoring. In
free living conditions, only 9% of studies used this reference method to assess
device step counting accuracy. Thus, the expert consensus has called for a feasible
alternative gold standard criterion measure of free-living step counting in order to

provide an accessible, standardised method to quantify device accuracy.

Visual observation step counting is a popular reference method for assessing device
accuracy, accounting for 24% of reported studies [182]. This work is primarily
conducted under laboratory conditions, utilising different forms of ambulation such as
treadmill or track / overground walking. While visual observation step counting has
notable limitations in comparison to free living step counting methods, it represents
an important first step in the validation of wearable devices as accurate physical

activity monitors.
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The Virtu-5 study investigated the step count accuracy of the Fitbit Charge 4 device
in patients suffering with CAD. As outlined by expert consensus guidelines, | have
reported the recommended statistical analyses, namely of Bland-Altman limits of
agreement analysis, ICC, and mean absolute percentage error, as well as Pearson’s
R and R? values. Using directly observed step counting as a reference during 6MWT
assessments, these findings suggest that the Charge 4 device achieved good
accuracy overall in all relevant tests. This includes achieving a mean absolute
percentage error of 4.4% which is within the desirable criteria of accuracy for
wearable devices to suggest an extremely low level of measurement error (<5%). It
is worth noting that, as part of the 6MWT instruction, this assessment was conducted
during brisk walking conditions which can reduce the accuracy of step counting

devices.

To my knowledge, very little has been described concerning a comparison of the
Fitbit Charge 4 device with direct observation step counting in a laboratory
environment with all recommended statistical analyses in a typical gait population.
Waddell and colleagues reported on the assessment of step counting accuracy of
the Fitbit Charge 4 device in 30 healthy adults with two one-minute bouts of treadmill
walking [183]. The authors reported an ICC of 0.75 which was statistically significant
(p < 0.001) but failed to provide a mean absolute percentage error value or Bland-
Altman analysis for their findings in this environment. They also reported a ‘free
living’ assessment with a “research-grade” step count monitor as the reference
method, which resulted in a poor mean absolute percentage error value of 26%.

Unfortunately, this work failed to report their laboratory-based assessments with all
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the recommended analyses, and the reference measurements for their free-living
assessment was not considered a “gold-standard” method. As such, this work
represents the first robust laboratory-based assessment of the Fitbit Charge 4

device’s step count accuracy.

4.5 Questionnaires

Beyond clinical endpoints such as mortality and MACE, patient reported outcomes
are relied upon to provide a comprehensive understanding of the impact of medical
interventions on patients’ quality of life and symptom burden. The importance of
incorporating these outcomes into clinical research and practice is underscored by
their ability to capture the patient’s perspective on health status, functionality, and
well-being, which may not be fully reflected by clinical measures alone. Recent work
utilising patient reported outcome measures have provided novel insights into CAD.
The application of the questionnaires used in my work has previously been well
described in CAD populations. A systematic review and meta-analysis demonstrated
an inverse relationship between baseline values or changes in health-related quality
of life (HRQOL) and MACE in patients with CAD, which included assessments with
EQ-5D-5L, SF-12 and SAQ [184]. Both EQ-5D-5L and SF-12 demonstrated that
patients with typical angina suffer worse overall health-related quality of life when
compared to patients with atypical angina and non-anginal discomfort [185].
Interestingly, the presence of obstructive versus non-obstructive CAD in this work
was not shown to be associated with HRQOL. The revascularisation of patients with
stable CAD, either with PCI or CABG, has been shown to improve long term general,

and disease-specific, HRQOL [186]. The ORBITA Il study also provided evidence of
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the benefits of PCI in a blinded randomised study design of PCI versus control in
patients with anginal symptoms [166]. AFD, PLD and QOLD were shown to be
higher in the PCI arm of the treatment group versus control, as well as better EQ-5D-
5L VAS scores. However, HRQOL assessments were not performed pre-PCl and
therefore it was not possible to demonstrate whether there was an improvement

following PCI.

This work highlighted a number of important findings with regards to symptomatic
CAD and HRQOL. At baseline, no significant difference was found in any of the
guestionnaire values between the PCI or medical therapy groups. This suggests a
similar level of symptom burden and general health status between the two groups,
despite having different phenotypes of coronary disease (i.e. ‘obstructive vs non-
obstructive’, as assessed by FFR). Statistically significant improvements were noted
in EQ-5D-5L VAS and El scores and SAQ PCS domains, suggesting an overall
improvement in general health-related QoL in the PCI group, but not the medical
therapy group. Improvements in SAQ MCS scores were numerically, but non-
significantly, higher in the medical therapy group as compared with the PCI group
(mean change of 7.27 vs 3.4 respectively, p = 0.054). With regards to CAD-specific
health burden, both PCI and medical therapy groups reported a significant
improvement in their quality of life, whilst only the PCI therapy group demonstrated
an improvement in physical limitation and angina frequency. Patients did not have
access to their baseline questionnaire responses, and so they would not be biased
by previous answers. These findings suggest a clear trend in the improvement of
HRQOL of patients with obstructive CAD who underwent PCI, whilst the patients

who did not have obstructive disease did not experience a significant change in all
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but one domain. These findings are consistent with earlier work which suggests that
patients who undergo PCI for stable CAD experience an improvement in HRQOL
[184]. In agreement with other work, whilst symptoms of angina improved, most
patients continued to experience some angina despite PCI [166]. Overall, the
findings suggest that PCI therapy successfully achieves the intended improvement of

symptom burden and QoL in stable angina.

| also compared the baseline questionnaire responses to baseline physical activity
data to determine whether a relationship existed between objective physical activity
assessments and patient perception of health in CAD. My findings demonstrated a
number of correlations between the two sets of data. First, MVPA was significantly
correlated with general health EQ-5D-5L: VAS (r = 0.363) and angina-related
physical activity limitation scores (r = 0.378). Second, daily step count was also
found to be significantly correlated with SAQ PLD values (r = 0.428), while LPA was
noted to be correlated the EQ-5D-5L El values (r — 0.336). None of these
correlations were above 0.5, which suggested a weak but statistically significant
correlation. It is expected that patient reported perceptions of physical activity and

disability would have some relationship with objective measures of physical activity.

Lastly, given that the objective physical activity parameters did not change
significantly after PCI despite the improvements in questionnaire responses, these
findings suggest that objective measures of physical activity measures are not
synonymous on the individual's perception of their health. These findings therefore
provide a novel perspective on a patient’s activity behaviour which may differ from

the patient’s own perception of their activity level. Considering that previous works
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have relied largely upon patient recall through questionnaires to describe their
physical activity after treatment for CAD, this highlights that this method may not
accurately represent an objective change in their physical activity behaviour.
Similarly to the 6MWT results, the perception of their condition may have been
significantly altered following their PCI procedure leading to a more positive outlook
on their health, however this has not been translated into a meaningful change in

their habitual physical activity behaviour.

45.1 Questionnaires exploring device user experience

| produced a user experience questionnaire for several reasons. First, | aimed to
assess the experience of the study participants with smartwatches and smartphones.
A potential limitation of the study was the possibility of recruiting participants who
were already familiar with these devices, which would hinder the generalisability of
my findings to an older population less acquainted with wearable technology.
However, my results showed that the majority of patients (65%) had never owned a
smartwatch before, suggesting that my findings are applicable to populations not
familiar with such devices. In contrast, smartphone ownership was significantly
higher in this cohort, with 76% of respondents using them for activities beyond
texting and calling, suggesting a reasonable degree of technology literacy.
Identifying comfort and wearability issues during the study helps us uncover potential
barriers to consistent use. As previously described, | observed a high level of
compliance throughout the study period. This aligns with the user experience
findings, which indicate that the majority of study participants did not have a negative

experience with their device, despite using it for an extended period. Overall, the
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responses received through the user experience questionnaire indicated that most
study participants had a positive experience with the physical activity monitoring

device, even though they had not owned such a device in the past.

Additionally, | sought to determine whether negative experiences with wearable
technology, either prior or during the study, influenced the data collected. Regarding
negative responses prior to study involvement, which related to either not having
used either a wearable device or smartphone use, none of the physical activity
parameters showed a significant association with these factors. With regards to
negative experiences during the study, the vast majority of patients (94%) did not
experience discomfort with their device. Discomfort reported in the user
guestionnaire was found to have a negative correlation with MVPA and active
calories. While this may suggest a relationship between user comfort and observed
physical activity behaviour, the small number of participants who reported discomfort

is likely insufficient to draw any meaningful conclusions.

4.6 Cardiac magnetic resonance imaging

The CMR component of the Virtu-5 study was intended to provide a detailed
assessment of cardiac morphology and function and how this can be linked to
physical activity monitoring. CMR imaging allows for the comprehensive assessment
of cardiac structure and function, as well as quantifiable assessments of myocardial
blood flow relevant to CAD. Due to the technical issues encountered with the CMR,
which could not be resolved despite applications specialist input and attempts at

post-processing optimisation, myocardial perfusion imaging and tissue
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characterisation was not possible due to poor image quality. This limited the
opportunity to gain deeper insights into potential differences between patients with
obstructive and non-obstructive CAD, such as the presence and extent of scar

burden as well as myocardial perfusion characteristics.

Despite this regrettable outcome, analysis of left ventricle structure and function was
performed with each CMR study. Cardiac function estimated by ejection fraction (EF)
did not significantly vary between the PCI or medical therapy groups. No patients
enrolled in the study were previously diagnosed with heart failure, and none had
significant symptoms related to heart failure such as breathlessness, pedal oedema,
orthopnoea. Despite this, 19% of scanned study participants patients were found to
have a left ventricle systolic function which would be classified within the range of
heart failure with preserved ejection fraction (HFpEF), and one participant was found
to have an ejection fraction of 40% which is equivalent to heart failure with reduced
ejection fraction (HFrEF). Without any symptoms of fluid overload or breathlessness,
these findings alone would not result in clinical diagnosis of heart failure in these
individuals as per current guidelines [187]. Despite the range of systolic cardiac
function observed in this cohort, there was no significant correlation between EF
value and any physical activity parameters. This finding is notable considering the
historical association between significant physical limitation and reduced cardiac
function. However, the relationship between symptoms and imaging severity, as in
many cardiac conditions including CAD, is not a perfect linear relationship, hence the

need for relevant symptoms to make a formal diagnosis of any heart failure.

205



Whilst changes in left ventricular function were not found to correlate significantly
with physical activity behaviours, a number of structural features revealed some
interesting findings. Left ventricle cavity size, both in systole and diastole, as well as
cardiac mass, were noted to be significantly correlated with daily step count, MVPA
and AC. Aerobic exercise has been known to induce positive cardiac remodelling
characteristics, such as increased left and right ventricle chamber dimensions as
well as wall thickness [188]. Meyer et al demonstrated that individuals with normal
ejection fraction who underwent stress echocardiography and exhibited poor
exercise capacity had smaller left ventricular chamber sizes compared to those with
normal exercise capacity, although cardiac mass was also noted to be higher in this
group [189]. The patients being assessed were noted to have a variety of indications
for stress echocardiography, with only 12% of patients having CAD. Given that the
left ventricle dimensions in this cohort were either normal or within mildly elevated
parameters, these findings may represent positive remodelling features associated
with regular exercise and activity in keeping with their observed physical activity
behaviour. Previous studies describing the association between exercise or physical
activity and left ventricle dimensions are very limited. A cross-sectional study of
healthy Hispanic/Latino men and women in north America demonstrated an inverse
relationship between wearable technology-monitored MVPA and left ventricle mass
measured by echocardiography [190]. The comparability between these findings and
my own are difficult given a number of key differences, such as a healthy population
and a short monitor period of 3-6 days for physical activity behaviour. Additionally,
the average MVPA for this population with a mean age of 56 was 21 minutes per day
versus our median value of 40 minutes per day from a cohort of patients with mean

age of 65 suffering with symptomatic angina. My findings highlight that more
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comprehensive work is needed to understand the relationship between physical

activity behaviours and left ventricle structure and cardiac remodelling.

4.7 Multivariable analysis and physical activity

During this work, I analysed the influence of various atmospheric conditions on daily
physical activity behaviours recorded with wearable technology in this cohort of
patients suffering with CAD. By utilising the generalised linear mixed model
approach, | was able to analyse a large, complex set of data with multiple
parameters. This approach was favoured over other methods, such as generalised
linear model as it allowed us to incorporate fixed and random effects which allowed
us to model clustered data, such as repeated measurements on the same subjects.
Linear mixed models are limited by the assumption of normality from the response
variable, which was not the case in this physical activity dataset. Furthermore,
generalised linear mixed models do not require an assumption of independence

between each fixed and random effect, making it more suitable for real-world data.

Firstly, it allowed us to confirm my earlier findings that factors such as age, gender
and BMI are highly influential when objectively measuring physical activity behaviour.
Furthermore, with the minimum wear time criteria of 600 minutes applied, wear time
was not independently associated with daily step count or MVPA, although it was
strongly correlated with TS. My analysis did demonstrate that AC and LPA was also
significantly associated with wear time, which was not demonstrated in my earlier
findings. For each minute of wear time recorded, this translated to a 3 second

increase in LPA and a 36 second reduction in TS. Between a maximum and
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minimum value of 600 to 1440 minutes, this would indicate a possible variation of up
to 42 minutes of LPA and 504 minutes of TS. The finding of such a small but
statistically significant variation is likely due to the high volume of data used in the
model. This further highlights the need to monitor and quantify device compliance for
each study participant involved in physical activity research and ensure that device

compliance is not significantly different between observed cohorts.

My analysis demonstrated several significant associations between weather
parameters and daily physical activity behaviours. Average relative humidity was
most frequently and often most strongly negatively correlated with changes in
physical activity parameters, including daily step count, MVPA, and AC, and was
positively associated with TS. Total precipitation was also found to be negatively
associated with daily step count, MVPA and AC, while average gust was negatively
correlated with LPA. Maximum temperature was positively correlated with daily step
count and AC, while total sunshine was positively correlated with LPA. Using GLMM
analysis, these correlations and associations are evaluated independently of each
parameter, implying that the observed associations are intensified when they occur
simultaneously. Due to the significant multicollinearity observed with total radiation in
my initial analysis of the weather parameters, it is likely that the parameter is highly
influenced by other parameters observed, and its independent value could therefore
not be demonstrated. My results demonstrate that during favourable weather
conditions such as good sunlight and warm temperature physical activity behaviour
is significantly higher, while unfavourable conditions such as humidity, rain and wind

speed is associated with lower physical activity patterns.
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It is interesting to note the scale of the estimated impact of varying weather
conditions on physical activity and how it compares with other influential factors. For
example, total average humidity was noted to be most strongly associated above
other weather parameters. Assuming a linear correlation, each percentage increase
in average relative humidity was estimated to result in a decrease of 26 steps, half a
minute of MVPA and 3.4 Kcal of AC, with an increase in TS of over half a minute.
Considering the lowest rolling average value of relative humidity and highest during
the study period as 57% and 97% respectively, this would indicate a potential
variation in physical parameters of 1040 steps, 20 minutes MVPA and TS and 136
kcal between these two values. Daily variations in average relative humidity were
noted to be even wider, from 28% to 100%, which could theoretically lead to a daily
variation of up to 1872 steps, 36 minutes of MVPA and TS and 244 Kcal. With
regards to total precipitation, each increase in recorded mm of precipitation was
associated with a decrease in daily step count of 44 steps, half a minute of MVPA
and 3.3 Kcal of AC. While rolling average values did not vary greatly (O mm to 7
mm), daily values were noted to vary on a larger scale, with up to 47 mm of rain
recorded on one occasion. This may indicate a variation of physical activity of up to
2068 steps, 23.5 minutes of MVPA and 155 Kcal of AC due to total precipitation
values. In comparison, female gender was associated with an average of 1089 fewer
daily steps, 15 minutes fewer of MVPA and 22 minutes of LPA with an increase in 37
minutes of TS and 454 Kcal fewer active calories. Age greater than 65 years old was
correlated with an average daily reduction of 2200 steps, 23 minutes of MVPA, 13
minutes of LPA and 264 kcal, with an increase of 21 minutes in TS. In comparison to
participants with a normal BMI, obesity was associated with a daily reduced average

of 2735 steps, 15 minutes of MVPA and 31 minutes of LPA and 98 Kcal of AC, with

209



an increase of 55 minutes of TS. Therefore, the impact of variations in individual
weather parameters on physical activity is comparable to that of other significant
factors, such as age, gender, and BMI. This becomes even more significant when
considering that these parameters can coincide, further amplifying this potential

variation.

My weather records demonstrated a significant variation in atmospheric conditions
throughout the study period. Seasonal variations were observed in total sunshine,
total radiation and average relative humidity. Given the variation observed, it was
considered reasonable to investigate the influence these conditions may have on
physical activity behaviours. When the treatment groups were compared, there was
a slightly lower wind speed noted in the PCI group, which while statistically
significant, would likely have a very small impact on overall physical activity. Based
on the generalised linear mixed models analysis, this small difference in averaged
atmospheric conditions may account for less than a minute’s variation in light
physical activity between the two groups. However, atmospheric conditions were
noted to be consistently different between pre-CCL and post-CCL monitoring
periods. Overall, the differences observed would suggest that the post-CCL
monitoring period experienced more favourable weather conditions, which may have
significantly influenced any changes noted between baseline and follow up findings.
When the findings of the generalised linear mixed model are extrapolated, the
differences observed in the atmospheric parameters would account for an increase
of 97 daily step count total, 1.7 minutes of MVPA, 0.45 minutes of LPA and an
increase in active calories of 19 kcal, with a decrease in time sedentary of 2.1

minutes during the overall follow up period in comparison to the medical therapy
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group. These differences are reassuringly relatively small and likely to have little
impact on the overall significant differences in physical activity monitoring outcomes

observed earlier.

As an independent factor, including when controlled for baseline versus follow up
monitoring period, the presence of non-obstructive coronary disease, and thus
allocation to the medical therapy group, was significantly associated with a decrease
in daily step count, MVPA, LPA and AC, as well as an increase in TS. The scale of
step count and MVPA variation between treatment groups was noted to be larger
than any other independent factor investigated in these models with an estimated
daily reduction of 2876 steps and 28 minutes of MVPA. This observation further
supports the finding that the presence of non-obstructive coronary disease in our
cohort of patients with IHD is more likely to have unfavourable physical activity
behaviours in comparison to patients with obstructive coronary disease. The
monitoring period of pre- versus post-CCL procedure was also noted to be a
significant factor with regards to physical activity behaviours, independent of
treatment group. Weekend versus weekday monitoring was also found to be a
significant factor in influencing all physical activity parameters, with a reduction in
daily step count of 1030 steps, five minutes of MVPA 20 minutes of LPA 123 Kcal of
active calories. Overall, our findings suggest that each of these individual parameters
contribute significantly to variations in physical activity behaviour and should be
taken into consideration when designing trials and analysing data utilising objective

physical activity monitoring.
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4.8 Key limitations

The main limitation of this study was the small sample size. The original design of
the Virtu-5 study focused on the development of a novel coronary modelling system
and thus was powered to demonstrate feasibility. One of the main objectives of this
work was to assess the feasibility and acceptability of prolonged wearable device
physical activity monitoring, which our work was able to demonstrate the
successfully. However, several analyses in our work focused on the comparison
between patients with non-obstructive and obstructive CAD, a comparison which
was not specifically powered for demonstrating a statistical significance between the
two disease subtypes. This led to small cohort numbers that were not controlled for
differences in demographics which | demonstrated had a significant impact on
physical activity behaviour. Additionally, smaller cohort numbers may have led to
exaggerated findings due to a small number of outliers that a larger cohort may have
controlled for. In all relevant analyses, the data was assessed for normality of
distribution and either parametric or non-parametric methods were applied based on

these assessments, which would help to reduce the effect of outlier values.

A further limitation was the lack of blinding to the procedure characteristics during
the CCL visit. All patients underwent diagnostic coronary angiography during the
study with pressure wire assessment of relevant coronary arteries. It may have been
theoretically possible to blind the patients as to whether they had undergone PCI or
not, as described in the ORBITA trials. However, the study was planned before the
first ORBITA study was published, and introduction of patient blinding during their
procedure would have raised technical and ethical challenges that would have

increased the complexity of our work, which would have been exacerbated
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substantially during the COVID pandemic for many reasons. As such, patients were
fully aware of whether or not they underwent PCI for their CAD and would therefore
been exposed to a potential placebo bias. Additionally, the disease phenotype
between the PCI and medical therapy was not the same, as the former had evidence
of obstructive CAD and the latter was non-obstructive. In this work, | have refrained
from referring to the medical therapy cohort a “control group”, as this would have
suggested that an appropriate treatment was withheld for an equivalent disease as
the PCI cohort. Rather, the medical therapy and PCI groups represented distinct
phenotypes of CAD that were both managed appropriately. Interpretations as to the
benefit of PCI versus no PCI in obstructive CAD, as made in the ORBITA trials, are

not possible in this study design.

My assessment of step count accuracy provided some valuable insight into the
reliability of the Fitbit Charge 4, which can be extrapolated to normal gait
populations. However, our assessment was performed in a single form of walking
and did not include normal or slower walking behaviours. The assessments were
also performed in a controlled laboratory setting, which is not sufficient to prove
adequate accuracy in free-living conditions, as mentioned before. Furthermore, while
there was a focus on assessing step count accuracy, no attempt was made to
assess the accuracy of the other physical activity parameters observed. Such
assessments would have required additional assessment tools, such as exercise
treadmills and heart rate monitors for levels of physical activity (ie LPA, MVPA),
while assessments of active calories would have also required specialist caloric
expenditure assessment methods. Given that these activity parameters were

discussed at length for their value in this work, it would be reasonable to validate
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their accuracy with relevant reference means. Lastly, our findings on device
accuracy are only relevant to this specific model of physical activity tracker. Newer
models of the Fitbit Charge product range have been released since the start of our
work, and our findings cannot be translated to any other device manufacturer. This
issue is a well-recognised limitation of assessing the accuracy of commercial devices
when the market and technology develop faster than the validation can keep pace

with.

Not all patients were able to complete every aspect of the Virtu-5 study design due to
multiple issues encountered during the COVID pandemic. A significant frequency of
staff, student and participant illness related to COVID, as well as the impact of social
distancing rules, resulted in significant organisational challenges throughout the
study. Out of the 37 patients recruited to our study, eight participants could did
attend a CMR session directly to staffing reasons or social restrictions prior to their
CCL appointment. Additionally, only 24 of the study participants successfully
underwent pre- and post-CCL 6MWT assessments, requiring at least two separate
hospital visits for each assessment. During the UK’s management of the COVID
pandemic, periods of social isolation were advised prior to elective hospital
admission, which included attendances to other hospital appointments. Due to the
changing rules surrounding social isolation around this time, apprehension by staff
and students, as well as patients, that appointments would be inadvertently
cancelled due to the pre-CCL appointments meant that every effort was aimed at
avoiding clashes with advised social isolation rules. This issue was compounded
with the fact that patients were usually only given 4-6 weeks’ notice of their

procedure date, which left us very little time to organise our CMR and 6MWT
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appointments. The lack of a dedicated research space to conduct the 6MWT was
also a significant factor, as we conducted our assessments in controlled hospital
settings. To ensure that our assessments did not impede any nearby clinical
activities, as well as inform staff of activities nearby their workplaces, the research
students routinely informed relevant senior nursing staff in the relevant clinical areas
of our assessment activities. Our assessments were unfortunately cancelled on a
number of occasions due to an outbreak of COVID in the nearby unit, resulting in an
infection control lockdown of the surrounding area which included our assessment
area. These issues reduced the number of participants from our already small
patient group in these analyses even further. Regarding both the CMR and 6MWT
analyses, only the physical activity data of participants who completed these

assessments were analysed for associations with these measures.

A further point of limitation includes the design of the Virtu-5 study. The data for the
post-PClI period described occurred following a 3 month “cooling off” period, the
intention for which would allow the study PCI group to recover from their procedure
and acclimate to a potential new level of physical activity behaviour with their angina
burden reduced theoretically reduced. However, there may have been valuable
insights gained from presenting data during this cooling off period, including the
recovery from the procedure, as well as short term improvements in physical activity
that may have been short lived and returned to their baseline activity. These findings
could illustrate the need, or not, for a cooling off period at all, including the
appropriate length of time, which may inform future works in this area. Additionally,
following their cath lab procedures, there was no specific protocol regarding the

specific management of patients within the medical therapy group. Patients were
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managed on a case-by-case basis as to how their medication was either optimised,
reduced or maintained, depending on the clinician’s assessment of their symptoms.
It was not recorded whether the operator’s clinical assessment of the study subject’s
presenting symptoms was indeed angina, which in the presence of non-obstructive
coronary artery disease would suggest an alternative pathology such as
microvascular angina or coronary spasm, or whether in the light of their diagnostic
procedure a non-cardiac cause was suspected, such as gastroesophageal reflux
disease or musculoskeletal pain. The distinction between these two diagnostic
categories would have led to significantly different management strategies, one of
which would have been the reconciliation of anti-anginal medication in patients who
angina was not thought to be the cause. The reduction of anti-anginal medication
such as beta-blockers, which have well documented side effects such as lethargy,
dizziness and sleep disturbance, all of which may have a significant effect on daily

physical activity behaviour.

Lastly, | was unable to control for the effect of the COVID pandemic on free-living
physical activity behaviour. While one method considered was to map the national
lockdown dates across the study period, the rules of lockdown were not always clear
and public advice changed frequently throughout the pandemic, as well as the
initiation of local tiered lockdown rules. Furthermore, it was not possible to estimate
the psychological impact of a frightening global pandemic on the everyday lives of
the UK population which would have likely had a significant impact on whether

individuals felt comfortable outside of their homes or in public spaces.
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CHAPTER 5

5. Conclusion and further work

5.1 Key findings

Whilst there have been considerable advances in diagnostic tools for cardiovascular
disease, assessing CAD symptom burden remains essential for defining disease
severity and evaluating treatment response. There are several limitations to the
current approach to CAD assessment which make it challenging to quantify the
benefit of coronary revascularisation in stable angina. My work demonstrates that it
is feasible to monitor patients suffering with coronary disease over prolonged periods
of time with the intention of recording baseline and follow up physical activity
behaviours. Study participants achieved high levels of device compliance throughout
the study period which did not diminish over time. It was found that the use of
minimum wear time cut-off to screen wearable physical activity data resulted in
reduced bias in most physical activity parameters, although TS remained
significantly correlated with wear time until much stricter cut-offs were used. The
popular minimum wear time cut-off value 600 minutes was considered an
appropriate standard for our work as reasonably stricter values did not improve data
quality, while much higher cut-off values and near all-day device wearing were found
to greatly reduced the available data with little benefit to most of the key physical

activity parameters.

This work provided objective data on the impact of PCI on physical activity

behaviours in patients suffering with symptomatic CAD. Wearable physical activity
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monitoring provided a range of physical activity parameters which provided novel
insights into a range of physical activity behaviours relevant to cardiovascular
disease. This cohort of patients demonstrated a wide variety of physical activity
behaviours and trends. Patients found to have physiologically significant CAD were
associated with higher levels of healthy physical activity, particularly moderate to
vigorous physical activity and active calories. However, PCI therapy did not
significantly change physical activity behaviours from baseline to follow up at three to
six months. This indicates that physical activity behaviour may be helpful to risk
stratify patients before undergoing assessment for PCI, but does not necessarily

indicate treatment response.

Comparisons between clinical assessments of CAD and objective physical activity
monitoring revealed a number of novel insights. Patient reported outcomes indicated
that participants who received PCI experienced a significant positive change to their
general and disease-specific health related quality of life. This was despite the fact
that their physical activity behaviour did not change, indicating a disparity between
patient-perceived physical activity and objective measures. Furthermore, CMR
assessment indicated a possible correlation between favourable physical activity
behaviours and features consistent with positive remodelling of the left ventricle
structure. Our findings strengthen the link between objective physical activity
behaviour and health related quality of life, which further supports the potential use
of objective physical activity monitoring as meaningful clinical end points for future

research studies which aim to investigate the treatment of symptomatic CAD.

218



Our 6MWT analysis demonstrated a significant improvement in the exercise
tolerance of patients who underwent either PCI or continued medical therapy. These
6MWD values were also found to be correlated with physical activity behaviours
collected at baseline. Given that there were no changes in physical activity behaviour
parameters between baseline and follow up assessment, this again highlights the
difference in assessing exercise capacity and exercise / activity behaviour. Our step
count accuracy work during the 6MWT assessments also demonstrated the good
reliability with step count measurement using the Fitbit Charge 4 device in a
laboratory setting. As this is the first work that has reported the recommended
analysis of accuracy in a lab-based setting for this device, setting the stage for

further validation in a free-living environment.

Lastly, | demonstrated the impact of several influential factors on physical activity
behaviour, including demographic, temporal, and atmospheric factors. Demographic
features such as gender, age and BMI were all significantly and independently
correlated with physical activity behaviours, highlighting the need to ensure that any
work that measures objective physical activity controls for these characteristics when
comparing treatment groups. Weather characteristics were also significantly
correlated with different physical activity behaviours, with favourable weather
conditions associated with positive physical activity behaviours, and unfavourable
atmospheric conditions associated with poorer activity. These findings are relevant
when considering the impact of treatment between baseline and follow up measures,
highlighting that seasonal variations in weather could significantly influence physical
activity characteristics leading which may confound such work. Lastly, physical

activity was shown to vary significantly depending on what day of the week was
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being monitored. These results highlight that studies which utilise physical activity
data collected over shorter monitoring periods must consider the impact of when

their data was collected.

52 Further work

Given that the Virtu-5 study was designed to assess the feasibility of wearable
technology in a small group of patient with CAD, a larger cohort study is warranted to
confirm the findings in this thesis. If my findings are replicated in a larger population
of CAD, this would support the use of objective physical activity monitoring as a tool
for risk stratifying patient before CCL procedures in both clinical and research
settings, as well as monitoring physical activity behaviour before and after
revascularisation. Furthermore, several research opportunities and questions have

arisen from the work carried out.

5.2.1 Step count accuracy in free-living environment

There remains an interest in providing researchers and the general public with robust
assessments of wearable device accuracy in assessing physical activity. With the
evidence provided in this work illustrating the step count accuracy of the Fitbit
Charge 4 in a laboratory-based environment, the next logical step is to assess its
accuracy in free-living conditions. According to current expert consensus described
earlier, this would require video monitoring of study participants in their own dwelling
for over a 24-hour period. While time-intensive, this method would allow for a robust

assessment of step count accuracy in real-world settings. However, given the
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development of newer models of the Fitbit wearable devices, including the Fitbit
Charge 5 and Charge 6, as well as the discontinuation of the Charge 4 model, the
value of assessing the accuracy of an outdated device is likely to be limited. The
need to produce timely assessments of device accuracy in free living environments
in the current climate of commercial technology development is therefore sorely

needed in order to consider such devices as reliable clinical assessment tools.

5.2.2 Physical activity and non-invasive therapy for angina

relief

My work focused on the use of coronary revascularisation as a treatment for angina
refractory to the standard medical therapy approach to CAD. While my findings
suggest that PCl is associated with an improvement in angina burden and exercise
tolerance, it remains unclear whether relief of angina burden leads to significant

changes in objective physical activity behaviours.

Anti-anginal medications are the first line of treatment for patients suffering with
angina. Given that access to anti-anginal medication is more readily available than
PCI, many patients suffering with angina are already on at least one such medication
before they are seen by a cardiology specialist. The impact of anti-anginal
medication on physical activity behaviours in symptomatic CAD is an unknown entity.
The ORBITA study demonstrated that PCI did not significantly improve exercise
capacity in patients who were already prescribed optimised medical therapy for
angina relief. Characterising the physical activity behaviours of patients before and
after commencing anti-anginal therapy in a step-wise fashion may reveal further

insights into the relief of angina and its association with physical activity behaviours.
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This could help patients and clinicians understand the impact of anti-anginal
medication on their overall health and wellbeing. By analysing the responses to anti-
anginal therapy through physical activity monitoring, it may also provide insights into
characteristic patterns which might provide predictive information on whether PCI
therapy would be effective in controlling their symptoms (i.e. patients who do not
respond significantly to initial anti-anginal therapy despite reaching target doses may

be less likely to have benefit to PCI).

5.2.3 Microvascular angina

This work demonstrated that patients with symptomatic angina with non-obstructive
coronary artery disease had poorer physical activity behaviours in comparison to
patients with obstructive coronary disease. While one theory posited for this was that
a significant proportion of these patients may have been suffering from
microvascular angina, we were not able to confirm this with invasive testing. Given
the disparity in physical activity traits between obstructive and non-obstructive
coronary artery disease observed in our cohort, it would be worth exploring this
subgroup of CAD patients further in a larger cohort. Investigating whether the
presence of microvascular dysfunction based on invasive physiological testing is
correlated with poor physical activity levels may help to identify these patients at an
earlier stage. Given the diagnostic challenges associated with microvascular CAD,
identifying important risk factors which help clinicians identify high-risk groups for
microvascular dysfunction may help to improve patient selection for targeted
therapies in future research. Additionally, whether these patients respond to anti-

anginal therapies in the same way obstructive CAD patients do in terms of physical
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activity may also be of interest to clinicians to help distinguish the two phenotypes of

IHD.

53 Final conclusion

Understanding the value of wearable physical activity monitoring in symptomatic
CAD may provide clear benefits for patients and clinicians. The Virtu-5 study has
shown that prolonged wearable activity monitoring is feasible in the CAD population
and can offer meaningful, objective insights into physical activity behaviours along
the patient treatment journey. The Fitbit Charge 4 device demonstrated good step
count accuracy in laboratory testing and was deemed acceptable by the recruited
cohort. My findings revealed that obstructive, FFR positive CAD was associated with
higher levels of positive physical activity in comparison to patients suffering with
angina but had FFR negative disease. Furthermore, treating angina with PCI in
stable CAD did not result in significant changes in objective physical activity
behaviours. This is despite clear improvements in questionnaire responses and
6MWT results following PCI. Additionally, several demographic, temporal, device-
related, and weather factors significantly influence recorded physical activity
parameters, which need to be considered and controlled for in research studies
using these patient assessment methods. Further efforts to understand the
connections between physical activity and angina relief, as well as symptomatic non-
obstructive CAD, are warranted. In summary, objective physical activity monitoring
with wearable device technology appears to be a promising tool for assessing
physical activity of patients with symptomatic CAD and can provide novel insights

into physical activity behaviour and health status.
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Appendices

1. Patient consent form

Sheffield Teaching Hospitals

Patient |dentification Number for this trial: I:I

CONSENT FORM
Towards a complete virtual (computed) model of myocardial ischaemia
(VIRTU 5)
Professor Julian Gunn
Flease initial boxes

| confirm that | have read and understand the information sheet Version 2 dated for the above study. | have
had the opportunity to consider the information, ask questions and have had these answered satisfactornihy.

L]

| understand that my participation is voluntary and that | am free to withdraw at any time without giving any
reason, without my medical care or legal rights being affected.

[]

| understand that sections of my medical notes and data collected during the study may be locked at by
individuals from regulatory authorities or from the NHS Trust or University where it is relevant
to me taking part in this research. | give permission for these individuals to have access to my
Records.

| agree to answer the questionnaires (1).

| agree to have the MR scan[s] (2).

| agree to have the activity monitoring (3).

| agree to perform the 6 minute walk tests] (4)

| agree to take in the whaole of the above study

HpNIEpEIERE

Mame of Patient Date Signature
Mame & Job Title of Person Date Signature
Taking Consent

When jcompleted 1 for pariicipant; 1 for researcher site file; 1 (original) for medical notes

VIRTU-5. Consent Form. Version 2. 1B.02 2020. IRAS: 272069, 5TH 20561
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2. Ethical approval

¥mchwil lechyd

a Gofal Cymru m
Health and Care Health Research
Research Wales Authority

Professor Julian Gunn

Professor of Interventional Cardiology Hc:}:“:": Eff:::EIE%E :xﬂt
University of Sheffield : '
The University of Sheffield

Western Bank

Sheffield

510 2TN

23 March 2020

Dear Professor Gunn

HR A and Health and Care
Research Wales (HCRW)

Approval Letter

Study title: VIRTU-5: towards a complete model of myocardial
ischaemia

IRAS project ID: 272069

REC reference: 20/M5/0033

Sponsor Sheffield Teaching Hospitals NHS Foundation Trust

| am pleased to confirm that HRA & i 5 : : : :
has been given for the above referenced study, on the bams described in the application form,
protocol, supporting documentation and any dlarifications received. You should not expect to
receive anything further relating to this application.

Please now work with participating NHS organisations to confirm capacity and capability, in
line with the instructions provided in the *Information to support study set up” section towards
the end of this letter.

How should | work with participating NHS/HSC organisations in Northern Ireland and
Scotland?

HRA and HCRW Approval does not apply to NHS/HSC organisations within Northemn Ireland
and Scotland.

If you indicated in your IRAS form that you do have participating crganisations in either of
these devolved administrations, the final document set and the study wide govemnance report
(including this letter) have been sent to the coordinating centre of each participating nation.
The relevant national coordinating function/s will contact you as appropriate.
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List of Documents

The final document set assessed and approved by HRA and HCRW Approval is listed below.

Documeant Version Date

Cowaring letter on headed paper 21 January 2020

IRAS Application Form 27T2088/1413 |21 January 2020
11837927

Letter from funder [Sheffield Hospital Charity (SHC) Grant 07 Mowember 2019

Accepltance Form)

Letiers of invitation io participant 13 05 March 2020

Other [Seatile licence (Oufcomes Instruments LLC)] 11 September 2019

Other [SF12 licence (Optum]) 25 DOctobar 2019

Other [EQ-5D licence (registration)] 11 September 2019

Other [Fhone Slip] 1.0 15 February 2020

Other [Appendiz 1 - Guidance Doc for Undertaking a Local Risk 2 “dala 03 March 2020

Assassment for Lone Working] recened

Other [Appendiz 3 - Lone Worker Off Site Checklist] *dafe 03 March 2020
recaived

Other [Lone Waorker Policy] 21 13 January 2012

Other [Appendiz 2 - Lone Working in Building Chacklisf] *dafe 03 March 2020
recaived

Other [Response o assessment gueries (email ) 10 March 2020

Participant consent form [Consent Form] 2 18 February 2020

Participant information shesat (FIS) 4 08 March 2020

Research profocol or project proposal 1.0 08 December 2019

Summary CV for Chief Investigator (CI) [Prof Julian Gunin] 08 August 2019

Summary CV for student [Garath Wiliams] 16 February 2020

Summary CV for student [Abdulaziz Al-Baraikan) 24 Septembear 2019

Summary CV for supervisor (student research) [Or David Hosa] 18 February 2020

Summary CV for supervisor (student research) [Dr Paul Morris) 10 February 2020

Summary, synopsis or diagram (flowchart) of protocol in non 1.1 14 Decamber 2019

technical language

Validated quastionnaire [EQ-50-5L Health Questionnaire @ 2009] (1.2

‘Validated questionnaire [5F-12 Health Survey & 1884, 2002] 2

Validated questionnaire [Seatte Angina Questionnaire & 1992- SA0-UK

2004]
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Information to support study set up

IRAS project ID 2T2069

The below provides all parties with information to support the arranging and confirming of capacity and capability with participating NHS
organisations in England and Wales. This is intended to be an accurate reflection of the study at the time of issue of this letter.

Types of Expectations related to Agreement to | Funding Oversight HR Good Practice Resource

participating confirmation of capacity be used arrangements expectations Pack expectations

NHS and capability

organisation

This is a single | This is a single site study This is a External study A Principal The sponsor has stated that

site study sponsored by the single site funding has been Investigator should | local staff in participating

sponsored by the | pg rticipating NHS study secured. be appointed at organisations in England who

participating organisation. You should sponsored by study sites. have a contractual relabionship

NHS o work with your sponsor R&D | he with the organisation will

arganisation TR A T ———. _ undertake the expected

therefore there is | © g€ participating activiies. Therefore no honorary
to set up the study. The NHS research contracts or letters of

only one site

type.

sponsor R&D office will
confirm to you when the study
can start following issue of
HRA and HCRW Approval.

organisation
therefore no
agreements
are expected.

access are expected for this
study.

Other information to aid study set-up and delivery

This details any other information that may be helpful to sponsors and participating NHS organisations in England and Wales in study sel-up.

The applicant has indicated they intend to apply for inclusion on the NIHR CRN Portfolio.
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3. Patient study invitation & information sheet

Sheffield Teaching Hospitals

ACADEMIC TEAM
Professor J Gunn
Professor of Interventional
Northern General Hospital,
Herries Road

Sheffield,
S57AU
Date:
Secretary:
Mrs Tracy Ellender: 0114 271 4953
Dear

Towards a complete virtual (computed) model of myocardial ischaemia (VIRTU-3)
(Building a computer model of blood supply to the heart)

We in Sheffield are working on an exciting research project, and you might be interested in
taking part.

In this research we are using our sKills, and those of our collaborators in the University of
Sheffield, to construct a computer model of blood supply to the muscle of the heart. This will
enable us to plan treatments more effectively in the future. We have identified you as being
suitable to help us with this research.

It will involve our research team going through some questionnaires with you, doing some
scans of your heart, doing a short walking test, and monitoring your activity at home. We would
like to do these things with you before and after your angioplasty. The changes that we see will
help us build the model. The research will not affect your treatment, but it may benefit patients
in the future.

| enclose the ‘Patient Information Sheet’ which contains more details. Please take time to read
the sheet and discuss it with your family or friends. One of our research team will contact you
shortly to explain the research in more detail, and answer your questions. If you would prefer
not to take part in this research, you do not have to, and that will not affect your treatment.
Thank you for reading this and considering taking part in our research. We look forward to
seeing you.

Yours sincerely

Professor Julian Gunn MA MD MRCP
Professor of Interventional Cardiology

VIRTU-S. Letter, Version 1.2 10 November 2019. IRAS 272069
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Sheffield Teaching Hospitals

Participant Information Sheet

Towards a complete virtual (computed) model of myocardial
ischaemia (VIRTU-5)

Principal Investigator: Professor Julian Gunn, Consultant Cardiologist
Northern General Hospital, Sheffield Teaching Hospitals NHS Foundation Trust and the
University of Sheffield

An invitation to take part in medical research

We invite you to take part in this research study. Before you decide, we would like to explain
why the research is being done and what it would involve for you. This information sheet will
help you in making the decision. Please take your time to read the following information and, if
you wish, discuss it with friends, relatives or your doctor. If anything is not clear, or if you would
like more information, one of our team will contact you shortly. If you prefer, please contact
Professor Gunn via his secretary on 0114 2714953.

What is the purpose of the study?

Coronary artery disease is a condition in which blood vessels in the heart become furred up.
Percutaneous coronary intervention (PCl; ‘angioplasty’ or ‘stenting’) is a minimally invasive
method to restore good blood flow by widening (stenting) these arteries. This is the treatment
that you are probably going to have. [‘Probably’, because the final decision is made on the basis
of pictures taken when you attend for the procedure]. But it’s not always obvious from the
pictures how much a particular narrowing restricts blood flow, and whether it needs a stent. To
help decide, the pressure gradient across the narrowing can be measured, but this is tricky, and
is not often done. So we have developed a computer model of blood flow that can tell the
specialist what the pressure gradient is. So far, we have managed this with one artery. In this
project, we are extending the model to the whole heart, which contains many arteries, and
making it relevant for the patient’s requirements. This will ensure that doctors make the right
decisions for their patients, and don’t under-treat or over-treat them.

Why have | been invited?
You are being invited to participate in this study because you have one or more narrowings in
your arteries, just like the patients in the future that we might be able to help.

What do | have to do?

If you take part, there will be four ‘extras’.

1) You will be asked some questions about your health with some questionnaires. These can be
conducted by one of our research fellows visiting you at home, and will take about 20 minutes.
2) You will be offered an MRI (magnetic) scan of your heart. This involves a visit to hospital, and
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takes about an hour in & scanner. No X-rays are involved. We will provide a taxi for you to get
there and home again.

3) When you attend the hospital we will ask you to do a walking test that lasts 6 minutes.

4) We will record your activity level (heart rate, steps taken, distance moved etc) at home. This
is easily done with a “smart watch’, 8 mohbile phone and some tiny monitors. We can supply and
fit these for you. Setting up the eguipment will take less than an hour in your home. You won't
be asked to do anything complicated. All you have to do is lead a normal life.

We will then give you your treatment in hospital, entirely as normal, using the latest
technigues. We will collect a lot of useful data at the time of your procedure (such as clinical
details, pictures of your arteries and pressures in the vessels).

Afterwards, a few weeks later, when everything has settled down for you, we will repeat the
‘extras’ listed above. (If you did not need a stent, you won't need another MRI scan or another
walking test). All the measurements and data that we collect will help us construct our model of
how blood flow improves, how the heart improves and how you improve with the treatment
that you receive.

Do | have to take part?

Mo you don't. Your participation in this trial is voluntary. It is up to you to decide whether or not
to take part. Your decision will not affect the standard of care you receive. If you do decide to
take part, you will be asked to sign & consent form. You can also take part in some or all of the
study. It's up to you.

What will happen to me if | take part?

The study won't affect your treatment at all. You will receive your normal care. This is because
this study is designed to ask the ‘hypothetical’ questions ‘Can we build a complete assessment
of myocardial blood flow for our patients? and "Will this enable us to predict the treatment
that would best suit yvou#®

Can | withdraw?
Yes, at any time. That will not affect your treatment either.

What are the possible benefits of taking part?
There won't be any direct benefit to you but, if thiz project works well, we will be in a better
position in the future to ‘“tailor’ treatments for patients to match their requirements.

What will happen to my clinical information?
We will need to use information from you and from your medical records for this research
project. This information will include:

¢« Name

o  Address

» Date of birth

» Contact details
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*  NHS number

*  Sex

» Ethnic origin

» Personal data on your physical or mental health or condition

We will use this information to do the research and others to check that the research is being
done properly. People who do not need to know who you are will not be able to see your name
or contact details. Your data will have a study code instead. Your data will be held safely and
securely on a computer kept at the University of Sheffield. No-one other than the study team
will have access to it. If for any reason you lose mental capacity during the study, we will retain
your data securely and fully anonymized, but will not ask you to participate in any further
activities in the study.

Once we have finished the study, we will keep some of the data so0 we can check the results.
Your rights to access, change or mave this information are limited, because we need to manage
your information in specific ways in order for the research to be reliable and accurate. If yvou
withdraw from the study, we will keep the information about you that we already obtained, but
this should not affect you because your identity will have been removed from the data. We will
write our reports in a way that no-one can work out that you took part in the study.

You can find out more about how we use your information
«  at www. hra.nhs.ukfinformation-about-patients/
« pur leaflet available from www hra.nhs. uk/patientdataandresearch
«  hittps:/ fwww sheffieldclinicalresearch.org/for-patients-public/how-is-your-information-
handled-in-research/
+ by asking one of the research team
+ by sending an email to Peter Wilson at: sth.InfoGov@nhs.net

Who has reviewed this study?

All research in the MHS is looked &t by an independent group of people, called a Research Ethics
Committee, to protect your safety, rights, wellbeing and dignity. This study has been reviewed
and approved by scientists and doctors appointed by the University, the Sheffield Hospital
Trust, the Sheffield Hospitals Charity and the Morth of Scotland Rezearch Ethics Committee.

Expenses and Incentives?

We will pay for your taxi to attend for the heart scan, but we will not be offering you a financial
incentive to participate. But we do hope that you gain some satisfaction from taking part in an
exciting new study, and the possibility that the research will help future patients.

What are the alternatives for diagnosis or treatment?
Your diagnosis and treatment will not be affected by this study. Participation in this study will
not alter how you are assessed or treated.
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Are there any possible disadvantages or risks from taking part?

The MRI scans will involve an extra visit to hospital (two if you have a stent). Some patients find
lying still in the scanner & bit difficult. The ‘contrast’ agent used can affect kidney function in a
very small minority of patients (but it is used in routine NHS practice). The walking test will be
done at your own speed. The activity monitoring will require wearing a smart watch and
allowing a Research Fellow into your home to set up the equipment.

Radiation

You will not receive any more X-rays than anyone else having an angicgram or angioplasty. The
MRI scan uses & magnetic field, not radiation, and is perfectly safe.

What are the side effects of any treatment received when taking part?
There are no new drugs or treatments involved in this study, so you waon't have any unusual
zide effects.

What will happen if | don"t carry on with the study?

Your participation is entirely voluntary. If you change your mind, you are free to stop your
participation without giving any reason, and this will not affect the routine clinical care you will
receive. If you withdraw from the study, unless you state otherwise, any clinical data which
hawve been collected whilst you have been in the study will be used for research as detziled in
this participant information sheet.

Whao is organising and funding the study?

Professor Gunn organised the study. Funding of the PCI is by the NHS. The ‘sponsar’ of the
study (the organization which takes responsibility for it) is the Sheffield Teaching Hospitals NH5
Foundation Trust. Research Fellowships (The Engineering and Physical Sciences Research
Council, and the Saudi Cultural Bureau) fund the Research Fellows. The Sheffield Hospitals
Charity fund the MRI scans.

What happens when the research study stops?

Your treatment and follow-up will continue as before. We hope to publish the resultsin a
scientific journal which will allow specialists all over the world to understand how to treat their
patients more effectively. The data that is obtained as part of this study may be used in future
projects to assist with the further development in this area. If you would like a copy of the
research report, please contact Professor Gunn (details below) and we can send this to you. We
will use the information gained in this study to help design a big trial of the technology with
more patients. If that is positive, then we will roll cut the technology throughout the MHS to
help benefit patients like you.

What if there is a problem?

If you wish to complain, or have any concerns about any aspect of the way you have been
approached or treated during the course of this study, please contact

Professor Julian Gunn, Secretary: +44 114 271 4953, or email julian_gunnl@nhs_net
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If you remain unhappy and wish to make a formal complaint about any aspect of the study, or
how you have been treated during the study, you can do this through the NHS Complaints
Procedure. Details can be obtained from your Study Doctor's hospital or GP practice.

Far independent advice or in the case of complaints, please contact:
Mame: Patient Advice and Lizgison Service

Phone no: 0114 271 2400

Email: sth.pals@nhs.net

If | have any later questions, whom do | contact?

Professor Julian Gunn, whose contact details are shown abhove. He is based at the University of
Sheffield and also at the Department of Cardiology, Northern General Hospital, sheffield, 55
TALL

What do | do now?

If this study is of interest to you, and the researcher is with you, please ask any guestions that
occur to you. [If you have been sent this by post, please sign and return the ‘Phoneslip” in the
pre-paid envelope. We will then contact you by phone and arrange to visit you]. Finally, we will

ask you to sign the consent form for the study.

Thank you very much for reading this. Professor Julian Gunn
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4. Data collection sheets

A - 6MWT checklist and data collection sheet

Department of Infection,
Immunity and cardiovascular

Disease

6-Minute Walk Test Checklist and Recording Sheet

Virtu-5 Study
Equipment Checklist: Test operator:
& G6MWT checklist and recording sheet m]
¢ Borg scale sheet m]
¢ Stop watch or timer m] ]
& 2 chairs = | Test Date:
¢ Automated BP machine and pulse oximeter m]
¢ Trundle wheel for measuring 6MWD m]
¢ Clipboard |
¢ Portable oxygen and suitable facemask m] Subject study number:
¢ Rescue nitrate therapy m]
¢ 2 =mall cones o
¢ SOP document (]
Clinical Parameters prior to test starf:
Heart Rate bpm Blood Pressure mmHg
Worsening chest pain Yes [ No Resting Sp02 %% on air

in the last month?

Medications taken this
morning and dose

Chest pain suspicious of angina
Evolving light-headedness

Intolerable dyspnoga,
Excessive sweating

TR

Pale or ashen appearance that occurs during rest
Any clinical concern regarding subject safety

Stop the test in the event of any of the following:
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Subject Instruction:

The objective of this test is 1o walk as far as possible for 6 minutes. You will walk back
and forth along this course (demonstrafe one fap) for 6 minutes. You will walk around the
cones (indicate fowards cones) clockwise so that the cones are always to your right. I will
now show you how to do this (perform one lap of circu).

You may slow down if necessary. If you stop, | want you to continue o walk again as
soo0n as you feel able ro, You will be informed of the time and encouraged each minute.
FPlease do not talk during the test unfess you have a problem or [ ask you a guestion.
You must let me know if you hawve any chest pain or dizziness. Remember, the objective
is ro walk as far as possible, not as fast, don’tjog or run.

When 6 minutes is gyer | will ask you 1o stop where you are. [ will bring a chair over 1o
you s0 that you can Sit.

The rest will be performed mwice, affer the first 6 minures there will be a 15 minure break,
afrer which we will start the second rest exactly like the firsr.

Do you have any questions?

nce subject is ready and has no further questions:

When you are ready, please starr walking.

At minute one: You are doing well. You have five minutes to go.

At minute two: Keep up the good work. You have four minutes to go.
At minute three: You are doing well. You are halfway done.

At minute four: Keep up the good work. You only have two minutes left
At minute five: You are doing well. You have only one minute to go.

At six minutes: Stop, please stay where you are.

Test results

1st Attempt 2nd Attempt

Before test After test Before test After test
Heart Rate bpm bpm bpm bpm
Blood Pressure mmHg mmHg mmHg mmHg
Sp02 %% % b %%
Borg Scale
Laps completed
Distance Walked m m m m
Reason test
terminated + time
walked

264



B — Catheter laboratory data recording sheet

=L gh?* . Department of Infection,
& ’-.di' A U?werm y Immunity and cardiovascular
@5 Sheffield. Disease

Catheter laboratory data recording sheet
Virtu-5 study

Patient study |1D:

Operator:

Initial HR: Initial BP:

Access site:

Disease location: 1 2 3

Visual severity : % Yo Yo

FFR result :

Rest'hyperasmia

PCI? - Yes[] No[]|Yes][] No[]|Yes][] No|]

FPost-PCI
angiogram? [] [ ] [ ]

60 second ventricular pressure Data anonymized and uploaded to
snapshot acquired [ 1] G drive [ ]

Invasive coronary pressure

Ventriculogram acquired [] uploaded fo G drive [

Motes:
LV:
AQ:

RFR: LAD RCA Other:
Pre-PCl

Post-PCI

Completed by:
Date:
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C — CMR & Regadenoson stress test Safety checklist & data collection sheet

MRI
REGADENOSON MYOCARDIAL PERFUSION STUDY
WORKSHEET
PATIENT DETAILS
Marmne: Hospital No:
Address: Consultant:
OPD / Ward:
DOB: Weight:
CANMULATION RECORD
Inserted By: Gauge:
Removed By:
PRE — TEST CHECKS
YN Comments ¥ Comments
Details Checked Any Blackouts? 7 Sick sinus if yes
Diagnosed with N.B. If yes the pt will need to Any chest pain or
epilepsy? be stressed with Dobutamine. GTN within last 24
Asthma / COPD hrs?
Dipyridamale or ECG Today?
Xanthines
Viagra ECG Checked by
Pacemaker/ICD Clinical
Physiologist?
Pre-Test Instructions Heart Rate and BP
Checked?
Meds/Symptoms Consented?
Changed?
Known Allergies? Any other info?
DRUG ADMINISTRATION
Regadenoson Macl Cther Drugs (if required)
Batch No: Batch No: Drug:
Conc: pefml Conc: Batch No:
Exp: Exp: Conc:
Dose Given: g Dose Given: Exp:
Admin By: Admin By: Admin By
Checked By: Checked By: Checked By
OBSERVATIONS
Time BF H.R Comments
Rest
Continue Observations on Reverse if Require
Tirme EP H.R Comrments

266




5. Questionnaires and licences
A. EuroQuality of life — 5 Dimensions (License)
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EuroQuality of Life — 5 Dimensions (Questionnairﬂ

Under each heading, please tick the ONE box est describes your health TODAY.
MOBILITY

I have no problems in walking about 0 Q
I have slight problems in walking ab )
| have moderate problems in walki out Q
| have severe problems in we%ing out Q
I am unable to walk aboul'\ 0
SELF-CARE

| have no problems m@ng or dressing myself Q
| have slight pm?vashing or dressing myself Q
| have moderat& lems washing or dressing myself Q
| have seve&mhlems washing or dressing myself Q
| am una wash or dress myself Q
US*CHWTIES (e.g. work, study, housework, family or leisure activities)

| have no problems doing my usual activities \A a
| have slight problems doing my usual activities Q Q
| have moderate problems doing my usual activities o a
| have severe problems doing my usual activities Q
I am unable to do my usual activities Q Q
PAIN / DISCOMFORT @

I have no pain or discomfort 0 Q
| have slight pain or discomfort . e Q
| have moderate pain or discomfort \ a
I have severe pain or discomfort e a
| have extreme pain or discomfort Q a
ANXIETY /| DEPRESSION \Q

| am not anxious or depressed a
| am slightly anxious or dep a
| am moderately anxioug;e ed a
| am severely anxious or d d Q
| am extremely anxious or depressed Q

2

& 2009 EuroGo! Regearch Foundation. EQ-50™ iz 3 trade mark of the EuroQol Research Foundsbion. UK (Englizh) vi.2
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Q The best health

YOu can imagine
+ We would like to know how good or ur health is TODAY.

100
+ This scale is numbered fmm&

+ 100 means the best he:a can imagine.
0 means the worst h you can imagine.

95
90
85
s+ Please mark an Ne scale to indicate how your health is TODAY a0

«  MNow, write th ber you marked on the scale in the box below.

{‘é‘
«°

75

70

65

&0

55

YOUR HEALTH TODAY = 50

45
40
35
30
25
X

9
<

$

!

Qo The worst health
you can imagine

20

15

10

5

|||||||||||||||||||||||||]r1r1|1r1r]r1r1|1|||||||||||||||||||||||||||||||||||||||||||||||r|r|||||||||

{b .

0

3

8 2009 EvroGol Regearch Foundation. EQ-5D™ jz 3 frade mark of fhe EurcoQol Rezearch Foundation. UK (Englizh) vi1.2
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B. Short Form-12 (Licence)
~d oPTUM

NON-COMMERCIAL LICENSE AGREEMENT
Office of Grants and Scholarly Research (OGSR)

License Number: QMO051067

Licensee Name: University of Sheffield

Licensee Address: Firth Court, Western Bank, , Sheffield S10 2TN UK

Approved Purpose: Towards a complete virtual (computed) medel of myocardial ischemia VIRTU &
Study Type: Noncommercial academic research and/or thesis: Grant Funded

Therapeutic Area: Heart and Circulation

A. Effective Date: This Non-Commercial License Agreement (the “Agreement”) from the Office of Grants and Scholarly
Research (OGSR) is made by and between Opluminsight Life Sciences, Inc. (k/a QualityMelric Incorporaled) ("Optum”),
1301 Atwood Ave, Suite 311N, Johnston, Rl 02919 and Licensee. This Agreement is entered into as of the date of last
signature below and is effective for the Study Term set forth on Appendix B.

B. Appendices: Capitalized terms used in this Agresment shall have the meanings assigned to them in Appendix A,
Appendix B and Appendix D. Licensee agrees the study information completed on Appendix D — Project details form
{Questionnaire) is for non-commercial use. The appendices attached hereto are incerpeorated intc and made a part of this
Agreement for all purposes.

C. Grant of License: Subject to the terms of this Agreement. (a) Optum grants to Licensee a non-exclusive, non-
transferable, non-sublicensable worldwide license to use, solely for the Approved Purpose and during the Study Term, the
Licensed Surveys, Software, SMS Scoring Solutien, and all intellectual property rights related thereto ("Survey Materials"},
in the authorized Data Collection Method, Modes of Administration, and Approved Languages indicated on Appendix B;
and to administer the Licensed Surveys only up to the total number of Administrations (and to make up to such number of
exact reproductions of the Licensed Surveys necessary to support such Administrations) in any combination of the specific
Licensed Surveys and Approved Languages, Data Collection Method, and Modes of Administration; (b) Licensee agrees to
purchase the Services described in Appendix B (if applicable); and (c) Licensee agrees to pay Optum the fees on Appendix
B (“Fees") in accordance with the invoice to be provided.

EXECUTED by the duly authorized representatives as set forth below.

Optuminsight Life Sciences, Inc. University of Sheffield
Signatlil-‘lre"t Signature:__

Arftnd Day 1352 . -,
Name: ’ Name: _Abdulaziz Albaraikan
Title: VP Patient Insights and Principal Consu]rjl:ﬁg:t Ph.D student
Date:; 10/25/2013 Date:_17/10/2019

Filename: University of Sheffield
Lic. Na..  QMOS1067
Template: OGSR SLA — Prof, University or Grant Funded SLA 205EP2017 Page 1 of 6
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Short Form-12 (Questionnaire)

This survey asks for your views about your health, This information will help keep track of how you feel and how
well you are able to do your usual activities. Thank you for complefi is survey!

1. Inm general, would you say your health is;
Excellent Yery Good Goo Fair Poar

o] o) <° O O

2. The following questions are about activities yougmight do during a typical day. Does yvour health now limil you
in these activities? 1f' 50, how much? :

e Yes, Yes, - Mo, mot
limited limited limited
a lot a little atall
a. Moderate activities, such & moving , pushing O 'S O
a vacuum cleaner, bowling, or playi
b. Climbing several flights afstaile o 8] o

3. During the

wich of the time have you hed any of the following problems with your work or
other regular daily

as & result of your physical health?

Aldl of Mot Some A little Mone

the of the of the of the of the

& time time time time time
a an you would like 0 o) o O O
b, Were limite%in the kind of work or other activities 9] (] o o O

4, During the past 4 weeks, how much of the time have you had any of the following problems with your work or
ather regular daily activities as a result of any emational problems (such as feeling depressed or anxious)?

All of Most Some A litle Mone

the of the of the of the of the
time time Lime ti time

a. Accomplished less than you would like O ] o O

b Did work or other activities less carefull e 0 0 oo O

5, Dwring the past 4 weeks, how much did pain interfere with youwr normal work (including both work outside the

home and housework)?
Mot at all A little bit Moderately Q@nit Extremely
O O o} L]

6. These questions are about how you feel and how things have be ith you during the past 4 weeks. For each
question, pleass give the one answer that comes closest to thcov% hawe heen Feeling. How much of the
time during the past 4 weeks...

AlAS  Most Some  Alittle  MNone
of the of the of the of the
time fimme time time

a. Have you felt calm and peaceful? & o] O O O

I, Did wou have a lot of energy? o o 0 O o
& Have you felt downhearted and depressed? o O O o o o
7. During the past 4 weeks, how much time has your physical b i interfered with

your social activities (like visiting friends, relatives, ete,)?

All of the ~ Most of the Some of the Alittle of the Mone of the
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C. Seattle Angina Questionnaire (Licence)

OUTCOMES

Instruments, LLC
LICENSE AGREEMENT

THIS LICENSE AGREEMENT is made as of this 11 September 2019, by and between Outcomes
Instruments, LLC, a for-profit organization in Missouri, whose address is 18205 Library Drive, Po
Box 70, Weston Post Office, Weston, Missouri, 64098, United States ("Licensor”) and The
University of Sheffield, a not-for-profit organization in South Yorkshire, whose address is Ou
137, Floor O, Royal Hallamshire Hospital. , Sheffield, South Yorkshire, S10 2RX, United Kingdom
("Licensee").

RECITALS

A. Licensor has rights in certain research methodologies, technical developments, know-how,
discoveries, works of authorship, questionnaires, registries, study protocols, processes, datasets
and other useful art, whether or not protected by patents, copyrights, trademarks, trade secrets
or other laws protecting intellectual property rights, as more particularly described on Schedule
A attached hereto and incorporated herein by this reference (the “Licensed Properties”).

B. Licensee is engaged in that certain study more particularly described on Schedule B attached
hereto and incorporated herein by this reference (the "Subject Study”).

C. Licensor desires to grant Licensee the right to use the Licensed Properties solely in
connection with the Subject Study, and Licensee desires to use the Licensed Properties in
connection therewith, subject to all of the terms and conditions hereof.

MNOW, THEREFORE, in consideration of the premises and the mutual promises and undertakings
contained herein, the parties hereto agree as follows:

1. Grant of Limited License. Subject to the terms and conditions hereof, Licensor grants to
Licensee a non-exclusive, non-transferable, non-assignable limited license to use the
Licensed Properties solely in connection with the conduct of the Subject Study.

2. Dwnership of Licensed Properties. As between Licensor and Licensee, Licensee
acknowledges that Licensor retains all ownership rights in and to the Licensed Properties,
and any improvements, modifications and derivatives thereof (whether prepared by
Licensor or Licensee or otherwise), and that except for the rights granted hereunder,
Licensee has no right, title or interest in and to the Licensed Properties. Licensee agrees
to reproduce the appropriate copyright legends and/or trademark symbols on all written
or displayed versions of the Licensed Properties and/or the results attributed to the use
thereof. Licensee further acknowledges and understands that Licensor reserves the right
to (i) grant others the license to use the Licensed Properties and (ii) use the Licensed
Properties in its own research and investigations, without the need to account to Licensee
in connection with such activities.

3. Fees. In consideration for the license granted hereunder, Licensee shall pay Licensor the
license fees set forth on Schedule C attached hereto and incorporated herein by this
reference, at the times, and in the manner, set forth on such Schedule.

4. Licensor's Representations and Covenants. Licensor represents and warrants to Licensee
that Licensor has the full power and authority to execute and deliver this Agreement and
to perform its obligations hereunder without need to obtain the consent of any third party.
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5.

10.

11.

Site Visits. Licensor shall have the right to inspect and observe from time to time through
such agents or representatives as Licensor may designate, on Licensee's site, the
activities conducted by or for Licensee with respect to the Licensed Properties to
determine whether Licensee is using the Licensed Properties in a proper fashion as
provided hereunder. To the extent Licensor is granted access to a patient’'s "protected
health information” ("PHI"), as such term is defined in the Health Insurance Portability
and Accountability Act of 1996 and the regulations promulgated thereunder, the parties
agree to negotiate and execute a Business Associates Agreement containing customary
covenants regarding the confidentiality and limited use of such PHIL.

. Reports. Licensee shall keep and maintain comprehensive and accurate records pertaining

to its use of the Licensed Properties, and the status and progress of the Subject Study.
Such reports shall be available for examination by Licensor and its agents or
representatives at any time upon reasonable advance notice.

. Licensee's Conduct. Licensee agrees that it shall use the Licensed Properties only as

permitted hereunder and further agrees to refrain from modifying, altering or amending
the Licensed Properties or taking any action which could adversely affect the validity,
goodwill and reputation thereof. Upon the termination or expiration of this Agreement,
Licensee shall immediately discontinue all use of the Licensed Properties.

. Litigation. As between Licensor and Licensee, only the Licensor shall have the right to

commence or prosecute any claims or litigation to protect or enforce its rights in and to
the Licensed Properties. Licensee agrees that it will immediately provide notice to Licensor
upon learning of any litigation, whether actual or threatened, against Licensee in
connection with Licensee's use of the Licensed Properties. Licensee further agrees that it
will cooperate fully with Licensor by providing any information requested by Licensor in
any litigation arising in connection with Licensee's use of the Licensed Properties.

. Disclaimers; Limitations of Liability. LICENSEE ACKNOWLEDGES THAT THE LICENSED

PROPERTIES ARE LICENSED "AS IS", WITH ALL FAULTS. LICENSOR HAS MADE NO
REPRESENTATION OR WARRANTY THAT THE LICENSED PROPERTIES ARE SUITABLE FOR
LICENSEE’S USE IN CONMNECTION WITH THE SUBJECT STUDY. LICENSEE SHALL RELY OM
ITS OWN JUDGMENT IN EVALUATING ITS USE OF THE LICENSED PROPERTIES AND ANY
OUTCOMES ATTRIBUTABLE THERETO, WITHOUT RELYING ON ANY MATERIAL OR
INFORMATION PROVIDED BY LICENSOR. LICENSOR DISCLAIMS ANY REPRESENTATIONS
OR WARRANTIES, EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION ANY
REPRESENTATIONS OR WARRANTIES AS TO THE LICENSED PROPERTIES'
MERCHANTABILITY OR FITMESS FOR A PARTICULAR PURPOSE. IN NO EVENT SHALL
LICENSOR BE LIABLE FOR SPECIAL, CONSEQUENTIAL, EXEMPLARY OR PUNITIVE
DAMAGES. LICENSOR'S LIABILITY HEREUNDER SHALL BE LIMITED TO LICENSEE'S
DIRECT DAMAGES RESULTING FROM LICENSOR'S BREACH OF ANY OF ITS OBLIGATIONS
HEREUNDER WHICH CONTINUES UNREMEDIED FOR THIRTY DAYS AFTER WRITTEMN
MOTICE BUT SHALL IN MO EVENT EXCEED THE AMOUNT OF THE FEES ACTUALLY PAID BY
LICENSEE TO LICENSOR HEREUNDER.

Indemnification of Licensor. Licensee hereby agrees to hold Licensor harmless of and from
and indemnifies it against any and all losses, liabilities, claims, damages and expenses
(including attorneys’ fees and expenses) which Licensor may incur or be obligated to pay,
or for which it may become liable or be compelled to pay in any action, claim or
proceeding for or by reason of any acts, whether of omission or commission, that may be
claimed to be or are actually committed or suffered by Licensee arising out of Licensee's
use of the Licensed Properties. The provisions of this paragraph and Licensee’s obligations
hereunder shall survive the expiration or termination of this Agreement.

Indemnification of Licensee. Subject to Section 9 hereof, Licensor hereby agrees to hold
Licensee harmless of and from and indemnifies it against any and all losses, liabilities,
claims, damages and expenses (including attorneys’ fees and expenses) which Licensee
may incur or be obligated to pay, or for which it may become liable or compelled to pay in
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any action, claim or proceedinag for or by reason of any breach of any representation.
warranty or agreement on the part of Licensor under this Agreement.

12. Nondisclosure. During the term of this Agreement, the parties may have access to trade
secrets, proprietary information, or other sensitive materials belonging to the other which
are not generally known to the public ("Confidential Information™). During the term of this
Agreement and for a period of five (5) years after termination or expiration hereof, the
receiving party ("Recipient”) agrees to maintain in trust and confidence all Confidential
Information of the other party (the "Disclosing Party”). The Recipient agrees to safeguard
the Confidential Information using the same standard of care it uses to protect its own
Confidential Information. The Recipient will not disclose any Confidential Information to
any third party, or make any use thereof other than as expressly permitted hereby,
without the prior written consent of the Disclosing Party. As used herein, Confidential
Information does not include any information which the Recipient can demonstrate (i) was
known to the Recipient or to the general public at the time of disclosure; (ii) was
independently developed by the Recipient without the use of any of the Confidential
Information; or (iii) was disclosed by a third party without violating any restriction or duty
to the Disclosing Party.

13. Publications. Notwithstanding the general restrictions set forth in Section 12 above, the
parties agree that publication of the results of research activities serves their mutual
interests in improving the quality of health care. Accordingly, Licensee shall be free to
publish the results of its research and development activities carried out with respect to
the Licensed Properties and the Subject Study. Licensee agrees to refer to Licensor and
the Licensed Properties in the bibliography section of the publication.

14. Term. Subject to the provisions of Section 15 hereof, this Agreement shall remain in effect
from 01/01/2020 to 01/01/2023. Subsequent renewal of this Agreement shall be
optionally available through application through the web site.

15. Licensor’s Right to Terminate. Licensor shall have the right to immediately terminate this
Agreement by giving written notice to Licensee in the event Licensee: (i) fails to perform
any of its duties and obligations set forth herein, and the continuation thereof for thirty
(30) days after notice; (ii) files a petition in bankruptcy or is adjudicated a bankrupt or
insolvent, or makes an assignment for the benefit of creditors; (iii) makes any use of the
Licensed Properties not otherwise expressly permitted herein or (iv) the Subject Study is
cancelled, abandoned, withdrawn or suspended. In such event, Licensee shall immediately
cease and terminate its use of any of the rights granted hereby and shall, upon the
reguest of Licensor, return to Licensor all records, copies, documents, media and files
making use of the Licensed Properties, or furnish evidence, satisfactory to Licensor, of the
destruction thereof.

16. Equitable Remedies. The parties further acknowledge that the breach, whether threatened
or actual, of any of the terms hereof by Licensee shall result in immediate, irreparable
injury to Licensor and its goodwill and that accordingly, Licensor shall be entitled to apply
for a preliminary and/or permanent injunction to restrain the threatened or actual
violation of the terms hereof by the Licensee or to compel specific performance of the
terms and conditions of this License Agreement. Mothing set forth herein shall be
construed as prohibiting the Licensor from pursuing any other remedies available for such
breach or threatened breach, including the recovery of damages and costs incurred,
together with attorneys’ fees.

17. Miscellaneous.

a. This Agreement together with the exhibits hereto constitutes the entire understanding
between the parties with respect to this Agreement. Mo change or modification of any of the
provisions of this Agreement shall be effective unless memorialized by an instrument in writing
signed by the parties hereto. All notices required or permitted to be given hereunder shall be
given in writing, to the parties at their addresses set forth herein, or to such other address with
respect to which notice has been given in accordance herewith. Whenever possible, each
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provision of this License Agreement shall be interpreted in such a manner as to be effective and
valid under applicable law. If any covenant or other provision of this Agreement, or portion
thereof, under circumstances not now contemplated by the parties, is invalid, illegal or
incapable of being enforced, by reason of any rule of law, administrative order, judicial decision
or public policy, all other conditions and provisions of this Agreement shall, nevertheless, remain
in full force and effect, and no covenant or provision shall be deemed dependent upon any other
covenant or provision unless so expressed herein. The parties desire and consent that the court
or other body making such determination shall, to the extent necessary to avoid any
unenforceability, so reform such covenant, term, condition or other provision or portion of this
Agreement to the minimum extent necessary so as to render the same enforceable in
accordance with the intent herein expressed.

b. This Agreement shall inure to the benefit of Licensor, its successors and assigns. Licensee
shall not have the right to assign this Agreement, or delegate its duties, by operation of law or
otherwise, without first obtaining the written consent of Licensor.

c. This Agreement shall be governed by and construed in accordance with the laws of the State
of Missouri.

IN WITNESS WHEREOQF, the parties hereto have caused this Agreement to be duly executed as
of the day and year first above mentioned.

Outcomes Instruments, LLC The University of Sheffield
By: John Spertus By: Abdulaziz Albaraikan
Title: President Title: Ph.D studant

“Licensor” “Licensee”

SCHEDULE A: LICENSED PROPERTIES
SAQ - English (UK)

This version of the SAQ has been designed for English-speaking patients in the UK.
This zip file includes two PDF files: the SAQ itself and scoring instructions.

SCHEDULE B: DESCRIPTION OF STUDY
Project Name

Towards a complete virtual (computed) model of myocardial ischaemia VIRTU 5
Project ID

7627
Project Type

Other
Project Dates

Start: 01/01/2020

End: 01/01/2023

Duration: 1096 days
Enrollment

Sites: 1
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Seattle Angina Questionnaire (Questionnaire)
The Seattle Angina Questionnaire

1. The following 1s a list of activities that people often do duning a normal week. Although
for some people with several medical problems it 1s difficult to determine what it 1s that
limits them. please go over the activities listed below and indicate how much limitation
you have had due to chest pain, chest tightness, Op au_ 'nal attacks over the past 4

weeks:
Place an x 1n one v8x on each line
Extremely  Quite o Moderately  Slightly Not Limited for
C . Limited Liwiteu Limited Limited Limited at  other reasons or
Activity all did not do the
activity

Dressing yourself = a O O O O

Walking indoors -
on level ground > O O O O O

Showerng or
bathing O O O O O O

Climbing a hzll or

a flight of S0yirs O a O O O Ll

without (o} ming

-addening,

vacupung. or O O O O O |

Carrying grocernes

Walking more
than a hundred

vards at a brisk O O O O L O

pace

Running or
jogging

O O O O O O

Lifting or moving
heavy objects such
as furniture, or
lifting children

O O O | O O

Participating in

strenuous sports

(e.g. swimming, O O
tenmnis)

I
O
O
O

@ Copyright 1992-2004. John Spertus, MD, MPH SAQ - UK (Eaglish)

276



2. Compared with 4 weeks ago, how often do you have chest pain, chest tightness, or
anginal attacks when doing yvour most strenuous activities?

I have chest pain, chest tightness. or anginal attacls. .
Much more  Slightly more N: less  Muchless Lhavehadno

Ny About the same chest pain over
often often Q often often the last 4 vweeks
O m| | o O | |

3. Over the past 4 weeks on ﬂ\-‘el%QW many times have you had chest pain, chest

tightness, or anginal attacks?
I have had chest pain, chest @ss, or anginal attacks...

4 or more 1-3 tumes € funes 1-2 times  Less than once None over the past
3 eek but not
times per day ~ per day day per week aweek 4 weeks

O D@D O u| O

4. Over the eeks, on average, how many times have you had to take GIN
(nitroglyc lets or spray) for vour chest pain, chest tightness, or anginal attacks?

I ha‘ue en GTN...
% 1-3 nmes 3 or more times 1-2 times  Less than once None @3&
z i per week but not
per week aweek

eve?(:lday O ]
0

3. How bothersome 1s 1t for vou to take vour pills for chest pain. ¢ gghtness or anginal
attacks as prescribed?

Extremely  Quite abit  Moderately Slightly Not l}?ﬂx My doctor has not
bothersome  bothersome — bothersome  bothersome at prescribed pills
O O O o ¢ O O

6. How satisfied are you that everything possible @n.g done to treat your chest pain, chest
tightness, or anginal attacks?

Not satisfied at Mostly Mostly satisfied Completely
all dmsat:lsﬁed 1 satisfied
a & O a

QO

@ Copyright 1992-2004. John Spertus, MD, MPH SAQ - UK (English)
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7. How satisfied are you with the explanations ctor has given you about your chest
pain, chest tightness. or anginal attacks? \

Not satisfied at Mostly Mostly satisfied Completely
all dissatisfied satisfied
a a O O

<

8. Ovwerall. how satisfied are yo@h the current treatment of your chest pain. chest
tightness. or anginal attacks”

Not satisfied at Mostly Somewhat Mostly satisfied Completely
all di ed satisfied satisfied
m| ‘\ m| m| O
9. Over the past 4 5, how much has vour chest pain, chest tightness, or anginal attacks
limited v ent of life?
It has exh\& It has limited my It has moderately It has slightly It has not limited
linutes my enjoyment of life linuted my hinuted my my enjoyment of
enjo f life quite a bit enjoyment of life  enjoyment of life life at all

O a a a :
10. If you had to spend the rest of your life with your chest pain, chest ﬁght@r anginal
attacks the way 1t 15 at the moment, how would you feel about this? Q)m?

Not satisfied at Mostly Somewhat Mostly satisfied letely
all dissatisfied satisfied Q satisfied

O O O EI@ ]

11. How often do vou think or worry that you may have a heart atiack or die suddenly?

I think or worry I often think or I occasionally ¢ Iy think or I never think or
about 1t all the worry about 1t think or worry Vm’ry about 1t worry about 1t

tim bout 1t
Y

QO
&\

QO

@ Copyright 1092-2004. John Spertus, MD, MPH SAQ - UK (English)
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D. User experience questionnaire

Study #

Virtu-5 wearable technology patient experience
questionnaire

For each question, please indicate which answer you agree with most.

1. Before involvement in this study, what was your experience with wearable
technology, including any smartwatch or fithess bands.

a.

| have never owned or used a smartwatch device and had no interest in using
one.

| have never owned or used a smartwatch device but have been interested in
using one.

| have used a smartwatch device before for a short time, but | didn’'t continue
to use it for a prolonged period of time.

| have used a smartwatch device before and have used it for a prolonged
period of time (greater than 6 months), but no longer use it.

| currently own and use a smartwatch device (before enrolment into study)

2. How would you describe your use and experience of mobile phone or
smartphone devices?

a.

| do not use or own any mobile device

| own a mobile device but it is not a smartphone (It can only be used for
calling and texting)

| own a smartphone device but | only use it for calling or texting, | do not use it
for other reasons (i.e. internet connectivity, social media, mobile gaming)

| own a smartphone device and occasionally use it for reasons other than
calling or texting such as social media, internet connectivity or mobile gaming,
although | don't feel fluent in its use.

| own a smartphone device and frequently use it for reasons other than calling

or texting, including social media, internet connectivity or mobile gaming. |
feel comfortable using it for these purposes.
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3. During the study period, how would you rate your experience with using the
smartwatch provided throughout the study period?

a. | found the smartwatch very difficult to use

b. | found the smartwatch difficult to use

c. |found the smartwatch neither easy nor difficult to use

d. |found the smartwatch easy to use

e. | found the smartwatch very easy to use

4. During the study period, how would you rate your comfort with wearing the
smartwatch provided throughout the study period?

a. | found the smartwatch very uncomfortable to wear

b. | found the smartwatch uncomfortable to wear

c. |found the smartwatch neither comfortable nor uncomfortable to wear

d. | found the smartwatch comfortable to wear

e. | found the smartwatch very comfortable to wear

5. During the study period, how did you find recharging the smartwatch device?

a. | found the smartwatch very inconvenient to recharge

b. |found the smartwatch inconvenient to recharge

c. | found the smartwatch neither convenient nor inconvenient to recharge

d. |found the smartwatch convenient to recharge

e. | found the smartwatch very convenient to recharge
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6. Following your involvement in the study, what are your thoughts regarding the
use of wearable technology for personal use.

a. | would not be interested in using a smartwatch device in the future for
personal use.

b. |would be interested in using a smartwatch device in the future for personal
use.

7. Following your involvement in the study, what are your thoughts regarding the
use of wearable technology for medical purposes. This includes monitoring
personal health, response to treatment or health screening.

a. | would not be interested in using a smartwatch device in the future for
medical purposes

b. |would be interested in using a smartwatch device in the future for medical
purposes for a short period only (few weeks to a month)

c. |would be interested in using a smartwatch device in the future for medical
purposes for a prolonged period (few months or more)

Please write any comments you would like to include regarding your experience with
the smartwatch device provided. You can use this space to either elaborate on any
of the questions raised earlier in the questionnaire, or to comment on any areas you
feel have not been raised regarding the use of these devices:

281



