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Abstract

The rising prevalence of abdominal obesity, type 2 diabetes, hypertension, and dyslipidaemia poses a
significant global challenge in the fields of cardiometabolic health and vascular ageing. This challenge
is primarily driven by sedentary lifestyles, inadequate dietary habits, and the demographic trend towards
an ageing population. These elements collectively contribute to the development of atherosclerosis and
other vascular modifications, consequently increasing the risk of cardiovascular diseases (CVD), the
foremost cause of morbidity and mortality globally. Additionally, the widespread difficulty in adopting and
maintaining necessary lifestyle modifications presents a substantial barrier, significantly hampering

efforts to prevent or mitigate cardiometabolic diseases and related escalating health care costs.

The principal research gap in addressing these concerns lies in the identification and implementation
of strategies that effectively encourage and sustain lifestyle improvements across different age groups.
While the risk factors and their impact on vascular health are well understood, there is a notable lack of
effective methods to ensure long-term adherence to healthier lifestyles, especially in communities with
varied backgrounds. Moreover, there is an urgent requirement for more comprehensive research into
specialised digital health tools, which promise to offer accessible and cost-effective means to enhance

cardiometabolic health and prevent vascular ageing worldwide.

This thesis investigates how lifestyle choices impact vascular health and examines the role of digital
health tools in promoting healthier lifestyles. Starting with a foundational understanding of lifestyle's
effects on cardiovascular health (Chapter 1), the research initially focuses on a large population
database (UK Biobank) to explore the relationship between lifestyle behaviours and its impact on
cardiovascular health (Chapter 2), specifically looking into carotid intima-media thickness as a surrogate
marker for future cardiovascular disease events. This study highlights the connection between everyday
habits, cardiometabolic risk factors and vascular health, setting the groundwork for a deeper

investigation.

Recognising the limitations of observational studies in proving cause and effect, we advance to a
controlled clinical setting with the LIVEPLUS Protocol, a study designed to closely examine how lifestyle
changes affect vascular health through a randomised controlled trial (Chapter 3). This approach allows
for a detailed study of the impact of diet and exercise over six months, providing clear evidence of the

benefits of a comprehensive lifestyle intervention (Chapter 4).

Acknowledging the difficulty in maintaining lifestyle changes over time, the thesis then explores the
concept of digital health interventions as a method to increase long-term commitment to healthy habits
(Chapter 5). This exploration includes a thorough literature review on gamification in health
interventions, setting the stage for applying these concepts in a practical setting with the MIRTH
Protocol, which integrates digital health interventions into the LIVEPLUS study to encourage sustained

lifestyle improvements (Chapter 6).

A modified MIRTH protocol is then applied as a digital health intervention approach and the outcomes

are examined in Chapter 7, comparing the results to existing literature to understand how digital health



intervention affects lifestyle behaviours and, consequently, vascular health. The thesis concludes with
a comprehensive synthesis of the findings from the cross-sectional study, the systematic review, and
the LIVEPLUS and MIRTH studies, discussing their implications within the broader context of digital
health interventions and lifestyle changes for vascular health improvement (Chapter 8). This final
chapter ties together the various elements of the research, offering a critical perspective on their

significance and suggesting directions for future research in the field.
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Rationale for chapters

From Chapter 1 to Chapter 2:

Having established a foundational understanding of how lifestyle impacts coronary heart disease and
cardiometabolic health, as well as the role of digital health/mHealth interventions (Chapter 1), we now
turn to a specific instance of this relationship. In Chapter 2, we investigate a cross-section of the UK
Biobank population, focusing on the influence of lifestyle behaviours on carotid intima-media thickness.
This study offers a more focused lens on the correlation between lifestyle factors and vascular function,
setting the stage for deeper exploration.

From Chapter 2 to Chapter 3:

While the cross-sectional study (Chapter 2) provided valuable insights, the inherent limitations of such
studies, particularly in establishing causality, prompt us to further our investigation through a more
controlled approach. In Chapter 3, we progress to a randomised controlled trial — the LIVEPLUS
Protocol — to rigorously examine the influence of lifestyle on vascular function. This shift from
observational to experimental research allows us to explore these relationships with greater precision.

From Chapter 3 to Chapter 4:

Building on the framework established in the LIVEPLUS Protocol, Chapter 4 presents a detailed
analysis of the intervention's impact over a six-month period. This longitudinal sub-study within
LIVEPLUS zeroes in on the direct effects of diet and physical activity on vascular function, providing
tangible evidence of lifestyle modification outcomes.

From Chapter 4 to Chapter 5:

Recognising the challenges in maintaining long-term adherence to lifestyle interventions, Chapter 5
shifts focus to an innovative approach: gamification. Through a systematic literature review, we explore
how gamification might bolster the effectiveness of health interventions, setting a conceptual foundation
for integrating these strategies into our research.

From Chapter 5 to Chapter 6:

With the groundwork on gamification laid out, Chapter 6 introduces the MIRTH Protocol, a practical
application of gamification within the context of the LIVEPLUS study. This chapter bridges the
conceptual understanding of gamification from the literature review to its practical implementation,
exploring how it can enhance lifestyle behaviour changes.

From Chapter 6 to Chapter 7:

The practical implications of the MIRTH Protocol come to life in Chapter 7, where we look into the
outcomes of this gamified approach. By comparing these results with the systematic review and existing
literature, we gain a deeper understanding of how gamification influences lifestyle behaviours and, in
turn, vascular health.

From Chapter 7 to Chapter 8:

Finally, Chapter 8 synthesises the findings from the entire journey — from the LIVEPLUS protocol to
the MIRTH case study — within the broader landscape of lifestyle interventions and vascular health.
This discussion not only ties together the different strands of my dissertation but also critically
examines their implications and potential directions for future exploration.
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1.1 General introduction
Cardiovascular disease (CVD) remains a significant public health challenge worldwide, contributing

substantially to global morbidity and disability. Atherosclerotic CVD, characterised by the narrowing of
arteries due to plaque build-up, often leads to severe health outcomes, including coronary heart disease
(CHD), heart failure, peripheral vascular disease, ischemic stroke and vascular dementia.! The World
Health Organization reports that CVDs are the leading cause of death globally, with an estimated 17.9
million humans dying from CVDs in 2019, representing 32% of all global deaths. Of these deaths, 85%
were due to heart attacks and strokes.?2 Coronary heart disease (CHD), also known as ischemic heart
disease, affected an estimated 244.1 million people globally in 2020, with a higher prevalence in males

(141.0 million) compared to females (103.1 million).3

The prevalence of atherosclerotic CVD is closely linked to lifestyle factors common in Western
societies.* A sedentary lifestyle combined with diets high in saturated fats, refined carbohydrates, salt
and processed foods significantly contributes to the development and progression of atherosclerotic
CVD.5 These behaviours promote central obesity, type 2 diabetes, dyslipidaemia, hypertension, and
escalating atherosclerotic CVD rates.® The convenience-oriented Western lifestyle, characterised by
fast food, insufficient physical activity, sleep deprivation and mental stress exacerbates this burden.”
Additionally, behavioural factors such as tobacco use and excessive alcohol consumption, along with
environmental factors like air pollution, further increase the risk.® These risk factors often result in
intermediate conditions such as elevated blood pressure, insulin resistance, glucose intolerance, as
well as low-grade chronic inflammation and clonal haematopoiesis, which collectively heighten the

likelihood of atherosclerotic CVD.®

Amidst these challenges, there has been a marked increase in the use of digital tools for the prevention
and management of CHD in recent years. These technologies offer potential innovative solutions to
promote healthier lifestyles and provide timely interventions. Mobile health applications, wearable
fitness trackers, and telemedicine platforms are becoming integral components of healthcare,
empowering individuals to monitor their health and engage in proactive disease management. Digital
tools facilitate personalised care, improve patient adherence to treatment plans, and enable healthcare

providers to deliver more efficient and effective care.

This thesis investigates the interplay between lifestyle factors, cardiometabolic and digital health
innovations in addressing atherosclerotic CVD, and in particular CHD. The thesis structure is set out in

Figure 1.1.
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Figure 1.2 Milestones from the Framingham Heart Study (FHS).
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diabetes mellitus. From Wilson, Am J Hypertens (1994).11



1.1.1  Coronary heart disease
Coronary heart disease (CHD), also known as coronary artery disease, is characterised by chronic

inflammation and the deposition of atherosclerotic plaques within the subendothelial space of the
coronary arteries. These plaques, composed of lipids, cholesterol, and inflammatory cells, often
originate during childhood and progressively expand throughout life, particularly in the presence of
abnormal cardiometabolic risk factors.'? Atherosclerosis, a chronic inflammatory triggered by lipid
accumulation in the arterial wall, may remain asymptomatic for decades.'® However, the destabilisation
of inflammed plaques can result in erosion or fissuring, leading to thrombus formation and acute
ischemic events.'* The primary risk factors for atherosclerosis include non-modifiable factors such as
age and a family history of CHD, alongside several modifiable risk factors, including smoking, elevated
low-density lipoprotein (LDL) cholesterol levels, type 2 diabetes, and hypertension.'® Additional
contributors to atherosclerotic CVD, particularly CHD and myocardial infarction, include abdominal
obesity, low high-density lipoprotein (HDL) levels, hypertriglyceridemia, elevated plasma levels of
lipoprotein (a) and homocysteine, chronic inflammation (elevated high-sensitivity C-reactive protein),
clonal haematopoiesis, physical inactivity, and psychosocial stress. The Framingham Heart Study
(Figure 1.2) initiated in 1948, has been foundational in identifying the predictive significance of major
cardiometabolic risk factors. This longitudinal cohort study established hypertension,
hypercholesterolaemia, and smoking as major contributors to CVDs, shaping current understanding

and preventative strategies for cardiovascular and cardiometabolic health.®

1.1.1.1  Prevalence of CHD in Australia

Despite advances in healthcare, CHD remains Australia ‘s leading cause of disease burden and death.
The 2017-2018 National Health Survey reported 2.8% of adults (approximately 580,000 people) had
CHD, '8 with prevalence rising to 14% among those aged 75 and older.'” In 2020, 56,700 acute coronary
events occured (155 every day),'® while 39,500 strokes were recorded.’® In 2019, atherosclerotic CVD
caused 42,300 deaths (25% of all deaths),' and in 2018, CHD led to17,500 deaths, including 7,300
from heart attacks.?® Since 1980, CHD mortality rates have fallen by 82% due to improved treatment

and preventive care, with greater reductions in older adults.?!

1.1.1.2 Aetiology
The aetiology of CHD is fundamentally linked to atherosclerosis, which is driven by lipid accumulation,

endothelial injury, inflammation, and plaque formation, compounded by modifiable lifestyle factors and
genetic predispositions that collectively increase cardiovascular risk. Atherosclerosis is initiated by the
deposition of low-density (LDL) lipoproteins and triglyceride-rich lipoproteins (TGRL) within the sub-
endothelial space of arterial walls.?22 These lipoproteins undergo oxidative modification, releasing
bioactive oxidised phospholipids that induce endothelial dysfunction and activate immune cells
including monocytes and T cells, triggering chronic inflammation. 22 This inflammatory cascade
promotes smooth muscle cell migration and proliferation, leading to the formation of a subendothelial
collagen cap that initially stabilises the plaque by separating it from circulating blood.?42% Plaque
formation is central to atherosclerosis,?* characterised by the deposition of cholesterol, lipids, and other
substances within the arterial wall,?® which leads to luminal narrowing, arterial stiffening,?” and

heightened vulnerability to disruption.?2 The process begins with endothelial dysfunction, allowing



oxidised low-density lipoprotein (ox-LDL) to penetrate the intima,?® where it attracts and transforms
monocytes which then become lipid-laden foam cells. This creates a necrotic core within the plaque,
which is exacerbated by the release of cytokines and formation of neutrophil extracellular traps, further
promoting inflammation3® 3! and thrombosis.32 However, as the plaque expands, the arterial lumen
progressively narrows, ultimately obstructing blood flow, which can clinically manifest as angina (Figure
1.3).2% In advanced stages, plaque disruption, whether through fibrous cap rupture3?® or endothelial
erosion,?* 31 exposes thrombogenic material to the bloodstream, precipitating thrombotic events such

as myocardial infarction and ischemic stroke.34 35

Artery

Plagues form in lining of artery

Plague grows, lining of artery damaged

Normal
artery

Plague ruptures

Blocked

Blood clot forms,
artery

limiting blood flow

Figure 1.3 Normal versus a blocked artery, and plaque progression.
From: Causes and Risk Factors, NIH (2023)% & Myocardial Ischemia, Mayo Clinic (2023).3”

1.1.1.3 Risk factors
Epidemiologic and randomised studies have consistently shown that various risk factors significantly

contribute to the development of atherosclerotic CVDs and major adverse cardiovascular events by
amplifying their combined effects on morbidity and mortality.38-4° Non-modifiable (biological) risk factors
for CHD include age, gender, ethnicity and family history.'2 In contrast, modifiable (behavioural) risk
factors, such as smoking, elevated levels of LDL and TGRL, hypertension, type 2 diabetes, high
sensitive C-reactive protein play a substantial role (Figure 1.4).4! The progression and exacerbation of
atherosclerotic CVD are determined not only by the presence and magnitude of these risk factors but

also by their persistence over time.
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Figure 1.4 Risk factors (modifiable and non-modifiable) for CHD.
From Singar et al., Nutrients (2024).42

Biological non-modifiable risk factors for CHD include age, with men over 45 and women over 55 being
at higher risk.43 44 Gender also plays a role, as men* and post-menopausal women?*® are more
susceptible. A family history of heart disease is a potent predictor; the CARDIO2000 study found that it
increased the risk of a non-fatal acute coronary event by approximately fourfold in males and threefold
in females.4”- 48 Ethnic background impacts risk levels as well, with South Asian and certain indigenous

populations showing higher susceptibility to cardiometabolic diseases.*?

Classical modifiable (behavioural) cardiometabolic risk factors for CHD and atherosclerotic CVDs in
(smoking'', BMI, elevated LDL-cholesterol, hypertension®®, and type 2 diabetes®') have been
increasingly managed through highly effective and now inexpensive LDL-lowering and antihypertensive
pharmacological treatments, leading to a general reduction in both LDL levels and blood pressure.
However, the rise in central (abdominal) obesity, and related insulin resistance/glucose dysmetabolism,
physical inactivity and high-calorie diets has increased the prevalence of metabolic syndrome.52 53 This
syndrome, marked by increased waist circumference, elevated triglycerides (=1.7 mmol/L or drug
treatment for elevated triglycerides), low HDL-cholesterol (<1.0 mmol/L in men, <1.3 mmol/L in women
or drug treatment for reduced HDL-C), elevated blood pressure (=130 systolic or 285 diastolic or drug
treatment for hypertension), and raised fasting blood glucose (>5.6 mmol/L or drug treatment for
elevated glucose), has markedly increased in Australia.>* The 2000 Australian Diabetes, Obesity, and
Lifestyle study (AusDiab) found that 19% of Australians aged 25 and over met the criteria for a diagnosis
of metabolic syndrome.5® According to the Australian Institute of Health and Welfare 2017-18, 25% of
children aged 2-17 years, 57.7% of young adults aged 25-34 years, and 82.9% of men aged 45-54
years have a BMI higher than 25 kg/m?, and 60% of men and 66% of women had a waist circumference

indicating a higher risk of metabolic complications.56

1.1.2  Atherosclerotic plaque types
The composition and structural characteristics of plaques vary significantly, influencing their stability:

calcified plaques, primarily composed of hardened calcium deposits, are generally stable; however,
they contribute to arterial stiffness.5” In contrast, non-calcified, lipid-rich plaques possess a higher
propensity for rupture and acute cardiovascular events.5® Mixed plaques,5® containing both calcified®®

and non-calcified components,®' exhibit variable stability,62 while low-attenuation plaques,?? identifiable



through CT imaging® due to their low density, present a particularly high risk of rupture.®> Detailed
characterisation of plaque composition is crucial for risk stratification,’¢ as certain types are more

strongly associated with acute coronary syndromes and major cardiovascular events.”

1.1.3 Vascular endothelium
The vascular endothelium is an essential component of the circulatory system, contributing to the

regulation of smooth muscle cell function, thrombus formation, inhibition of leukocyte and platelet
adhesion, and maintenance of capillary function.®® Positioned between the vessel lumen and the
smooth muscle cell layer, the endothelial cells (tunica intima) align their long axes parallel to the
capillary or blood vessel axis, forming a critical interface between underlying tissues and the blood or
lymph.8® As a single cell layer, the vascular endothelium responds to haemodynamic changes via
membrane receptors and regulates homeostasis by synthesising and releasing various molecules,
including prostacyclins, endothelins, endothelial cell growth factors, interleukins, plasminogen
inhibitors, and nitric oxide (NO).%8 These macromolecules play a crucial role in maintaining vascular
tone, particularly under severe pathological conditions. Among them, nitric oxide has been extensively
studied since the 1980s.%8 70 |ts reduced bioavailability, known as endothelial dysfunction, is recognised
as the initial step in the progression of atherosclerotic cardiovascular disease,”’ which is the leading

cause of mortality worldwide.”?

1.1.4  Arterial stiffness and cardiometabolic health
Arterial stiffness is widely acknowledged as a significant predictor of cardiovascular events, dementia,

death, and is associated with a range of cardiovascular diseases, exacerbated by aging and various
disorders including hypertension, diabetes, and renal disease.”®76 Measurement techniques such as
pulse wave velocity (PWV) are essential for assessing arterial stiffness, with non-invasive methods
being highlighted for their diagnostic and predictive value in evaluating cardiovascular risk and
therapeutic efficacy. Lifestyle modifications, pharmacological treatments, and addressing modifiable
risk factors are emphasised as shown in Table 1.1 for their effectiveness in reducing arterial stiffness,

with further research needed to explore the impact of these interventions on cardiovascular outcomes.””

Table 1.1 A tabular summary of the current evidence on the effects of arterial stiffness on
cardiometabolic health.

Author, year Main findings
Arterial stiffness is a strong predictor of cardiovascular events and all-cause mortality in middle-aged and old
Agbaje et al., adults. Linked to hypertension, overweight/obesity, and insulin resistance in adolescents and young adults.
202278 Preventing or decreasing arterial stiffness during adolescence may confer cardiometabolic health benefits
later in life.
‘s Arterial stiffness is an independent predictor of cardiovascular disease in patients with hypertension. Pulse
Ecobici et al., X ) . . o .
79 wave velocity (PWV) is the gold standard for non-invasive assessment of arterial stiffness. Changes in terms
2017 . " . . ) .
of lifestyle and drug therapy have some positive effects on improving arterial stiffness.
Arterial stiffness, assessed using pulse wave velocity (PWV), is a strong independent predictor of
Feola et al., ) : e . o
202180 cardiovascular events. The aetiology of arterial stiffening should be related to degenerative/calcified
processes, while the thickening of the walls should be much more related to the atherosclerotic processes.
Arterial stiffness is associated with a range of linked pathophysiological changes within the circulation,
Quinn et al,, including increased pulse pressure, left ventricular hypertrophy, subendocardial ischaemia, vessel
201281 endothelial dysfunction and cardiac fibrosis. Measurement of arterial stiffness is independently associated
with adverse cardiovascular outcomes across many groups and in the general population.
Sacre et al., There is an association between aortic and proximal arterial stiffness and cardiovascular and all-cause
201482 mortality, independent of conventional risk factors. Physical activity and dietary habits influence the rate of




Author, year Main findings

arterial stiffening in healthy ageing. Clinical randomised controlled trials have shown that exercise and dietary
interventions can modulate arterial biomechanical properties beyond their impact on blood pressure and
other conventional risk factors.

Sakuragi et al., Arterial stiffness is an independent predictor of cardiovascular risk. There are various methods for measuring
201083 arterial stiffness. Arterial stiffness can be modified by medical and lifestyle therapy.

Arterial stiffness can be estimated by quantifying pulse pressure, distensibility, compliance coefficients, pulse
Stehouwer et wave velocity, and wave reflection. Diabetes, metabolic syndrome, and insulin resistance are associated with
al., 20078 greater arterial stiffness. Vigorously treating hypertension with pharmacological agents is the most powerful

therapy available for reducing arterial stiffness.

Arterial stiffness is associated with increased risk of cardiovascular events, dementia, and death. Lifestyle
changes and therapies that reduce arterial stiffness include weight loss, exercise, salt reduction, alcohol
consumption, and neuroendocrine-directed therapies.

Zieman et al.,
20058

1.1.5 Lifestyle
Lifestyle factors play a crucial role in both the prevention and management of CHD.® Unhealthy

behaviours such as physical inactivity, tobacco use, and excessive alcohol consumption contribute to
the development of CHD by fostering plague accumulation in the coronary arteries.®” Conversely,
regular physical activity,®® adherence to a healthy diet, tobacco abstinence, and effective stress
management can prevent CHD and its associated complications.?” Lifestyle modification is vital not only
for primary prevention but also for managing CHD.52 Incorporating healthy behaviours alongside
pharmacological and procedural interventions can significantly reduce symptoms and decrease the
likelihood of future cardiac events. Evidence shows that a heart-healthy lifestyle, including smoking
cessation, a nutritious diet, and regular exercise, prevents CHD and its complications. However,
adherence to these beneficial behaviours is often insufficient, and participation in cardiac rehabilitation
programs remains low among individuals with established CHD. Research gaps persist in
understanding the barriers to adopting and maintaining these healthy lifestyle practices, particularly
concerning dietary habits® and physical activity levels. Addressing these gaps is essential for improving

the uptake and sustainability of heart-healthy behaviours, thereby enhancing overall CHD outcomes.

1.1.5.1 Dietand CHD
Western dietary patterns, dominated by ultra processed foods high in carbohydrates, sodium, and red

meat, lead to an imbalance in inflammatory markers, with an increase in proinflammatory cytokines and
a decrease in anti-inflammatory responses.® In contrast, a Mediterranean diet, rich in fruits, vegetables,
whole grains, nuts, and legumes, has been associated with reduced inflammation®' and lower rates of
cardiovascular disease (CVD).%? Furthermore, emerging evidence highlights the role of gut microbiota,
which influences cardiovascular health.?® For example, compounds such as L-carnitine, betaine, and
choline metabolised by gut bacteria into trimethylamine N-oxide (TMAO), have been linked to
heightened risks of diabetes, hypertension, and atherosclerosis. This highlights the impact of diet on

inflammation and gut microbiota, emphasising their collective role in CHD risk.®*

1.1.5.1.1 Diet and CHD prevention
Dietary patterns significantly influence CHD risk by affecting obesity, hypertension, uncontrolled

diabetes.? Diets low in saturated fats and rich in fibre and plant-based foods offer protective effects,
with studies showing a Mediterranean diet reduces CHD and mortality risk, while high-fat, low-

carbohydrate diets have been associated with higher riskd.®”- % Preventive dietary strategies include



portion control, increased intake of fruits, vegetables, and whole grains, and limited consumption of
processed meats, sugary drinks, and sodium.® Current guidelines recommend diets abundant in plant-
based foods and low in processed ingredients to reduce heart disease risk, highlighting specific

preventive dietary choices.5 92,100

1.1.5.1.2 Diet and CHD management
For individuals managing CHD, diet remains a core strategy to control disease progression and improve

health outcomes.’®" A balanced (as mentioned above) can help lower cholesterol, manage weight,
reduce diabetes risk, and improve blood pressure. The Mediterranean diet and daily consumption of
small quantities of nuts are particularly effective in reducing CHD risk, with evidence supporting a
reduction in heart disease risk by up to 25%.°7- 192 Dietary guidelines for CHD management emphasise
a variety of nutrient-dense foods, minimal added sugar and salt, whole grains, plant-based proteins,

and non-tropical oils like olive oil, tailored to support cardiovascular health.®

1.1.5.1.3 Pesco vegetarian diets and CHD
The 5:2 pesco-vegetarian diet combines intermittent fasting with a pesco-vegetarian lifestyle,%3

involving five days of unrestricted eating and two days of reduced calorie intake (500-600 calories)
focused on fish and plant-based foods.'® This approach promotes a calorie deficit for weight
management and metabolic health, while fish and seafood provide omega-3 fatty acids, supporting
heart and cognitive health.’® This diet combines the benefits of a vegetarian and fish-based nutrition
consumption with the metabolic effects of intermittent fasting, offering a potential advantage over
Western diet high in unhealthy fats and animal protein.'°% 1% Chapter 4 of this thesis presents a 6-month

sub-study from the LIVEPLUS trial exploring the effects of this diet over 12 months.

1.1.5.1.4 Fasting and CHD
In modern societies, the habit of consuming three meals a day contrasts with the continuous food

access provided to many laboratory animals. Such patterns, coupled with reduced physical activity,
contribute to a rise in metabolic conditions.'07. 198 Historically, humans, like many animals, adapted to
environments with intermittent food scarcity, developing mechanisms to sustain physical and cognitive
performance during period without food.'® This principle forms the basis of intermittent fasting (IF),

which alternates between extended fasting (16-48 hours) and periods of eating.'10. 111

Mammals, including humans, use energy reserves stored in the liver and adipose tissue to endure
fasting. The evolution of metabolic, endocrine, and nervous systems supports sustained performance
even in the absence of food intake.''? IF has various forms,"'? including Time-Restricted Feeding (TRF),
Alternate Day Fasting (ADF), and the 5:2 Method. TRF restricts eating to an 8-hour period each day,
ADF alternates low-calorie and regular eating days, and the 5:2 approach''* allows for normal intake
five days a week with reduced intake on two days. Despite IF’s rising popularity, its safety and
effectiveness require further research.'5 Studies indicate similar weight loss effects for ADF, 5:2, and
traditional daily energy restriction (DER), but little is known about nutrient adequacy when following

IF, "4 which may risk deficiencies with prolonged use.6. 117

Human research has mainly examined IF’s impact on weight loss and metabolic health in overweight

and obese individuals."?- 118 Randomised controlled trials have shown that IF methods including ADF



and the 5:2 method promote weight loss and metabolic improvement, often on par with continuous
energy restriction (CER). Benefits include reductions in body fat, cholesterol, triglycerides, and insulin
resistance, as well as improvements in cardiovascular markers such as blood pressure and resting
heart rate.'0° 113 |F diets have shown high adherence rates, with participants generally avoiding
excessive intake on non-fasting days.''® Lean mass preservation is not adversely affected, especially

when paired with resistance training.'"®

However, long-term effects of IF on weight stability and overall health are not fully understood, and
limited data exist on IF’s role in weight gain prevention for normal-weight individuals. Some participants
report increased hunger and challenges with daily tasks on fasting days, particularly those who are not
overweight. While the potential of IF is significant, further comprehensive studies are essential to
establish its safety and effectiveness across different populations. A new ongoing study by Fontana et

al., (2022)'20 suggests that fasting alone may not be intense enough for human needs.?!

1.1.5.2 Physical activity and CHD
One of the key contributing factors to the development of CHD is physical inactivity.'?? In

epidemiological studies, physical activity encompasses any leisure activity that increases energy
expenditure, while exercise training is defined as structured, repetitive, and goal-oriented physical
activity. Regardless of one's physical activity or exercise status, cardiorespiratory fitness, as measured
by metabolic equivalents (METs) or peak oxygen uptake, can be determined through a maximum stress

test.’23 For this thesis, we consider exercise as a form of structured physical activity.

Routine physical activity/exercise induces vascular responses such as lymphangiogenesis, cardiac
angiogenesis, and endothelium-dependent vasodilation. These responses contribute to improved
cardiovascular health by enhancing the growth of lymphatic and blood vessels and promoting the
dilation of blood vessels, which improves blood flow and reduces cardiovascular risk.'?* Furthermore,
regular exercise causes an increase in the size and dilatory capacity of coronary arteries and the
formation of collateral blood vessels.'?®> The improvement in endothelial function also contributes to

better flow-mediated dilation.

Regular physical activity results in enhanced contractile ability and electrical stability of the heart, as
well as increased stroke volume both during rest and physical activity.?® This leads to a higher maximal
cardiac output and a reduced heart rate at rest and during submaximal cardiac output. Additionally,
regular physical activity affects the coagulation properties of blood by reducing platelet aggregation and
enhancing fibrinolytic activity, which may be due to reduced levels of plasminogen activator inhibitor-1.
It also has anti-inflammatory effects, including decreased plasma fibrinogen concentrations, C-reactive
protein levels, and white blood cell count.'?® Exercise influences systemic responses such as

adaptations in skeletal muscle, vessels, brown adipose tissue, and gut microbiota.

The metabolic adaptations during physical activity and post-exercise recovery involve an enhancement
of lipid oxidation.'?” The transport of blood lipids undergoes alterations, leading to a higher ratio of high-
density lipoprotein (HDL) to low-density lipoprotein (LDL) and increased activity of lipoprotein lipase

which results in an increased utilisation of circulating triglycerides as fuel and their clearance even
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during periods of inactivity.'?® Furthermore, the activation of this enzyme accelerates the conversion of
very low-density lipoprotein (VLDL) to HDL.'?® Regular exercise also enhances the sensitivity of the
liver, skeletal muscle, and adipose tissue to insulin, resulting in decreased fasting insulin levels and

improved insulin response to glucose, accompanied by an increase in the rate of glucose disposal.'3°

In the past decade, there has been a growing body of literature that demonstrates the positive effects
of moderate-intensity physical activity on cardiovascular health (Figure 1.5). Moderate intensity is
defined in various ways, such as expending more than 6 METS, or roughly 5 Kcal to 7.5 Kcal per minute,
exercising at 60-70% of maximum heart rate, or 60% of VO2 max. This translates to physical activity
that elevates the heart rate and breathing rate, yet still allows for conversation, such as brisk walking,
swimming, and cycling. METs, or metabolic equivalents, are a unit of measure for the rate at which the
body expends energy. A single MET is equivalent to the energy expenditure of an individual at rest. An
activity with a MET value of 4 indicates that the individual is expending four times the energy compared
to when they are at rest. VO2 max, also referred to as maximal oxygen uptake, represents the maximum
volume of oxygen that can be utilised by the body during exhaustive aerobic exercise while breathing
air at sea level. It is indicative of the capacity of the heart to pump oxygen throughout the body and

reflects the highest rate of oxygen consumption attainable during exercise performed at maximal

intensity. 3!
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Figure 1.5 Impact of physical activity and exercise on cardiovascular health.
From Chen et al., Sig Transduct Target Ther. (2022).12*

Emerging evidence from large-scale epidemiological studies, such as the British Regional Heart Study

(BRHS) and the lowa Women's Health Study, highlight the pivotal role of regular physical activity in
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mitigating cardiovascular disease risks and enhancing overall heart health across diverse populations.
The BRHS is a comprehensive and long-term investigation of cardiovascular disease that commenced
in 1978. This study had 7735 male participants aged between 40 and 59, selected randomly from
general practices in 24 towns in the United Kingdom. A standardised questionnaire was used to collect
data on leisure-time physical activities, including walking, cycling, and sports, as well as other health-
related habits.’32 The BRHS identified the impact of lifestyle factors on CVD risk and mortality, while
contributing to the understanding of age-related health challenges including frailty and cognitive
impairment in older adults.’® The lowa Women's Health Study recruited a sample of 40,417
postmenopausal women aged 55-69 from a random selection of lowa female drivers and monitored
their health for a period of up to seven years. The results indicated that women who had the least
physical activity had roughly twice the cardiovascular mortality rate when compared to the women who
had the highest levels of physical activity. Those who engaged in moderate physical activities four or
more times per week demonstrated a 47% reduction in risk compared to women who participated in
these activities infrequently or not at all. Furthermore, women who participated in vigorous physical
activities four or more times a week exhibited an 80% reduction in risk as compared to women who

participated in these activities rarely or never.33

Both studies collectively emphasise the critical role of fitness and physical activity in promoting
cardiovascular health and preventing disease. They highlight that regular, moderate-to-vigorous
physical activity can significantly reduce the risk of developing or dying from cardiovascular diseases,
making fithess a key component of a healthy lifestyle. These findings suggest that the advantages of
physical activity extend to all genders, age groups, and health statuses, supporting its integration into
daily life to enhance public health outcomes. Furthermore, an 8-year follow-up study showed that men
without pre-existing CHD who engaged in moderate or moderately vigorous physical activities had their
risk of heart disease reduced by 50% compared to those who remained inactive. The findings also
indicated that men with pre-existing CHD had a similar inverse association up to moderate levels of
activity. However, no additional benefits were observed in participants who engaged in vigorous

physical activity.'34

Cardiovascular fitness, an indicator for physical activity levels, has also been linked to mortality (Figure
1.6) as evidenced in a study by Leitzmann et al., where participants who engaged in moderate-intensity
physical activity for over three hours per week had a 27% reduction in mortality risk.'3® Studies have
shown that higher levels of cardiorespiratory fitness (CRF) are linked to a lower risk of CHD and overall
mortality among healthy individuals.'36 137 Lee et al. further confirmed the strong correlation between
cardiorespiratory fitness and reduced all-cause mortality, emphasising the effectiveness of structured
physical activity training in achieving high cardiovascular fitness, regardless of leisure-time physical
activities.'3® The Copenhagen City Heart Study, spearheaded by Schnohr et al., found that the intensity,
rather than duration, significantly influences all-cause and coronary heart disease mortality reduction.
Particularly, fast cycling was associated with a noteworthy increase in life expectancy, independent of

the total cycling time. 139, 140 141
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Figure 1.6 Impact of regular physical activity on mortality.
Obesity, arterial hypertension, diabetes mellitus, and dyslipidaemia contribute to increased mortality (+). Regular physical activity
improves fitness (+) and counteracts the development of risk factors (). From Winzer et al., JAHA (2018)."#

1.1.5.3 Mental health strategies

Stress reduction and mindfulness, while closely intertwined, are distinct concepts with unique
contributions to mental health and well-being. Stress reduction is a broad term that includes a variety
of techniques aimed at lowering stress levels, such as physical activities, relaxation methods, and
psychological strategies. Mindfulness, conversely, is a more focused practice that involves maintaining
one's attention on the present moment in a non-judgmental way, facilitating the acknowledgment and
acceptance of thoughts, feelings, and bodily sensations.'? This practice is not only a pivotal aspect of
stress reduction, particularly through programs like Mindfulness-Based Stress Reduction (MBSR), but
it also serves to enhance mental awareness and foster a calmer, more focused state of mind.
Mindfulness embodies the skill of focusing on one’s physical and mental experiences during everyday
activities with openness, curiosity, and acceptance. It involves self-regulating attention to remain
cognisant of the present, thereby improving the recognition of current mental processes, and it
encourages an attitude of acceptance towards these experiences. Additionally, mindfulness involves
“remembering” to keep certain thoughts or feelings in awareness, contributing to one’s overall well-
being. Seen as both a practice and a dispositional trait, mindfulness varies among individuals in their
natural capacity to remain present and attentive, highlighting its role not just in stress reduction but also
in enhancing dispositional mindfulness, which indicates the diverse ability of individuals to engage with

and benefit from mindfulness practices in their daily lives.

A recent study involving 382 participants in the United States found a significant link between
dispositional mindfulness and better cardiovascular health. Specifically, individuals with high levels of
mindfulness were found to have an 86% higher likelihood (prevalence ratio of 1.86, 95% CI 1.08 to
3.19) of exhibiting good cardiovascular health compared to those with lower levels of mindfulness. While
research directly connecting mindfulness to cardiovascular events remains scarce, an expanding
evidence base suggests mindfulness may influence key risk factors for cardiovascular disease. These
factors include physical activity, smoking habits, dietary patterns, obesity, blood pressure, lipid profiles,

and diabetes management, as detailed in the study's findings Figure 1.7.143
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Figure 1.7 Conceptual framework suggesting plausible mechanisms by which mindfulness meditation

may influence cardiovascular disease risk.
From Loucks et al., Curr Cardiol Rep (2015)."%

Dozens of studies have reported on the health benefits of meditation. According to the National Health
Interview Survey, 8% of US adults practice some form of meditation. Up to 14% to 24% of patients with
CVD have been reported to use or to have used some form of mind-body therapy, and 2% to 3% use
or have used some form of meditation. In addition, half of CVD patients are interested in participating
in a clinical trial of alternative therapies, and 17% are interested in participating in a clinical trial of
meditation. Many modern mindfulness and meditation practices are delivered via digital platforms,
including mobile apps and wearables, making them integral to the emerging digital health landscape. 4%
47 Hence, mindfulness and meditation may be an attractive cost-effective adjunct to more traditional

medical therapies. 48

1.1.6  Digital lifestyle interventions
Digital health refers to the use of digital technologies including mobile health apps, wearable devices,

telemedicine platforms, electronic health records, and personalised medicine to enhance healthcare
delivery and promote individual well-being by enabling self-monitoring, remote consultations, data-
driven insights, and tailored treatments. By leveraging these tools, digital health aims to empower
individuals, improve access to healthcare, enhance care quality, and promote preventive care,
representing a shift toward more patient-centred, efficient, and data-informed healthcare systems.
Digital lifestyle interventions leverage technology platforms and devices to promote healthy habits and
tackle conditions such as obesity, heart disease, type 2 diabetes, and depression.'*® Their goal is to
improve health and well-being through digital support and guidance, showing significant promise in
modern health management. For instance, mobile apps for healthy eating offer personalised meal
plans, recipes, and tracking tools to assist users in making healthier choices and managing calorie
intake. Features like social networking and gamification encourage ongoing healthy behaviours.50
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Similarly, wearable technology, such as fitness trackers, supports physical activity by providing real-
time data on activity levels, heart rate, and sleep, alongside coaching features to aid in achieving fithess
goals.'®' These interventions represent a growing field aimed at enhancing health outcomes through

digital innovation (Figure 1.8).

%0

1
Empower
patients and

providers

O

@

Reduce
healthcare Improve
costs long-term
patient
outcomes

élb.
O,
1
Promote

universal

4

health services Improve
coverage patient
experience

of care

Figure 1.8 The potential of digital health interventions for CVD.
From Tromp et al., Global Heart (2022)."%2

The rapid increase in the use of digital lifestyle interventions highlights the role of technology in offering
convenient, personalised, and interactive health solutions, leading to improved health behaviours,
outcomes, and patient self-care engagement. However, these interventions come with challenges,
including the risk of privacy and security breaches related to the handling of personal health data.
Additionally, access disparities present a significant obstacle, with those of lower socioeconomic status
or limited digital literacy facing difficulties in using these digital tools, potentially excluding them from
the benefits these interventions provide. Several digital health lifestyle strategies have been proposed

for the prevention of cardiometabolic diseases, including:

e Mobile health apps: Mobile health apps can be designed to track physical activity levels, monitor
diet, and provide feedback and encouragement to users. For example, apps can provide real-time
feedback on physical activity and food intake, set achievable goals, and provide rewards for
reaching those goals. mHealth is further defined in section 1.1.6.2.

¢ Telehealth interventions: Telehealth interventions, such as telemedicine, allow individuals to access
healthcare services remotely, including access to specialist physicians, nurses, and other
healthcare professionals. This can help individuals receive timely, appropriate care and improve
their management of chronic conditions.

e Social media-based interventions: social media-based interventions can use online communities to

support individuals in adopting healthy behaviours and habits. For example, online communities
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can provide access to health information, peer support, and other resources to help individuals
manage their health and reduce their risk of developing cardiometabolic diseases.

e Virtual reality-based interventions: Virtual reality-based interventions can use immersive
experiences to simulate different health behaviours and help individuals learn about their impact on
their health. For example, virtual reality simulations can demonstrate the impact of unhealthy
behaviours, such as smoking and excessive alcohol consumption, and encourage individuals to
adopt healthier behaviours.

o Wearable technology: Wearable technology, such as fitness trackers and smartwatches, can
provide real-time feedback on physical activity levels, heart rate, and other health-related
parameters. This information can help individuals monitor their health, make informed decisions
about their lifestyle, and take proactive steps to reduce their risk of developing cardiometabolic

diseases.

1.1.6.1 Behaviour-change strategies

In the 215t century, digital medicine prioritises the promotion of health behaviour change and the delay
of non-communicable chronic diseases onset. A key strategy involves using digital health technologies
to foster healthier lifestyles and support sustained behaviour change.'®® To combat cardiometabolic
diseases, several behaviour change theories guide the development of digital interventions.5* These
models offer frameworks for understanding the psychological, social, and environmental factors that

influence health behaviours, enabling the design of more targeted and effective interventions.

The Transtheoretical Model,'®5 provides a stage-based approach to behaviour change, outlining a
progression from precontemplation through to maintenance.'® This model allows digital interventions
to be tailored to an individual’s readiness for change, facilitating gradual and sustained progress.'%¢ The
Health Belief Model focuses on individuals’ perceptions of susceptibility to illness, the severity of
potential outcomes, and the benefits and barriers associated with health-promoting actions. This
framework is particularly relevant for designing interventions aimed at increasing engagement with
preventive health behaviours, such as physical activity or dietary improvements.'” The Self-
Determination Theory highlights the importance of intrinsic motivation and the satisfaction of
psychological needs for autonomy, competence, and relatedness. This theory is particularly valuable in
digital medicine, as interventions can be designed to foster user engagement and long-term adherence
by supporting these intrinsic drivers.%® Additionally, Social Cognitive Theory emphasises the reciprocal
interaction of personal, behavioural, and environmental factors, incorporating concepts such as self-
efficacy and observational learning.®® This is frequently applied in digital platforms that use gamification
or peer modelling to reinforce positive behaviours.'® Other model, such as the Theory of Planned
Behaviour, focus on the role of intention, attitudes, perceived norms, and behavioural control in driving
actions, offering a framework for interventions aimed at deliberate decision-making processes.'' The
Social Ecological Model broadens this perspective, recognising the influence of multiple levels including
individual, social, and structural, on behaviour, making it a useful tool for addressing systemic barriers
to health.'®2 Finally, Social Norms Theory underscores the influence of perceived norms, which digital

interventions can leverage by correcting misperceptions to encourage healthier behaviours.®3 Digital
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interventions are designed to align with these theories, tailoring content and strategies to meet
individuals at their respective stages of change. For example, the Transtheoretical Model helps identify
whether a person is ready to act,'®> while interventions informed by the Health Belief Model enhance
perceptions of risk and benefits, fostering a stronger sense of urgency and purpose.'s” Strategies rooted
in Self-Determination Theory seek to support autonomy by allowing users to set their own goals,
enhance competence through skill-building and feedback, and provide relatedness through social
features or community support.’® These interventions typically include educational content,
personalised feedback, and social support to foster awareness, motivation, and sustained action
towards healthier behaviours.'64 185 For instance, apps might highlight personal progress, use peer
comparisons to provide context, or present tailored strategies to overcome barriers.'%® By addressing
both personal and environmental factors, digital health platforms aim to improve individuals’ perceptions
of disease susceptibility, severity, and the benefits of behaviour modification while minimising perceived
barriers.1%7. 168 This comprehensive, theory-driven approach underscores the potential of digital health
platforms in promoting healthy behaviours, increasing disease risk awareness, and facilitating
sustainable health behaviour changes.%* 169 Although further research is needed to fully assess the
efficacy of these strategies in preventing cardiometabolic diseases, they offer a promising and
innovative avenue to improve public health outcomes by empowering individuals to take control of their

health behaviours.66

1.1.6.2 mHealth
Mobile health (mHealth) leverages mobile technologies to enhance healthcare services, offering

significant potential in disease prevention and management. A major advantage of mHealth is its
capability to gather and track health data in real time, enabling clinicians to detect health risks early and
prevent diseases.'”? For instance, wearable devices including smartwatches can track one’s physical
activity, heart rate, and sleep patterns, helping to identify early signs of diseases such as cardiovascular
conditions (Figure 1.9).77" Moreover, mHealth empowers patients with tools and resources for
managing their health, including mobile apps that offer guidance on healthy living, diet, exercise, and
medication reminders, thereby facilitating disease prevention.'”?2 Another key benefit is mHealth’s
facilitation of instant communication between patients and healthcare providers, enhancing care quality,
speeding up service delivery, and fostering patient engagement in prevention programs. Through
mHealth, patients can securely message their doctors, engage in telemedicine consultations, and
access their medical records and test results on their mobile devices.'”? Additionally, mHealth improves
the precision and promptness of health information, giving patients access to the latest health guidelines
and practices to inform and engage them in their health management.'”* mHealth stands as a crucial
tool in disease prevention and management by collecting real-time data, providing health management
tools, enabling instant patient-provider communication, and delivering accurate health information.
Through interventions such as text messages, mobile applications, and wearables, mHealth supports
behavioural changes that can prevent cardiometabolic diseases, highlighting its importance in modern
healthcare strategies.'”® Using these strategies in researching mHealth’s benefits, three meta-analyses
comparing mHealth interventions to traditional care methods for increasing physical activity have shown

promising results. A detailed analysis of 21 randomised controlled trials (RCTs) indicated that mHealth
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interventions significantly reduced sedentary behaviour and led to non-significant improvements in
overall physical activity, moderate to vigorous intensity physical activity, and walking compared to
conventional care.’® A subsequent meta-analysis of 15 randomised controlled trials found that using
computer, mobile, and wearable technology effectively reduced sedentary behaviour, with noticeable
decreases in sitting time for up to six months post-implementation. This reduction was specifically noted
in studies with a short follow-up period.'”7 Yet another study, a meta-analysis, investigated the
effectiveness of mobile smartphone-based health programs on enhancing physical activity and reducing
obesity in young adults. The analysis found a statistically significant improvement in both physical
activity levels and weight loss among the participants. This evidence indicates that mobile health

programs can successfully boost physical activity and facilitate weight loss in young adults.'"®
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Figure 1.9 Wearable devices, including smartwatches, are evolving with diverse sensors for health
monitoring and specific medical uses, offering continuous, shareable data to enhance algorithm

accuracy and functionality.
Figure adapted from Chikwetu et al., The Lancet Digital Health (2023).'7°

1.1.6.3 Gamification

Gamification, the application of game design principles in non-game settings, is increasingly used to
enhance engagement, motivation, and behavioural change in healthcare.'® By integrating elements
such as competition, achievements, rewards, and social interaction into digital health platforms,
gamification aims to make health management tasks more interactive and enjoyable.'8' Features such
as goal setting, progress tracking, virtual rewards, and social sharing foster user engagement and

support positive health outcomes (Figure 1.10).'82 Modern technologies, including smartphones and
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wearable devices,'®® enable personalised experiences, improving adherence to treatments and
participation in health-promoting behaviours. A primary advantage of gamification lies in its ability to
make health behaviour change more enjoyable, motivating individuals to adopt habits such as regular
exercise and healthy eating.'® Mobile apps that gamify exercise, for example, encourage physical
activity through goal setting, feedback, and tracking. Gamification also fosters social connection,
creating supportive communities where individuals with similar health goals can share experiences and
engage in friendly competition. For instance, gamified platforms for diabetes management facilitate
patient engagement and treatment adherence by encouraging collaboration and accountability.!85 186
Despite its potential, gamification faces challenges, including limited evidence of its effectiveness in
disease prevention and the perception among some users that it trivialises serious health issues.'8”
Additionally, high development costs and limited access to technology in low-income or rural areas may
hinder its adoption. Nonetheless, gamification offers a promising approach to making chronic disease
management more engaging, ultimately improving patient compliance and reducing the burden of

care.'65
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Figure 1.10 Summary overview of the relationship between gamification ingredients and validated
health behavioural change techniques.

1. Behaviour change methods involve a pattern of testing and adapting to the changing environment of the
individual/population.

Classical behaviour change methods involved rewards or punishment.

Modern behaviour change methods have moved away from the archaic principle of rewards.

Gamification involves a symbiotic relationship between autonomy, relatedness, and competence.

Intrinsic motivation: The activity is undertaken because it is internally rewarding where the goal comes from
within, and the outcomes of the goal satisfy the basic psychological needs for autonomy, competence, and
relatedness.

Game elements includes motivation triggering activities.

Game techniques are the key to successfully implementing gamification in any intervention.
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8. Behaviour change techniques are the end goal of all gamification interventions.

9. List of current validated behaviour change models often used for health interventions — with most having
major limitations. For example, the Health Belief Model does not account for a person's attitudes, beliefs, or
other individual determinants that dictate a person's acceptance of a health behaviour.

10. Badges, points, and leader boards can be given/implemented as digital goods for motivation.

The growing focus on incorporating gamification into digital healthcare is driven by issues like unequal
access to healthcare services, patients not following treatment plans, and rising healthcare costs.
Advances in electronic technology, especially the advanced features of smartphones including
accelerometers, sensors, and GPS, have significantly contributed to the use of gamification in various
sectors, including healthcare. These technologies facilitate effective health interventions through
gamified approaches. Technological progress has inspired innovation and creativity, leading to the
development of advanced healthcare systems designed to encourage healthy living and improve well-

being.'88

Many mHealth applications and serious games have shown limited long-term engagement because
they depend mainly on external rewards. To unlock the full benefits of gamification in healthcare, it's
crucial to develop e-Health solutions grounded in theories that tap into the core components and
psychological effects of game mechanics.'® Gamification can aid clinicians in disease prevention by
making health behaviour changes enjoyable and engaging, creating a supportive social atmosphere,
and offering feedback on patient progress. However, more research is necessary to comprehend its

effectiveness fully and overcome the challenges of its implementation.

1.1.6.4 Just-in-time adaptive intervention

The just-in-time adaptive intervention (JITAI) strategy is designed to deliver timely, personalised support
that responds dynamically to an individual's changing needs and context. Using mobile technologies
and sensors, JITAls adaptively support health behaviour change by recognising and responding to the
fluctuations in a person’s behaviour, environment , or state.'® This strategy is particularly valuable in
addressing complex health issues such as substance use, mental health, and chronic disease
management, where real-time, context-sensitive interventions can significantly enhance both
engagement and therapeutic outcomes. For instance, in a smoking cessation program, a JITAI might
suggest distraction activities or support at moments when cravings are detected, tailored to the user’s

specific needs and preferences.%°

A key element of JITAIs is determining optimal timing and methods for delivering tailored support,
known as adaptive treatment strategies or dynamic treatment regimens. JITAls typically comprise
various intervention components that can activate or deactivate based on real-time data, such as
physical activity levels, location, or self-reported cravings. For example, in a physical activity
intervention, a JITAI might set a daily step goal and provide motivational prompts when activity drops
below a certain level.’®" The challenge in developing effective JITAls lies in understanding how to
dynamically adjust these components to meet individual needs across changing situations. The next
section discusses how micro-randomised trials (MRTs)'®2 provide a powerful methodology for
evaluating and optimising these adaptive interventions.
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1.1.6.5 Micro randomised controlled trials

Micro-randomised trials (MRTs) are an experimental framework designed to rigorously evaluate JITAls
by allowing for frequent within-participant randomisation of intervention components over time.'® In an
MRT, participants are randomised repeatedly, often multiple times per day, to receive or not receive
specific intervention components. This approach enables researchers to assess the real-time effects of
individual intervention components, as well as how these effects may vary based on time, context, and
individual characteristics. MRTs are essential for understanding how interventions work in naturalistic
settings, optimising JITAls by identifying which components are most effective at different moments and

under specific conditions.

The value of MRTs lies in their ability to provide detailed data on both the timing and contextual
relevance of interventions, helping researchers fine-tune JITAl components for maximum effectiveness.
For instance, an MRT might reveal that certain prompts for physical activity are most effective in the
afternoon or under particular environmental conditions.'®® By capturing the interaction between
intervention components and contextual variables, MRTs provide a robust framework for developing
personalised health interventions (Textbox 1.1).'% With the widespread availability of mobile devices
and sensors, MRTs make it feasible to deliver JITAls that adapt precisely to each user’s circumstances,

making MRTs a powerful tool in the design of contextually adaptive, effective health interventions.

Textbox 1.1 MRTs can help researchers answer questions such as:

e How do the immediate and delayed outcomes of an intervention component compare and
differ?

e To what extent do the immediate and delayed effects of an intervention component change
over time?

e Which characteristics (fixed or changing over time) influence the immediate or delayed
effects of an intervention component?

1.1.6.6 Digital health generated biomarkers

Traditional biomarkers in health assessments typically include physiological indicators such as blood
pressure, heart rate, and body temperature, which offer insights into the cardiovascular system.'4
Biochemical markers, measured through blood and urine tests, reveal the functioning of organs, the
presence of infections, or the status of metabolic processes.% 1% Genetic markers, identified through
DNA analysis, can predict susceptibility to certain diseases, response to medications, and provide
information on inherited traits.’®” These biomarkers serve as critical indicators for assessing the
physiological and metabolic states associated with various health conditions, enabling clinicians to

monitor disease progression and evaluate the efficacy of therapeutic interventions (Figure 1.11).
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Figure 1.11 Biomarkers are typically verified through two research designs: (1) Cross-sectional and
(2) Longitudinal.
Cross-sectional studies measure biomarkers at one time-point, only indicating correlations at that time. Longitudinal studies

assess if biomarkers can predict future age-related changes by examining data over time. Figure adapted from Ferrucci et al.
Nature Medicine (2024).1%8

Digital biomarkers are a relatively new phenomenon in the field of medical science.'®® They refer to a
wide range of physiological, behavioural, and environmental variables that can be collected, stored, and
analysed through digital technologies such as wearable devices, smartphones, and other sensors
(Figure 1.12). These variables are used to monitor various aspects of health and well-being, including
vital signs, physical activity, sleep patterns, mood, stress levels and more. The data generated by these
digital biomarkers can then be used by healthcare providers and researchers to gain insights into a
person's health and inform the development of personalised health and wellness programs.2%° Digital
biomarkers have rapidly become a promising tool in precision medicine, providing real-time valuable
information about an individual's health status.
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Figure 1.12 Traditional versus digital biomarkers.

A summary and comparison of the most frequently tested biomarkers for disease prevention, diagnosis, and treatment, compared
with data obtained from machines (imaging, accelerometer, photoplethysmography, near infrared, etc.) grouped as digital
biomarkers.
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1.1.6.7 Future of digital health interventions

The future of digital health interventions is highly promising for cardiovascular health, with significant
advancements aimed at promoting physical activity, stress reduction, and healthy eating. Modern digital
tools, including sophisticated fitness trackers and custom mobile apps, are set to transform exercise
routines by providing personalised workout plans based on heart rate and effort, improving heart health,
and reducing risk factors.20" Additionally, new stress management technologies like mindfulness apps,
virtual reality relaxation, and biofeedback are emerging as effective ways to lower stress, enhance
mental health, and indirectly benefit heart health.292 Digital solutions are also revolutionising dietary
management by tracking nutrition and offering tailored dietary advice, crucial for preventing heart-
related issues.2% Moreover, the use of micro-randomised trials in these digital solutions allows for the
real-time fine-tuning of health strategies, greatly improving the personalisation and effectiveness of
interventions for individuals.'® The introduction of gamification in health apps, through points, levels,
and rewards, presents an innovative method to engage users and encourage lasting changes in
behaviour that support cardiovascular health.!82 204, 205 |n conclusion, the future trajectory of digital
health interventions (Figure 1.13) in cardiovascular care is marked by a transition towards more
personalised, engaging, and adaptive solutions. These interventions are not merely technological feats
but are pivotal in shaping health behaviours and preferences, thereby ushering in a new era of
cardiovascular health management.
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Figure 1.13 The future of digital health interventions in enhancing patient care and biomedical
scientific discovery.
Figure adapted from Clusmann et al., Commun Med (2023).2%
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1.2 Summary of introduction
The prevalence of coronary heart disease (CHD) is a growing global concern. CHD remains one of the

leading causes of death and disability worldwide. This increase is closely linked to unhealthy lifestyle
choices, including poor diet and lack of physical activity, which are major contributors to the
development of CHD. One of the features of CHD is impaired vascular health. Vascular disease involves
the narrowing or blockage of blood vessels, which can lead to serious cardiovascular events such as
heart attacks and strokes. Maintaining vascular health is essential for overall cardiovascular function,
and its deterioration significantly increases the risk of cardiometabolic diseases, including type 2
diabetes.

Unhealthy lifestyles are one of the main contributors to poor vascular health and CHD. Unhealthy diets
and inactivity play a significant role in the onset of these conditions. Diets high in processed foods,
sugar, and saturated fats contribute to vascular disease, while a lack of physical activity exacerbates
the problem. Other harmful habits, such as smoking and excessive alcohol consumption, further
degrade cardiovascular health, increasing the risk of CHD and related complications. Managing stress
is also crucial, as chronic stress is associated with higher risks of heart disease and conditions like
obesity and diabetes. Adopting lifestyle modifications, such as quitting smoking and reducing alcohol

intake, benefits both heart health and general well-being.2%

Digital health interventions play an important role in the prevention and management of cardiometabolic
diseases, including CHD. In recent years, digital health tools such as mobile apps and wearable devices
have shown promise in promoting healthy ageing and disease prevention.2%8 These interventions help
individuals track their diet, physical activity, and stress levels, providing personalised feedback and
support for healthier lifestyle changes.2%° Real-time monitoring of cardiovascular markers like heart rate
and blood pressure enables early detection and timely treatment of potential health issues.209 210
Additionally, digital health interventions facilitate the implementation of evidence-based
recommendations for diet and physical activity, offering access to educational resources that encourage
positive lifestyle changes.?!" By combining healthy eating with regular exercise, these tools support
vascular health, reduce disease risk, and promote longevity. Ongoing research is needed to further
understand the complex relationships between vascular health, lifestyle factors, and digital health

technologies, and to develop effective strategies for enhancing heart health and ageing well.

1.3 Research gap
Despite substantial progress in understanding coronary heart disease and cardiometabolic health,

several critical research gaps remain. While there is a general understanding of the importance of
vascular health indicators, there is a notable gap in the focused examination of the predictive value of
specific markers for major adverse cardiovascular events. Current literature has not adequately
investigated the potential of CIMT and a composite biomarker index in predicting cardiovascular risks.
Existing association studies offer valuable correlations between lifestyle factors and vascular function
but do not establish causality, representing a significant gap in literature. The use of randomised
controlled trials, such as LIVEPLUS, to rigorously examine the causal effects of lifestyle interventions,

including a 5:2 pescatarian diet, on vascular function remains underexplored. This includes
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physiological metrics such as FMD, CIMT, PWA, Alx, and PWV in individuals with low attenuation

plaques.

Although the theoretical benefits of gamification in health interventions are acknowledged in the
literature, empirical evidence on its practical application and effectiveness is limited. There is a
significant lack of research exploring the impact of gamification in smartphone applications on
cardiometabolic risk factors such as body weight, BMI, systolic blood pressure (SBP), LDL cholesterol,
and glycated haemoglobin (HbA1c). Comparisons between gamified app-based education, standard
app-based education, and standard care without an app are particularly scarce. The absence of
empirical evidence on the outcomes of gamified health interventions presents a critical gap. Research
on how specific gamification strategies within apps influence user engagement and effectiveness is
lacking. Evaluations of game attributes (assessment, rules, action language, fiction) and elements
(progress, feedback, challenge, goal setting) that affect health outcomes are needed to provide robust
evidence on the effectiveness of these strategies. Comprehensive evaluation of the overall quality and
efficacy of health apps, especially those using gamification strategies, is necessary. Current literature
lacks thorough assessments using tools such as the Mobile Apps Rating Scale (MARS) to determine
the performance and practical utility of these gamified solutions in a healthcare context. The effect of
motivational messages delivered via mobile apps on physical activity in adults with heart disease is
underexplored. There is a need for studies leveraging micro-randomised trials to assess the impact of
motivational messages sent at different times of the day on physical activity, aiming to identify effective

strategies for enhancing physical activity in this population.

1.4  Aims of thesis
This thesis will explore the role of digital health augmented lifestyle interventions and on cardiometabolic

outcomes, and the role of vascular health on overall cardiovascular outcomes. The specific aims are:

1. To investigate the association between CIMT and atherosclerotic cardiovascular disease by
risk factor burden.

2. To examine the impact of digital health and varied dietary interventions on CHD patients,
specifically focusing on the effects of a six-month lifestyle intervention on vascular function.

3. To systematically review the impact of digital health interventions on cardiometabolic risk
factors in adults with at least one cardiometabolic risk factors.

4. To investigate the efficacy of personalised, timely technological interventions in promoting
increased physical activity, thereby potentially impacting cardiometabolic health and public
health at large.

1.5  Specific hypotheses
1. The influence of lifestyle factors on cardiometabolic health indicators varies by age and sex,
which will be demonstrated through the correlation between carotid intima-media thickness
(CIMT) and a combined biomarker score.
2. Digital health and dietary interventions will improve vascular function after 6 months in patients
with coronary artery disease (CHD).
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3. Digital health interventions will positively impact cardiometabolic risk factors in adults who have
at least one such risk factor, based on a systematic review of their effects.
4. Nudges sent as timely interventions will successfully promote increased physical activity,

thereby benefiting cardiometabolic health.

1.6  Significance of this research
Cardiometabolic health remains a key public health concern worldwide. While inpatient medications
and surgical interventions can manage end-stage disease management, this thesis delves into the
synergistic effects of digital health interventions and lifestyle modifications on cardiometabolic
outcomes, thereby addressing a crucial area in the prevention and management of cardiovascular

diseases (CVDs), a primary cause of global mortality.

The investigation into the age and sex-specific dynamics between lifestyle factors and cardiometabolic
indicators, as described in Chapter 2, will uncover the specific predictive value of CIMT and a composite
biomarker index for major adverse cardiovascular events. By analysing data from the UK Biobank
cohort, it seeks to fill the existing gap in literature regarding the predictive capabilities of these
biomarkers. Consequently, in Chapter 4, the analysis of digital health and dietary interventions on
vascular function in coronary artery disease (CHD) patients offers evidence of the potential benefits of
technologically supported lifestyle modifications in halting or slowing CHD progression. This is
particularly relevant given the rising trends in sedentary behaviour and poor dietary habits. The
systematic review (Chapter 5) of the effects of digital health interventions on cardiometabolic risk
factors in adults aims to consolidate existing knowledge and highlight research voids, thereby shaping
future research directions and clinical practices to bolster preventive strategies. Additionally, exploring
tech-driven prompts (Chapter 7) to increase physical activity tackles a significant public health issue:
the widespread non-compliance with physical activity guidelines. Utilising technology to facilitate
lifestyle adjustments could lead to scalable, cost-effective solutions that improve cardiometabolic health
and mitigate CVD risk.

In summary, the data from this thesis has the potential to provide valuable insights into the effectiveness
of digital health in enhancing cardiometabolic health and vascular function. This could impact policy,
clinical guidelines, and public health initiatives, promoting better health outcomes and reducing the

healthcare burden associated with cardiometabolic conditions.
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Chapter 1 provided an overview of the global burden of cardiovascular CVDs and introduced the critical
role of lifestyle factors and digital health interventions in mitigating vascular ageing and improving
cardiometabolic health. The chapter emphasised the interplay between sedentary behaviours, poor
dietary patterns, and demographic trends, highlighting their combined influence on the rising prevalence
of conditions such as hypertension, diabetes, and atherosclerosis. Within this context, the chapter
established a compelling need for empirical research to unravel how these modifiable behaviours
influence vascular health, and the effectiveness of interventions aimed at fostering long-term

behavioural change.

Building upon this foundation, Chapter 2 transitions to an in-depth investigation of these relationships
at a population level, using the UK Biobank dataset as a comprehensive resource. By focusing on CIMT,
a validated surrogate marker of vascular health, this chapter seeks to identify associations between
lifestyle behaviours, cardiometabolic risk factors, and vascular ageing. The analysis examines a broad
spectrum of lifestyle variables, including diet, physical activity, and smoking, providing a
multidimensional perspective on how these factors contribute to the development and progression of

atherosclerosis.

The findings from this chapter are instrumental in setting the stage for the experimental research that
follows. While cross-sectional studies are limited in establishing causality, they offer critical insights into
potential relationships and areas of focus for targeted interventions. The observed associations
between lifestyle behaviours and CIMT provide a valuable basis for designing controlled trials, as
discussed in Chapter 3, that can test causal mechanisms and intervention efficacy. This transition
underscores the importance of integrating epidemiological and interventional research to inform public

health strategies and clinical guidelines.
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2 Chapter 2: Carotid intima-media thickness, atherosclerotic cardiovascular disease and
risk factor burden in 30,000 adults in the UK Biobank

The relevance of this study lies in its foundational insights into the relationship between lifestyle
behaviours and vascular health, providing a basis for designing effective interventions. Using data from
the UK Biobank, this chapter examines how modifiable lifestyle factors, such as diet, physical activity,
and smoking, contribute to vascular ageing and cardiometabolic risk. Although the data were collected
between 2006 and 2010, before digital health tools became widespread, the behavioural targets
identified remain highly pertinent to contemporary intervention strategies. The findings offer a
comprehensive understanding of population-level risk factors, which is invaluable for informing the

development and implementation of digital lifestyle interventions.

This study bridges the gap between traditional epidemiological research and modern digital health
approaches. By pinpointing specific lifestyle factors that influence vascular health, it establishes clear
priorities for the design of personalised digital tools aimed at encouraging behavioural change. For
example, the associations identified in this chapter highlight the importance of interventions focusing
on dietary improvements, increased physical activity, and smoking cessation. These findings directly
inform the subsequent chapters, which explore how emerging digital technologies can transform these
evidence-based targets into scalable and accessible solutions for diverse populations. Despite the
temporal gap in data collection, the underlying behavioural targets remain relevant and critical for
addressing current challenges in preventive healthcare.

Within the context of this thesis, this study acts as a foundational precursor to the exploration of digital
health innovations. It not only provides empirical evidence of key behaviours to be addressed but also
emphasises the enduring challenges of fostering long-term adherence, a key issue that digital tools are
well-positioned to tackle. By establishing these connections, this chapter underscores how its findings
contribute to shaping the future of cardiovascular prevention through innovative and effective digital
health platforms.
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2.1 Abstract
2.1.1  Background

Carotid intima-media thickness (CIMT) is increasingly used as a surrogate marker for future
cardiovascular disease events. The aim of this study was to evaluate independent associations of

optimal cardiometabolic health with CIMT and cardiovascular risk.

2.1.2 Methods

We conducted a prospective analysis using data from the UK Biobank cohort to investigate the
predictive value of CIMT and cardiometabolic-risk biomarker index (CRBI) for major adverse
cardiovascular events. The study included 29,292 participants free from cardiovascular disease at

baseline, with comprehensive assessments of CIMT, CRBI, and lifestyle factors.

2.1.3 Results/Findings

During a median follow-up of 4.3 years, 1000 ym CIMT levels was significantly associated with
increased risks of coronary heart disease (CHD; HR: 3.15, 95% ClI: 1.57, 6.35), myocardial infarction
(MI; HR: 3.46, 95% CI: 1.31, 9.15), and heart failure (HF; HR: 3.06, 95% CI: 1.13-8.27), compared to
<500 ym CIMT. The CRBI score, reflecting cumulative cardiometabolic risk, showed a linear association
with elevated CIMT and increased risks of CHD (HR: 2.70, 95% CI: 1.49-4.91) and MI (HR: 10.43, 95%
Cl: 3.18-34.24). Lifestyle factors such as smoking and self-reported physical activity also independently
influenced CIMT levels.

2.1.4 Discussion/Interpretation

Our findings demonstrate the importance of early detection and management of subclinical
atherosclerosis and cardiometabolic risk factors to mitigate future cardiovascular risks. Continued
research in diverse populations is warranted to refine risk prediction models and enhance preventive

strategies against atherosclerotic cardiovascular disease.

2.1.5 Keywords
atherosclerosis, carotid intima-media thickness, coronary artery disease, myocardial infarction, heart

failure
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2.2 Introduction
Atherosclerotic cardiovascular disease (CVD) is the leading cause of morbidity, disability and mortality
worldwide.?'2 In recent decades, a demographic and epidemiological transition has occurred not only
in industrialised countries but also in developing nations adopting unhealthy Western diets and
lifestyles, leading to a higher cumulative prevalence of atherosclerosis and its main complications,
including myocardial infarction, ischemic stroke, heart failure, peripheral arterial disease and vascular
dementia.2'3 24 Improving screening tools for the early detection of atherosclerotic CVD is crucial for
predicting and preventing major adverse cardiovascular events (MACE). Currently, risk assessment in
asymptomatic individuals can be performed using various CVD risk scores, such as the Framingham
Risk Score,?'s as well as by non-invasively measuring the intima-media thickness of the common carotid

artery (CIMT), a marker of subclinical atherosclerosis.2'6 217

Accumulating evidence suggest that individual traditional CVD risk factors account for only a small
proportion of the variance in CIMT, especially when measured in plague-free locations.2'® However,
since major risk factors are additive in predictive power, assessing their cumulative burden may be
more sensitive in capturing CIMT variance and the associated risk of developing MACE.2'® Moreover,
the impact of various lifestyle factors, including diet, physical activity, smoking, and sleep, on CIMT,
independently of traditional cardiovascular risk factors, is not fully understood, particularly in men and
women free of CVD.?20 For example, studies have shown that adherence to a Mediterranean diet,
characterised by high consumption of fruits, vegetables, and healthy fats, is associated with reduced

CIMT progression only among people with a high initial atherosclerotic burden.2?!

The UK Biobank Study, with its well-defined cohorts of carefully characterised middle-aged men and
women, including high-quality CIMT measurements and extensive socio-demographic, lifestyle, and
health metrics, provides a unique opportunity to examine factors that may modify CIMT and related
cardiovascular risk. In this study, we aimed to investigate the association between carotid intima-media
thickness and atherosclerotic cardiovascular disease by risk factor burden among 14,720 men and
14,572 women from the UK Biobank who were free from CVD at baseline. First, we evaluated the
prospective association between CIMT values and the risk of MACE. Second, we explored the
association between a composite cardiometabolic-risk biomarker index — comprising HbA1c, total
cholesterol:HDL-cholesterol ratio (TC:HDLr), and blood pressure — and CIMT values. Finally, we
assessed the prospective association between the composite cardiometabolic-risk biomarker index and
the risk of MACE.

2.3 Methods

2.3.1  Study design and population

Details about the UK Biobank cohort have been previously published.??? Briefly, the UK Biobank cohort
comprises 502,632 adults aged 40 to 69 who were assessed at 22 UK centres between March 2006
and December 2010, with a response rate of 5.5%. Participants provided electronic consent and
completed a touch-screen questionnaire covering socio-demographic, lifestyle, and health-related
information. They also underwent a brief computer-assisted interview and provided physical

measurements (height, weight, waist circumference, blood pressure) and biological samples. Ethical
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approval was granted by the NHS Research Ethics Committee (Ref. 11/NW/0382) for UK Biobank
research. The current analysis, conducted under project 62594, was approved by the UK Biobank
research committee and adhered to STROBE reporting guidelines (Supplementary Table 2.1).

2.3.2 Lifestyle factors and diet score

Full details of the study design and data extraction for each lifestyle factor collected at baseline (2006-
10) are described in the Supplementary Materials (Supplementary Table 2.2 for definitions and
Supplementary Figure 2.5 for the DAG). As previously described,??® a continuous diet score was
developed based on the consumption of individual food categories recorded in the food frequency
questionnaire, with detailed information provided in Supplementary Tables 2.3 to 2.5.224 225 Alcohol
consumption was derived by categorising participants as “Never drinkers” or, for current drinkers,
estimating the weekly units of alcohol intake by summing the consumption across different beverage
types. Physical activity was categorised as “Low,” “Moderate,” or “High” based on the International
Physical Activity Questionnaire (IPAQ) categorical score, which uses self-reported data on the number
of days per week and the duration of walking, moderate, and vigorous activities.??¢ Sleep was classified
into three groups: less than 7 hours per day, 7 to 9 hours per day (optimal), and more than 9 hours per

day.??7.228 Smoking status was categorised as “Current,” “Former,” or “Never” smokers. All biochemical
markers were measured from blood samples collected at recruitment, and participants who regularly

took cholesterol-lowering medications provided this information to an interviewer.

2.3.3 Cardiometabolic-risk biomarker index and score

We developed a simple integrated cardiometabolic-risk biomarker index (CRBI) as a proxy for optimal
cardiometabolic health, incorporating three primary metabolic (non-behavioural) cardiovascular risk
factors: HbA1c, TC:HDLr, and systolic (SBP) and diastolic (DBP) blood pressure. Following current
international guidelines, HbA1c <5.7% without antidiabetic medications was categorised as optimal,
between 5.7% and 6.4% or <5.7% but with antidiabetic medications as intermediate, and >6.4% as
poor.??2® The TC:HDLr was considered optimal if <3.5 without taking lipid lowering medications,
intermediate if between 3.5 and 5 or <3.5 with lipid lowering medications, and poor if >5.230 SBP was
classified as optimal when <120 mmHg without taking antihypertensive medications, intermediate if
between 120 and 139 mmHg or <120 mmHg with antihypertensive medications, and poor when >139
mmHg; DBP was optimal if <80 mmHg without taking antihypertensive medications, intermediate if
between 80 and 89 mmHg <80 mmHg with antihypertensive medications, and poor if 290 mmHg.23"
Detailed definitions and categorisations of this index are outlined in Supplementary Table 2.6. For the
HbA1c and TC:HDLr variables, a study participant could either score 0 (optimal), 1 (intermediate), or 2
(poor) points. Blood pressure readings were evaluated separately: SBP and DBP were each assigned
0 points for optimal, 0.5 points for intermediate, and 1 point for poor. Therefore, the CRBI score ranged
from O (optimal) to 6 (poor) (Supplementary Table 2.7). Finally, we stratified participants a priori into
mutually exclusive categories based on whether they had all optimal risk factor levels (score 0), low risk
(scores >0 and <1), moderate risk (scores >1 and <2), high risk (scores >2 and <3), and very high risk
(score >3), as detailed in Supplementary Table 2.7. For instance, a participant with optimal scores for
all biomarkers—HbA1c <5.7%, TC:HDLr <3.5, and BP <120/80 mmHg—would have a CRBI score of
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0, indicating optimal cardiometabolic risk. This approach allows for a comprehensive assessment of an
individual's overall cardiometabolic health by integrating continuously distributed biological biomarkers
into a single index.

2.3.4 Carotid Intima-Media Thickness

Carotid intima-media thickness measurements, collected at imaging visits in 2014, were measured
using a CardioHealth Station (Panasonic Biomedical Sales Europe BV, Leicestershire, UK) with
participants laying down with their heads elevated at a 45° angle. Automated CIMT measurements were
obtained from 2-dimensional carotid scans on both the transverse (short axis) and longitudinal (long
axis) planes. Four CIMT readings were taken at specific angles: 120° and 150° for the right carotid
artery, and 210° and 240° for the left carotid artery. For each angle, the minimum, mean, and maximum
values were recorded.?2 The CIMT values for the four angles were averaged, considering the minimum,
mean, and maximum values for our analysis. Quality control of CIMT measurements was performed by
the UK Biobank, with validation both internally and externally using predefined criteria.232 233 CIMT
measurements that failed quality control, either due to values of zero or flagged inconsistencies, were
excluded from the analysis.234 At the time of our study, CIMT measurements were available for 49,112
participants who had completed the second follow-up visit for the UK Biobank. To maximise the sample
size, we included participants with available CIMT data and covariate information from the first follow-
up (n=29,292).2%5

2.3.5 Cause-specific incidence and CVD mortality

Cardiovascular diagnoses were derived from linked Hospital Episode Statistics using the International
Classification of Diseases, 10th Revision (ICD-10) code ‘G20’ (Supplementary Table 2.8). Participants
were linked to mortality registries through the UK National Health Service Central Registry, and
underlying causes of death were extracted from death certificate data, coded according to ICD-10. The
outcomes examined in this study included coronary heart disease (CHD) (ICD-10 code 125), myocardial
infarction (MI) (121, 122, 123), heart failure (HF) (150), aortic aneurysm (171), peripheral vascular disease
(173), stroke (163), and all-cause dementia (A81.0, FOO, FO1, F02, F03, F05, G30, G31.0, G31.1, G31.8,
and 167.3). Participants with records of these conditions at baseline were excluded from the analysis

for that specific outcome.

2.3.6  Statistical Analysis

Cohort characteristics were compared using mean (standard deviation [SD]) or median (interquartile
range [IQR]) for continuous variables, and percentages for categorical variables. Time-to-event dose-
response associations of CIMT with seven disease outcomes (both incident and mortality combined)
were investigated. Hazard ratios (HRs) were calculated using Fine-Gray sub-distribution models to
account for competing risks from non-disease-specific deaths.2®® Due to the skewed distribution of
primary exposures, knots were placed at equally distributed frequencies (10t, 33, and 67t percentiles)
in areas of higher data density.2%” Departure from linearity was assessed by a Wald test. Proportional

hazard assumptions were tested using Schoenfeld Residuals, with no violations observed (all p>0.05).
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Core models included adjustments for age, sex, ethnicity, C-reactive protein, Townsend deprivation
index, sleep duration, physical activity (derived from IPAQ), dietary consumption, CIMT, smoking,
alcohol consumption, and body weight. Both adjusted and unadjusted models were reported.
Additionally, the same model was repeated with further adjustment for the CRBI score to assess its
effect. A linear regression model was fitted to evaluate the association between CIMT (as a continuous
outcome) and CRBI score, adjusting for lifestyle factors and other confounders. Multicollinearity was
tested via variance inflation factors (VIF). B coefficients and 95% confidence intervals were reported
along with p-values. Effect modification by sex was also investigated to determine if lifestyle factors
influenced males and females differently. In all models, the reference points for CRBI score and CIMT
were optimal (0) and the lowest value (476.8 um), respectively. The same model was fitted for individual
components of the score (blood pressure, TC:HDLr, and HbA1c) to compare the effects across markers
and CRBI on CIMT. To minimise the influence of sparse data and preserve sample size, the range of
CIMT values was truncated at the 99t percentile. To reduce the risk of reverse causation through
undiagnosed diseases, individuals with an event within the first year of follow-up and those with
prevalent outcome-specific diseases at the CIMT baseline were excluded. Full details regarding CVD
analyses are provided in the Supplementary Material. All statistical analyses were conducted using R
(version 4.4.0).

2.4 Results

241 Baseline characteristics

The analysis included a total of 29,292 participants after excluding those with a history of CHD (n =
1483), Ml (n = 745), and HF (n = 285) at baseline and all study covariates were available
(Supplementary Figure 2.1). The mean age was 64+7.8 years, 48% were women, and 93.8% reported
White ethnicity (Table 2.1). Participants with higher CIMT were older, had higher BMI, waist
circumference, total cholesterol, LDL-cholesterol, triglycerides, blood pressure, HbA1c, C-reactive

protein and use of antihypertensive medication and statins (Table 2.1).

2.4.2 Carotid IMT as a predictor of major adverse cardiovascular events

We observed an association between CIMT and the incidence of coronary heart disease, myocardial
infarction, and heart failure (Table 2.2; Figure 1 in the Supplement), but not with stroke, dementia,
peripheral vascular disease, and aortic aneurysm (Supplementary Figure 2.2). During a median
follow-up of 4.3 years, there were 345, 203 and 232 new cases of CHD, MI, and HF, respectively. We
observed a near-linear dose response association between CIMT and event of CHD and MI in the
adjusted dose response plots (Figure 2.7). The hazard ratio (HR) for CHD was twofold (HR: 2.15, 95%
Cl: 1.07, 4.31) at 800 ym and threefold (HR: 3.15, 95% CI: 1.57, 6.35) at 1000 ym. HR for myocardial
infarction (MI) was 2.46 (95% CI: 0.93, 6.53) at 800 ym, and 3.46 (95% CI: 1.31, 9.15) at 1000 um.
Similar less pronounced pattern was observed for heart failure (HF) (HR: 2.74 at 800 um and HR: 3.06
at 1000 uym) (Table 2.2).
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2.4.3 Cumulative burden of cardiometabolic risk factors as predictor of CIMT

The cumulative burden of cardiometabolic risk factors, as assessed by the CRBI score, correlates with
higher CIMT (Figure 2.3). When participants were stratified by their CRBI score, the magnitude of CIMT
increase rose steeply from those with optimal risk factor levels to those with very high CRBI (p<0.001).
Compared to individuals with optimal cardiometabolic health (representing 2% of men and 14% of
women in our sample; Supplementary Figure 2.3), those categorised as having a 'very high risk' CRBI
score (12% of men and 5% of women) exhibited a significant higher CIMT (3=44.38 pm; 95% CI: 38.25
to 50.51; p<0.001). The correlation between CIMT and the CRBI score was more pronounced than with

any individual biomarker component (Supplementary Table 2.10).

2.4.4 CRBI score as predictor of future cardiovascular events

The CRBI score, reflecting the cumulative burden of cardiometabolic risk factors, predicts a higher
likelihood of developing CHD and MI, but not HF (Table 2.3). The risk of Ml rises linearly from individuals
with optimal risk factor levels to those with a very high CRBI score. Compared to those with optimal
cardiometabolic health, individuals categorised as having a 'very high CRBI risk' had a sharp increase
in Ml risk (HR = 10.43, 95% CI: 3.18 to 34.24) after adjusting for multiple confounders. Similar but less
pronounced effect was observed for CHD (HR = 2.70, 95% CI: 1.49 to 4.91). Adjustment for CRBI score
did not greatly attenuate the magnitude of the associations between CIMT and CVD event risk, as well

as their statistical significance (Figure 2.2).

2.4.5 Associations between lifestyle factors and CIMT

Risk estimates of CIMT for lifestyle factors are summarised in Table 2.4. After adjusting for multiple
confounding factors, smoking was associated with higher CIMT, with both former (3=10.16 pm; 95%Cl,
7.44 to 12.89) and current smokers (B=14.71 ym; 95%CI, 7.74 to 21.70) having a higher CIMT
compared to those who never smoked. Additionally, the analyses revealed a non-linear detrimental role
for physical activity as assessed by IPAQ. Compared to participants with low levels of physical activity,
those who engaged in high physical activity had a 12.01 ym (95% CI: 8.43 to 15.59) higher CIMT. Sex
based stratification is shown in Table 2.5, showed that the detrimental effect of physical activity was
present in males but not in females. Furthermore, sleep and diet quality were not correlated with

changes in CIMT.

2.5 Discussion
Findings from this large prospective study of over 29,000 participants, all free of cardiovascular
diseases at baseline and with ultrasound measurements of common carotid artery intima-media
thickness, provide the most comprehensive perspective to date on the relationship between CIMT,
cardiometabolic risk factors, and major adverse cardiovascular events. We found that higher CIMT is
associated with increased risk of incident CHD, MI, and HF, but not stroke or dementia, peripheral
vascular disease, or aortic aneurysm. The near-linear dose-response relationship for CHD and Mi
underscores CIMT’s potential as a predictive marker for these outcomes, especially when combined
with the CRBI score measuring cumulative cardiometabolic risk. Importantly, in this study, CRBI was a

stronger predictor of increased CIMT and the risk of developing CHD and MI than individual risk factors
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alone. These results further emphasise the importance of maintaining optimal cardiometabolic risk

factor levels to reduce CIMT and subsequent cardiovascular risk.

The most striking findings in this analysis are the substantial differences in atherosclerosis, as assessed
by CIMT, and cardiovascular risk between participants with optimal risk factor levels and those with
major abnormal risk factors. The CRBI score's strong association with CIMT and cardiovascular events
echoes the findings of studies that emphasise the importance of cumulative risk assessment over
individual risk factors. The growing emphasis on maintaining optimal or very low levels of traditional risk
factors to reduce CVD morbidity and mortality, and to extend health span and lifespan, highlights the
impact of favourable cumulative risk profiles on cardiovascular biology and the reduced risk of
developing CHD and MI.238 Moderate calorie restriction, with adequate intake of vitamins and minerals,
markedly improves multiple key cardiometabolic risk factors well below conventional risk thresholds
used in clinical practice, with endurance exercise training providing additional independent benefits for

HDL-cholesterol and glucose metabolism.239-241

Our findings align with previous research identifying CIMT as a predictor of cardiovascular events,?42
243 although we could not observe an association between CIMT and stroke likely due to the low event
number. The Rotterdam Elderly Study, with 3,996 participants and a 6.1-year follow-up, identified CIMT
as a significant independent predictor for both CHD and stroke.?** Similarly, a study involving 4,476
subjects 65 years of age or older over a median follow-up period of 6.2 years demonstrated that both
common and internal CIMT measurements predicted CHD and stroke.?*5 More studies are needed to
confirm these associations and further elucidate the mechanisms underlying the relationship between
CIMT and cardiovascular events, particularly stroke. Indeed, accumulating data suggest that increased
IMT in the common and internal carotid arteries might reflect different underlying pathophysiological

mechanisms and therefore be differently associated with CHD and stroke risk.246

In examining lifestyle factors, our analysis suggests that smoking, rather than diet quality, alcohol
intake, or sleep, is likely associated with increased CIMT. Both former and current smokers tended to
have higher CIMT levels compared to those who had never smoked, aligning with previous studies
indicating a negative vascular impact of smoking.242 247 Notably, dietary intake was measured using a
food frequency questionnaire by food groups, which did not consider macronutrient ratios
(carbohydrate, protein, and fat), types (saturated, unsaturated, etc.), and energy intake. Although we
did not find an association between dietary intake and CIMT, there was a notable association between

worsening plasma lipids and increasing CIMT.

Our study uncovered a nonlinear relationship between physical activity and CIMT, with higher activity
levels associated with increased CIMT, particularly among males. This aligns with recent observations
that lifelong endurance athletes may have more coronary plaques, including non-calcified ones.248.24°.
250 Preclinical data suggest that long-term intensive training, unlike moderate training, can impair arterial
structural and functional properties via the renin-angiotensin-aldosterone system.?5' |t is possible that
In certain individuals, overactivation of the sympathetic and angiotensin systems might lead to abnormal

plague modelling at higher exercise levels. However, our analysis was limited by the use of self-reported

35



physical activity, which lacks precision. Future research using accelerometers to capture detailed
activity types and intensities is needed for a more comprehensive understanding.

This study has several strengths, including a large sample size, comprehensive assessment of
cardiometabolic risk factors and CIMT, and the exclusion of individuals who experienced an event within
the first year to minimise the risk of reverse causation. However, the results of our analysis must be
interpreted within its limitations. First, our study, even if prospective, was observational therefore having
inherent limitations compared to intervention trials precluding causal inferences. Secondly, it is
important to note that the quality of measurement for predictors self-reported questionnaire-based
lifestyle is suboptimal. Moreover, variables were assessed at baseline only, failing to account for
changes that may have occurred at follow-up. Thirdly, the relatively brief follow-up period may limit the
generalisability of the findings to long-term cardiovascular risk and suggest that future studies with
extended follow-up durations are necessary to confirm the observed associations. Fourthly, it was
conducted in a single country, in predominantly white individuals, with the limitation of not accounting

for unmeasured environmental, genetic, and cultural confounders.

In summary, our extensive prospective study involving around 30,000 initially cardiovascular disease-
free participants indicates the association of CIMT with major adverse cardiovascular events,
particularly CHD, MI, and HF. We found that higher CIMT levels are strongly correlated with increased
cumulative cardiometabolic risk, emphasising the importance of comprehensive assessment of
cardiometabolic risk factors, as quantified by the CRBI score, in predicting cardiovascular outcomes.
While acknowledging limitations in observational design and potential confounders, these findings
suggest the critical need for effective lifestyle and/or pharmacological strategies to optimise
cardiovascular health through multi-target risk factor management. Future research should further
investigate these correlations and apply composite cardiometabolic biomarker indices across diverse

populations to refine preventive approaches and enhance predictive accuracy.
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Table 2.1 Participant descriptive characteristics by CIMT quartiles

Baseline characteristics* Overall 470-600 pm >600-670 um >670-750 ym >750 ym  P-value
Total population 29292 7323 7323 7323 7323
Age (in years) 63.99 (7.77) 59.47 (7.02) 62.85 (7.29) 65.63 (7.22) 68.02 (6.81) <0.001
Female N (%) 14572 (48)
Ethnicity N (%)
é) White 27420 (93.84) 6791 (92.90) 6855 (93.80) 6889 (94.40) 6885 (94.30) 0.001
© Body weight (kg) 76.28 (15.00) 73.94 (14.68) 75.31 (14.82) 76.46 (14.97) 79.43 (14.98) <0.001
§_ BMI 26.46 (4.31) 25.99 (4.35) 26.33 (4.35) 26.56 (4.29) 26.98 (4.21) <0.001
° BMI* N (%) <0.001
§ Underweight 211 (0.74) 68 (1.00) 67 (0.90) 52 (0.70) 24 (0.30)
< Healthy weight 11388 (39.98) 3253 (45.60) 3001 (42.00) 2751 (38.80) 2383 (33.50)
Overweight 11834 (41.54) 2737 (38.40) 2843 (39.70) 2991 (42.20) 3263 (45.90)
Obese 5053 (17.74) 1077 (15.10) 1242 (17.40) 1297 (18.30) 1437 (20.20)
Waist circumference (cm) 88.39 (12.53) 85.99 (12.28) 87.35 (12.49) 88.78 (12.51) 91.46 (12.17) <0.001
Townsend deprivation index -1.86 (2.73)
Total cholesterol (mmol/L) 5.71 (1.07) 5.58 (1.04) 5.69 (1.06) 5.75 (1.06) 5.82 (1.12) <0.001
LDL (mmol/L)) 3.57 (0.82) 3.46 (0.80) 3.54 (0.81) 3.60 (0.81) 3.69 (0.85) <0.001
» HDL (mmol/L) 1.47 (0.37) 1.50 (0.37) 1.50 (0.38) 1.48 (0.38) 1.41 (0.36) <0.001
§ Mean TC/HDL ratio 4.07 (1.09)
§ Triglycerides (mmol/L) 1.65 (0.96) 1.53 (0.93) 1.59 (0.93) 1.66 (0.93) 1.81 (1.02) <0.001
ﬁ Blood pressure
E SBP 138.49 (18.67) 131.01 (16.44) 136.44 (17.79) 140.67 (18.01)  145.89 (19.07) <0.001
% DBP 79.05 (10.04) 78.31(9.72) 79.11 (10.02) 79.33 (10.09) 79.44 (10.27) <0.001
§ HbA1c (mmol/mol) 34.90 (5.02) 34.06 (4.44) 34.70 (4.80) 35.11 (4.87) 35.72 (5.74) <0.001
_E C-reactive protein (mg/L) 2.04 (3.56) 1.93 (3.68) 1.98 (3.52) 2.08 (3.47) 2.15 (3.57) 0.001
g CRBI score categories N (%)
3 Optimal 2253 (7.69) 1013 (13.83) 658 (8.99) 387 (5.28) 195 (2.66)
-% Low 5661 (19.33) 1885 (25.74) 1590 (21.71) 1349 (18.42) 837 (11.43)
= Moderate 8699 (29.70) 2173 (29.67) 2221 (30.33) 2290 (31.27) 2015 (27.52)
High 8416 (28.73) 1587 (21.67) 1946 (26.57) 2229 (30.44) 2654 (36.24)
Very high 4263 (14.55) 665 (9.08) 908 (12.40) 1068 (14.58) 1622 (22.15)
Smoking status (%) <0.001
Never 18166 (62.20) 4934 (67.50) 4679 (64.00) 4488 (61.50) 4065 (55.70)
Former 1010 (3.50) 279 (3.80 259 (3.50) 214 (2.90) 258 (3.50)
Current 10041 (34.40) 2099 (28.70) 2373 (32.50) 2599 (35.60) 2970 (40.70)
Diet score (%) in quartiles <0.001
o Optimal 3284 (11.20) 765 (10.50) 824 (11.30) 829 (11.30) 866 (11.90)
% Healthy 10434 (35.70) 2539 (34.80) 2561 (35.10) 2666 (36.50) 2668 (36.60)
f Fair 10712 (36.70) 2695 (36.90) 2754 (37.70) 2621 (35.90) 2642 (36.20)
2 Poor 4780 (16.40) 1306 (17.90) 1161 (15.90) 1192 (16.30) 1121 (15.40)
% Alcohol intake (%)
"g Never 1849 (6.30) 474 (6.50) 462 (6.30) 461 (6.30) 452 (6.20)
!"_I: Daily or almost daily 5054 (17.30) 1082 (14.80) 1228 (16.80) 1286 (17.60) 1458 (19.90)
Three or four times a
T 8374 (28.60) 2034 (27.80) 2079 (28.40) 2130 (29.10) 2131 (29.10)
Once or twice a
N 7761 (26.50) 2048 (28.00) 1968 (26.90) 1936 (26.40) 1809 (24.70)
Less often 6254 (21.40) 1685 (23.00) 1586 (21.70) 1510 (20.60) 1473 (20.10)



Baseline characteristics* Overall 470-600 um >600-670 um >670-750 ym >750 ym  P-value
Never 1849 (6.30) 474 (6.50) 462 (6.30) 461 (6.30) 452 (6.20)
<0.001
Low 5393 (18.40) 1408 (19.20) 1393 (19.00) 1342 (18.30) 1250 (17.10)
Moderate 12403 (42.30) 3153 (43.10) 3113 (42.50) 3078 (42.00) 3059 (41.80)
High 11496 (39.20) 2762 (37.70) 2817 (38.50) 2903 (39.60) 3014 (41.20)
Sleep category (%) 0.003
<5-7hr 7015 (23.90) 1826 (24.90) 1788 (24.40) 1744 (23.80) 1657 (22.60)
7-Shr 21912 (74.80) 5427 (74.10) 5442 (74.30) 5488 (74.90) 5555 (75.90)
>Ohr 365 (1.20) 70 (1.00) 93 (1.30) 91 (1.20) 111 (1.50)
Medication (Males) (%) <0.001
Blood pressure 1168 (7.90) 175 (5.70) 259 (8.00) 295 (8.00) 439 (9.30)
medication
Cholesterol lowering 2421 (16.40) 337 (11.00) 463 (14.20) 656 (17.80) 965 (20.40)
medication
Do not know 64 (0.40) 17 (0.60) 9 (0.30) 13 (0.40) 25 (0.50)
Insulin 17 (0.10) 5 (0.20) 4 (0.10) 3(0.10) 5 (0.10)
None of the above 11046 (75.00) 2517 (82.50) 2514 (77.30) 2712 (73.70) 3303 (69.70)
g Prefer not to answer 4 (0.00) 0 (0.00) 2 (0.10) 1 (0.00) 1 (0.00)
"g Medication (Females) (%) <0.001
g Blood pressure 952 (6.50) 160 (3.70) 223 (5.50) 303 (8.30) 266 (10.30)
'-.g medication
% Cholesterol lowering 934 (6.40) 157 (3.70) 249 (6.10) 273 (7.50) 255 (9.90)
g medication
Do not know 33 (0.20) 14 (0.30) 6 (0.10) 7 (0.20) 6 (0.20)
Hormone 1010 (6.90) 252 (5.90) 280 (6.90) 284 (7.80) 194 (7.50)
replacement therapy
Insulin 12 (0.10) 2 (0.00) 1 (0.00) 5 (0.10) 4 (0.20)
None of the above 11204 (76.90) 3470 (81.20) 3196 (78.50) 2698 (74.10) 1840 (71.20)
Oral contraceptive 422 (2.90) 215 (5.00) 116 (2.80) 73 (2.00) 18 (0.70)
pill or minipill
Prefer not to answer 3 (0.00) 1 (0.00) 0 (0.00) 0 (0.00) 2 (0.10)

* Study population data is from baseline (2006-2010), CIMT values are from Imaging visit 1 (2014+). Values are Mean (SD) unless otherwise stated.
#BMI: Underweight (<18.50), Healthy weight (18.50 to 25.00), Overweight (25.00 to 30.00), Obese (>30.00).

CRBI score, cardiometabolic risk biomarker index score; IPAQ, International Physical Activity Questionnaire.

CRBI scores of 0, >0 & <1, >1 & <2, >2 & <3, >3 correspond to optimal, low risk, moderate risk, high risk, and very high risk.
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Table 2.2 Point estimates of dose response association between CIMT and MACE, where CIMT

reference point is 476.8 um.

CIMT (um)

Hazard ratios (95% ClI)

CHD

HF

476.8 (reference)

1.00 (1.00, 1.00)

1.00 (1.00, 1.00)

1.00 (1.00, 1.00)

500

1.07 (0.95, 1.20)

1.10 (0.93, 1.29)

1.15 (0.97, 1.36)

600

1.42 (0.79, 2.55)

1.62 (0.71, 3.68)

2.04 (0.88, 4.75)

700

1.78 (0.86, 3.66)

2.07 (0.75, 5.72)

2.59 (0.91, 7.35)

800

2.15 (1.07, 4.31)

2.46 (0.93, 6.53)

2.74 (1.00, 7.50)

900

2.61 (1.31, 5.18)

2.92 (1.11, 7.63)

2.89 (1.07, 7.78)

1000

3.15 (1.57, 6.35)

3.46 (1.31, 9.15)

3.06 (1.13, 8.27)

CHD, coronary heart disease; MI, myocardial infarction; HF, heart failure.

Analyses adjusted for age, sex, ethnicity, C-reactive protein, Townsend deprivation index, sleep duration, physical
activity derived from IPAQ, dietary consumption, composite biomarker score (HbA1c, total cholesterol to HDL ratio,

and blood pressure), smoking, alcohol consumption, and body weight.
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Table 2.3 Point estimates of dose response association between CRBI score and MACE, where
CRBI score reference point is optimal (HbA1c < 5.7%, TC:HDLr <3.5, BP <120/80).

Hazard ratios (95% Cl)

CRBI score
CHD (Event=345) MI (Event=203) HF (Event=232)
Optimal (reference) 1.00 (1.00, 1.00) 1.00 (1.00, 1.00) 1.00 (1.00, 1.00)
Low 1.33 (0.90, 1.97) 2.98 (1.37, 6.50) 1.00 (0.63, 1.58)
Moderate 1.72 (0.93, 3.20) 6.50 (1.86, 22.64) 1.02 (0.50, 2.11)
High 2.16 (1.20, 3.92) 8.33 (2.48, 28.04) 1.10 (0.56, 2.20)
Very high 2.70 (1.49, 4.91) 10.43 (3.18, 34.24) 1.19 (0.60, 2.39)

CRBI score, cardiometabolic risk biomarker index score.

CRBI scores of 0, 20 & <1, >1 & <2, >2 & <3, >3 correspond to optimal, low risk, moderate risk, high risk, and very high risk.

CHD, coronary heart disease; MI, myocardial infarction; HF, heart failure.

Analyses adjusted for age, sex, ethnicity, C-reactive protein, Townsend deprivation index, sleep duration, physical activity derived from IPAQ,
dietary consumption, CIMT, smoking, alcohol consumption, and body weight.
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Table 2.4 Association between CIMT and covariates (N=29292)

Adjusted model

B (95% CI) P-value

3 Age (in years) 5.92 (5.74, 6.09) <0.001

= Sex

qé Females ref

§- Males 12.67 (9.63, 15.70) <0.001

g Ethnicity N (%)

é White -7.61 (-12.96, -2.27) <0.01
Weight (kg) 0.84 (0.74, 0.94) <0.001
Townsend -0.33 (-0.80, 0.14) 0.170
CRP (Inflammation) -0.21 (-0.57, 0.15) 0.245
CRBI score categories

Optimal ref

Low 10.37 (4.99, 15.74) <0.001

Moderate 19.89 (14.63, 25.15) <0.001

High 32.47 (26.68, 37.96) <0.001

Very high 44.38 (38.25, 50.51) <0.001
Smoking status (%)

Never ref

Previous 10.16 (7.44, 12.89) <0.001

Current 14.71 (7.74, 21.70) <0.01
Diet score (%)

Poor ref

Fair 1.82 (-1.91, 5.56) 0.338

Healthy 0.54 (-3.24, 4.33) 0.780

4 Optimal 1.90 (-3.02, 6.82) 0.449

‘g Alcohol intake (%)

f Never ref

g ~Daily 3.25(-2.68, 9.17) 0.283

<@ Less often 1.20 (-4.49, 6.90) 0.677

‘3 1-2/week 5.00 (-0.60, 10.59) 0.080

% 3-4/week 3.68(-1.91, 9.26) 0.197
IPAQ (%)

Low ref

Moderate 5.11 (1.60, 8.62) <0.01

High 12.01 (8.43, 15.59) <0.001
Sleep category (%)

<7hr ref

7-Shr 0.68 (-2.28, 3.63) 0.653

>Ohr 6.23 (-5.35, 17.81) 0.292

CRP, C-reactive protein (mg/L); CRBI score, cardiometabolic risk biomarker index score; IPAQ, International Physical Activity Questionnaire.
CRBI scores of 0, >0 & <1, >1 & <2, >2 & <3, >3 correspond to optimal, low risk, moderate risk, high risk, and very high risk.

Analyses adjusted for age, sex, ethnicity, C-reactive protein, Townsend deprivation index, sleep duration, physical activity derived from IPAQ,
dietary consumption, CIMT, smoking, alcohol consumption, and body weight.



Table 2.5 Results from the adjusted model stratified by sex. (N=29292)

Female Male
B (95% Cl)  P-value B (95% ClI) P-value
§_3 Age 5.90 (5.67, 6.12) <0.001 5.90 (5.67, 6.17) <0.001
£% Ethnicity -6.12 (-12.48, 0.26) 0.006 -9.72 (-18.55, -0.89) <0.05
<F Weight 0.74 (0.61, 0.87) <0.001 0.95 (0.80, 1.11) <0.001
Townsend 0.35 (-0.24, 0.95) 0.245 -0.94 (-1.68, -0.20) <0.05
CRP (Inflammation) -0.62 (-1.06, -0.18) <0.01 0.36 (-0.22, 0.93) 0.228
g CRBI score categories - - - -
o
§ Optimal ref ref
— Low risk 26.19 (18.94, 33.44) <0.001 5.68 (-9.45, 20.81) 0.462
’D‘ Moderate risk 52.75 (40.63, 64.88) <0.001 17.03 (2.55, 31.51) <0.05
5 High risk 83.81 (65.68, 101.93) <0.001 29.17 (14.71, 43.63) <0.001
Very high risk 111.44 (85.89, 137.00) <0.001 42.86 (28.05, 57.67) <0.001
Smoking - - - -
Never ref ref
Previous 6.95 (3.47, 10.44) <0.001 12.96 (8.78, 17.13) <0.001
Current 3.09 (-6.45, 12.62) 0.526 23.32 (13.22, 33.41) <0.001
Diet score - - - -
Poor ref ref
Fair 1.59 (-3.46, 6.64) 0.537 1.88 (-3.56, 7.32) 0.499
Healthy 0.10 (-4.92, 5.13) 0.968 1.03 (-4.59, 6.66) 0.719
g Optimal 1.60 (-4.61, 7.81) 0.613 2.61(-5.12, 10.35) 0.508
"g Alcohol intake - - - -
o Never ref ref
2 ~Daily 0.11 (-7.24, 7.46) 0.977 4.58 (-5.01, 14.08) 0.351
% Less often 1.76 (-4.85, 8.37) 0.601 0.26 (-9.48, 10.00) 0.958
‘g 1-2/week 6.45 (-0.17, 13.07) 0.056 2.77 (-6.57, 12.11) 0.560
E 3-4/week 2.55 (-4.15, 9.26) 0.455 3.69 (-5.51, 12.90) 0.432
IPAQ - - - -
Low ref ref
Moderate 0.83 (-3.62, 5.27) 0.715 8.85 (3.44, 14.27) <0.01
High 3.26 (-1.32, 7.84) 0.163 20.01 (14.55, 25.47) <0.001
Sleep - - - -
<7hr ref ref
7-Shr 1.83 (-1.81, 5.47) 0.324 -0.87 (-5.55, 3.82) 0.717
>9hr -6.99 (-22.24, 8.26) 0.369 16.28 (-0.97, 33.54) 0.064

CRP, C-reactive protein (mg/L); CRBI score, cardiometabolic risk biomarker index score; IPAQ, International Physical Activity Questionnaire.
CRBI scores of 0, >0 & <1, >1 & <2, >2 & <3, >3 correspond to optimal, low risk, moderate risk, high risk, and very high risk.

Analyses adjusted for age, ethnicity, C-reactive protein, Townsend deprivation index, sleep duration, physical activity derived from IPAQ,

dietary consumption, CIMT, smoking, alcohol consumption, and body weight.
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Figure 2.1 Association of carotid intima media thickness and CVD incidence (coronary heart disease, myocardial infarction, and heart failure).

Legend: Analyses were adjusted for age, sex, ethnicity, C-reactive protein, Townsend deprivation index, sleep duration, physical activity (derived from IPAQ), dietary consumption, cardiometabolic
risk biomarker index (CRBI) score, smoking, alcohol consumption, and body weight. All analyses excluded participants who had an event in the first year of follow-up and those with prevalent
outcome-specific diseases at the CIMT baseline were excluded. Reference for CIMT was set at minimum (476.8 um). The shaded region indicates the 95% confidence interval (Cl). Within this
shaded area, the solid line in blue represents the hazard ratio (HR).
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Figure 2.2 Adjustment for the CRBI score attenuated the magnitude of the associations between CIMT and CVD event risk.

Legend: Analyses were adjusted for age, sex, ethnicity, C-reactive protein, Townsend deprivation index, sleep duration, physical activity (derived from IPAQ), dietary consumption, smoking, alcohol
consumption, and body weight. All analyses excluded participants who had an event in the first year of follow-up and those with prevalent outcome-specific diseases at the CIMT baseline were
excluded. Reference for CIMT was set at minimum (476.8 uym). The shaded region indicates the 95% confidence interval (CI). Within this shaded area, the solid line in blue represents the hazard
ratio (HR).
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Figure 2.3 Association between cardiometabolic risk biomarker index (CRBI) score and carotid

intima-media thickness (cIMT).

CRBI score, cardiometabolic risk biomarker index score. Data are presented as hazard ratios with 95% confidence intervals.
CRBI scores of 0, 20 & <1, >1 & <2, >2 & <3, >3 correspond to optimal, low risk, moderate risk, high risk, and very high risk.
Analyses adjusted for age, sex, ethnicity, C-reactive protein, Townsend deprivation index, sleep duration, physical activity derived from IPAQ,

B (95% CI)

44.38 (38.25, 50.51)

32.47 (26.98, 37.96)

19.89 (14.63, 25.15)

10.37 (4.99, 15.74)

P-value

<0.001

<0.001

<0.001

<0.001

dietary consumption, CIMT, smoking, alcohol consumption, and body weight. We removed participants with a previous history of CHD, MI, or HF.

All analyses excluded participants who had an event in the first year of follow-up.
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The cross-sectional analysis in Chapter 2 offered compelling evidence of associations between lifestyle
behaviours and vascular health markers, particularly CIMT. These findings underscore the role of
modifiable lifestyle factors in shaping cardiometabolic risk profiles and the potential of addressing these
factors to mitigate vascular ageing. However, the limitations of observational studies, such as their
inability to establish causality or control for unmeasured confounders, necessitate a more robust

methodological approach to validate these findings.

In response, Chapter 3 introduces the LIVEPLUS Protocol, a rigorously designed randomised controlled
trial aimed at testing the causal effects of lifestyle interventions on vascular health. This chapter outlines
the study’s framework, including its focus on dietary and physical activity interventions, its inclusion of
both primary and secondary outcomes, and its robust randomisation and blinding procedures. The
protocol addresses key gaps identified in Chapter 2 by providing a controlled environment to evaluate
the efficacy of lifestyle modifications over time, thus ensuring a higher level of evidence for clinical

practice.

Furthermore, the LIVEPLUS Protocol is designed to capture the nuanced interplay between various
lifestyle components and vascular health, including how these interventions influence both structural
markers such as CIMT and functional measures such as flow-mediated dilation. This transition from
observational to experimental research marks a critical progression in my thesis, moving from
association to causation and setting the foundation for understanding the potential of lifestyle

interventions in reversing or halting vascular ageing.
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3  Chapter 3: LIVEPLUS Protocol

3.1 Chapter 3 published in peer-reviewed form

Cassidy S, Kroeger CM, Wang T, Mitra S, Liu C, Ribeiro R, Dai A, Lau J, Huang R, Masedunkas A,
Jose S Liu N, Avery L, Yang J, McGrady M, Lo S, George J, Cistulli P, Khor L, Kozor R, Ugander M,
Wilcox |, Hunyor |, Fontana L.

Impact of an intensive lifestyle program on low attenuation plaque and myocardial perfusion in
coronary heart disease: A randomised clinical trial protocol

Nutrition and Healthy Aging. 2022 Jan 1;7(1-2):9-22

doi: 10.3233/NHA-210146

This abstract for this protocol was presented at the International Behavioural Trials Network
Conference, Montreal, Canada, 16 — 18 May 2024.

The author contribution statement can be found in Appendix H.

The following pages are as this manuscript appears in its published form.
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OBJECTIVE: To conduct a randomised clinical trial to determine the impact of a 12-month intense lifestyle intervention
delivered via an mHealth platform (in the form of a mobile App) versus standard clinical care on low attenuation plaque
volume and structure, stress myocardial perfusion, and diastolic function.

DESIGN: A single centre, parallel-group, randomised controlled trial. The co-primary endpoints are: 1-Low Attenuation
Plaque (LAP) volume (mm?) using coronary computed tomography angiography (CCTA) at 12 months, and 2-Adenosine
stress myocardial blood flow (stress MBF, mL/min/g) using cardiovascular magnetic resonance imaging (MRI) at 12 months.
Other key measurements include liver steatosis by MRI, subclinical abnormalities detected by advanced electrocardiography,
arterial stiffness, endothelial function, genomic, metabolomic, and gut microbiome-related adaptations to these structural
changes. An intention-to-treat principle will be used for all analyses.

SETTING: Participants will be recruited from a large academic cardiology office practice (Central Sydney Cardiology)
and Royal Prince Alfred Hospital (RPAH) Departments of Cardiology and Radiology. All clinical investigations will be
undertaken within the Charles Perkins Centre-RPAH clinic.

PARTICIPANTS: Individuals (n=150) with stable coronary heart disease who have low attenuation plaque based on a
CCTA within the past 3 months, will be randomised to a lifestyle intervention program comprising a 5:2 pesco-vegetarian
diet, exercise training, and mindfulness-based stress reduction (n="75) or usual care (n="75).

DISCUSSION: This trial will represent the single most detailed and integrated analysis of the effects of a comprehensive
lifestyle intervention targeting multiple metabolic pathways, delivered via a customized m-Health App on smart devices,
on coronary macro- and microcirculation, heart physiology, and cardiometabolic risk. It will provide a new framework
for allowing clinicians and individuals to optimise metabolic health for the prevention and management of atherosclerotic
cardiovascular diseases that is epidemic in modern society.

Trial registration: Australian New Zealand Clinical Trials Registry (ANZCTR). ACTRN12620001151921. https://www.
anzctr.org.au/ACTRN12620001151921.aspx

1. Introduction

Cardiovascular disease (CVD) is becoming the pri- Age Insulin resistance
mary cause of morbidity, disability and premature Gl Triglyceride-rich
death not only in Western countries but also in the lipoproteins
developing world [1]. Lifetime risk of a first CVD Total cholesterol Trimethylamine
event at age 50 is ~65% in men [2], and is increas- HDL cholesterol N-oxide
ingly affecting younger women and men, especially . Clonal
in some ethnic groups that for genetic and epigenetic ety hematopoiesis
reasons poorly tolerate the caloric surplus and the Smoking Microbiome
build-up of excess abdominal fat [3]. Some accu- Systolic blood .
mulation of cellular and tissue damage within the pressure Rillabiacn

cardiovascular system is an inevitable part of advanc-
ing age. However, persistent exposure to traditional
and emerging risk factors (including insulin resis-
tance, triglyceride-rich lipoproteins, trimethylamine
N-oxide, and accelerated clonal haematopoiesis)
associated with unhealthy lifestyle behaviours play
a substantial role in the initiation and development of
CVD [4, 5] (Fig. 1). Approximately 25% of patients
who develop a myocardial infarction have extensive
coronary atherosclerosis in the absence of any tradi-
tional modifiable cardiovascular risk factors [6].
A growing body of data from animal, epidemi-
ological and clinical studies have demonstrated
that calorie excess, poor nutrition, physical inactiv-
ity, sleep disturbances, smoking, and mental stress
by acting on multiple metabolic and molecular as the risk increased to 69% in those with 2 or
pathways play major roles in the pathogenesis of more abnormal cardiometabolic risk factors [10].
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Data from mutvitional secondary prevention trials
in patients with hypertension [11], type 2 diabetes
[8], diabetic nephropathy [12], fatty liver disease
[13], and high cardio-metabolic risk [ 14] also showed
spectacular improvements in metabolic cutcomes
and a reduction in major camdiovascular events.
The Lyon and Indo-Mediterrancan Diet Heart irials
have demonstrated a siriking protective effect of a
Mediterranean-style diet against coronary recurmence
mate and sudden cardiac death in those who already
suffered from a prior myocardial infarction [12, 15].
Modifications of meal timing, diet quality and the
gut microbiome [4, 16] together with regular physi-
cal activity [17-19], improved slecp pattems [20,21]
and a reduction in mental stress [3, 22, 23] have also
been shown to improve cardiovascular cutcomes in
those at risk.

1.1 Current challenges

Despite substantial evidence supporting lifestyle
behaviour change, there are three major challenges
to address. Firstly, there is a need for more mecha-
nistic studies to elucidate the impact of lifestyle on
macro- and microvascular structure and fimction, and
advancements in imaging teclmiques will facilitate
this. Coronary computed tomopraphy angiogra-
phy (CCTA) technology has advanced significantly
over recent vears and can now idemtify the vol-
ume and structre of low attemation non-calcified
plaques (LAP). LAP is characterised by inflamma-
tion, microcalcification, a thin fibrous cap and large
lipidrich necrotic core [24], and in a recent stndy
was the strongest predictor of subsequent myocar-
dial infarction compared to classical risk predictors
in individuals with stable Coronary heart disease
(CHD). Indeed, those with LAP arden >4% were
almest 5 times more likely to have subsequent
myocardial infarction [25]. Early evidence suggests
that lifestyle intervention may yield LAP changes
observable as early as 12 months [26], however there
is a dearth of evidence in this area.

Quantification of myocardial blood flow during
hyperaemic stress is now possible via automated in-
line perfision mapping by cardiovascular magnetic
resonance imaging (MRI). Non-invasive myocardial
and hemodynamic phenctyping by comprehensive
and state-of-the-ant cardiac stress MRI can provide
quantitative characterisation not only of myocardial
blood fl owmeasured duning adenosine stress, but also
of the volumes and finction of heart chambers, left
ventricular hypertrophy and diastolic dysfunction,

focal and global myocandial inflammation, myoccar-
dial infarcion or nerHschemic scaming, diffise
myocardial fibrosis, coronary microvascular fimction
including coronary spasm measured with the cold
pressor test, and pulmonary congestion at rest and
at peak supine ergometer exercise siress [27, 28]
Secondly, curment lifestyle interventions are lim-
ited in their ability to be scaled up and rolled out
across the clinical setting in an affordable way. How-
ever, over the past decade there has been an exponen-
tial rise in smartphone and wearable use [29], and this
type of digital platform may address some of these
bamiers. Thirdly, the greatest limitation to initiating,
engaging and sustaining effective lifestyle change,
is adherence. Digital health approaches using an
ecosystem which uses a smart phone to deliver these
programs have been shown to have superior effective-
ness. Smartphone delivery of candiac rehabilitation
was delivered much more effectively than traditional
face-to-face cardiac rehahilitation, with enhanced
engagement (94% vs. 68% p<0.05) and program
completion (80% vs. 47%, p<0.05) being signifi-
cantly higher with digital health programs delivered
by smartphone [30]. Some advantages of smartphone
technology are that it can be imitiated rapidly, updated
easily, and delivered at anytime from anywhere.

1.2. Aims of LIVEPLUS

The primary aim of the LIVEPLUS study is to
assess the effectiveness of a 12-month iniensive
lifestyle intervention which combines a 5:2 pesco-
vegetarian diet, physical activity and stress reduction
training, on macrovascular coronary disease (CCTA
assessed LAP volume) and microvascular disease
(MRI measured stress myocardial perfusion). Sec-
ondary aims are to identify changes in other
cardiovascular and metabolic/molecular adaptations
to this lifestyle intervention. At the centre of the
LIVEPLUS study program is digital health ecosys-
tem delivered via asmartphone app (Fig.2)[31]- Such
a digital sohition, if proven to be effective, is readily
scalable and translatable for incorporation info clin-
ical practice across diverse health care systems at a
cost these systems can sustain.

2. Methods

2.1. Study design

LIVEPLUS is a parallel-group, randomised con-
trolled tnal (RCT) with a total sample of 150
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Fig. 2. LIVEPLUS randomised clinical trial.
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Fig. 3. Sindy flow. [LP, intensive lifestyle program; OMT, optimal
medical therapy.

participants. A 1:1 allocation ratio will be applied
to either the infervention group (ILP + OMT) cr con-
trol group (OMT). Participants in both arms will be
followed up over a period of 12 moenths. A compre-
hensive set of outcome assessments will be performed
piior to initiating the intervention, with follow-up
assessments at month 1, 6 and 12 (Fig. 3). This
studdy has been approved by the Sydney Local Health
District Ethics commitiee (2020/ETHO01273). Study
visits will take place at the Charles Perkins Cenire-
Royal Prince Alfred Hospital (CPC-RPA) chinic,
Rovyal Prince Alfred Hospital Department of Radi-
ology, and the North Shore Radiclogy and Nuclear
Medicine (NSRNM) facility, Sydney.

2.2. Eligibility criteria

Inchision criteria are; (1) Presence of LAP on
CCTA; (2) 18-80 years of age; (3)BMI >22.0kg/m?;
(4) Able to provide full informed consent; (5) Con-
sidered capable of undergoing all shxdy assessments
and adhenng to the nipgors of the ILP inferven-
tion. Exclusion criteria are (1) Non-MRI-compatible
implanted devices; (2) Estimated glomerular filira-
tion rate (eGFR) <30 mL/kp/1.73 m?; (3} Inability
to exercise via supine ergometer; (4) Coniraindica-
tions for adenocsine or glyceryl trinitrate; (5) Previcus
severe allergic reaction to iodinated conirast media;
(6) Pregnancy or breastfeeding; and (7) History of
any chronic disease process that could interfere with
the inferpretation of results.

2.3. Recruitment

Participants who have umderpone a clinically indi-
cated CCTA within the past 3 months will be recnuited
if they have quantifiable LAP (plaque within —30
to 150 HU range). At least two experienced CCTA
reporters will evaluate the coronary tree for the
presence of such plaque. In the peneral cardiol-
ogy outpatient population, we expect approximately
20-40% of patients to have LAP. The predominant
source of refemral for climcally indicated CCTA at
RPA for this stndy will be from a single large aca-
demic clinical practice (Central Sydney Candiology,
RPAH Medical Centre) and from patients who have
attended the RPA Radiology Depariment for a clini-
cally indicated CCTA.

2.4. Pre-screening and consert

Following a pre-screening telephone call, aninitial
video call will take place with eligible, potential par-
ticipants. Duning this video call, the research team
will deliver a short presentation to the participant
to explain the rationale, implications and consiraints
of the protocol, known side effects and any nisks
involved in taking part. There will be an opportu-
nity for participants to ask questions and discuss
any details of the stndy. Willing participants will be
mvited to the CPC-RPA clinic to obtain elecironic
informed consent through REDCap. Any participant
judged by the research team to not possess the capac-
ity for fully informed consent will be excluded from
the study, as per the stndy exclusion critenia.
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2.5, Baseline visits

Following consent, participants will be enrolled
into the study and umderpo a mumber of clinical
baseline assessments The exact timing of these
assessments will be flexible (e_g., dneto participant or
equipment availability) and can be spread over a mm-
ber of days, however a potential schedule is shown in
Table 1.

2.6. Randomisation and blinding

Enrolled parficipants will be randomised using
rmandom pemmied blocks with mndomly selected
block sizes, via a web-based mndomisation system
in REDCap, and stratified by age, sex, and BML
The all ocation sequence was generated using blocked
size of 2, 4, 6, and 8 from the R package, biock-
rand [32]. An meven block was included in the
middle of the sequence to guard against guessing
the group assignment [33]. Investipators and partic-
ipants will be blinded to the group allocation umntil
all baseline measures have been completed, as the
REDCap support statistician is the only individual
with access to the upcoming treatment allocations
within the randomisation list. Afier the final base-
line measurement, the research co-ordinator will use
REDCap to randomise the participant, revealing the
group assignment to the siudy team and participant
simultanecusly. Due to the nature of the inferven-
tion, investigators and participants carmot be blinded
during the siudy, however those performing CCTA,
MRI and statistical analysis will be blinded to group
allocation.

2.7. Follow-up visits

Table 1 provides an overview ofthe follow up visiis
and testing procedures which are planned for months
1,6,and 12.

2.8 Imtervention

The ILPHOMT group will continme to receive stan-
dard of care treatment, as well as three main lifestyle
infervention components over the 12-month smdy
period. These will target mivition, physical activity
and stress reduction. In the context of each tar-
get behaviowr, participants will be asked to use the
LIVEPULSE app (see section 2.10.1. LIVEPULSE
phone app for details) to read 12 education modules

(1 per month), and complete multichoice questions
at the end of each module to assess leaming and
provide amtomatic feedback. The comtent of the 12
education modules (Table 2)is informed by evidence-
based, peer-reviewed research carefully rewritten into
lay language, making them accessible and enpgag-
ing, particularly to those whe are new to such
lifestyle practices. Participants will also be given
online coaching sessions with a diefitian, physical
activity coach, and siress reduction coach (Table 3).
Each coaching session will be tailored to an individ-
ual’s progress amd needs, using evidence-informed
behaviour change techniques [34]. Each coach will
receive training in delivery of specific behaviowr
change techniques to effectively promote change in
relation to each target lifestyle behaviowur (ie. muri-
tion, physical activity and stress reduction). The
training will be delivered by a UK-registered prac-
titioner health psychologist with expertise in health
behaviour change, and will inchide use of behavieur
change coumselling skills as well as behaviowur change
techniques. Additional online coaching calls may be
scheduled to improve adherence to the infervention
if considered necessary by the study team.

2.8 1. Nutrition

Several interventional studies have clearly shown
that individuals who consume diets nch in fish and
munent-dense minimally processed plant foods have
a lower nisk of developing CHD than people who
consume energy dense low-fibre Western diets high
in samrated and trans fatty acids, animal protein and
salt [35-37]. Inthe LIVEPLUS trial, participants will
be asked to follow a 5:2 pesco-vegetarian diet for
12 months. This diet involves a combination of a
5:2 diet and a pesco-vegetarian diet. The aim of a
pesco-vegetarian diet will be to substitnte meat with
fish and processed and refined foods with a range of
minimally processed plant-based foods. Red meats,
including beef, pork, lamb and other red meat prod-
ucts, and pouliry including chicken, duck, goose, and
other pouliry products are prohibited with this diet.
In addition, individual participants will be asked to
practice a 5:2 diet, which consists of fasting cn2 non-
consecutive days of the week with energy restriction
of around 2000 kJ per day for women and arcund
2500 kJ for men.

During the first 4 weeks of the infervention, partic-
ipants will receive fiesh ingredients and recipes from
Mariey Spoon (a commercial meal delivery service
that provides preportioned ingredients and recipes
to designated addresses for meal preparation), which
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Table 2

Bducation content for dict, phiysical activity and stress rednction components for the intervention gronp

1 Introd of Nutritional Imp of physical activity Introduction
Intervention
2 Pesco-vegetarian diet FITT principles and safety Simple Awareness
4 Healthy eating Physical activity and the blood vessels Dealing with Thonghis
5 Diclary mcasurements Physical activity and obesity Biological Bams of Stressc
6 Fats Physical activity and mental health Dealing with Difficult
Emotions of Physical Pain
7 Carbohydrates Physical activity and glucose metabolism Mindfolness and
Commymmication
8 Protein Physical activity and fat metabolism Self-Compassion Cultivation
9 Meal planning Physical activity and skeletal mmscle Social Commectedness
10 Nutritional labelling Physical activity and inflammation A Closer Look at Happiness
candiovascolar health

FITT: frequency, infensity, time, type.

Table 3
Planned schedule of coaching calls, which can be adapted acconding to participant preference
Month 1 Month 2 Month 3 Months 4-12
Week 1 Week 3 Week 5 Week 7 Week 9 Week 11 Monthly
Dictitian 1 hour 30 min 30min 30min 30min 30min 30min
Exercisc physiologist 1 hour 30 min 30min 30mm 30mm 30min 30min
Mindfnness coach 1 homr 30min 30min 30min 30min 30min 30min

provides hinch and dinner for 5 days per week to assist
with their preparation of a pesco-vegetarian diet. The
memn selected by the participants will be sent to the
study diefitian and the miivitionist of Marley Spoon
to ensure it complies with a pesco-vegetanian diet.
If participants select meal plans with meat, it will
be altered to a pesco-vegetarian diet before delivery.
Participants will be required to prepare their break-
fasts each day and light meals on fasting days, and
the study diefitian will provide the recipes for these
meals through the LIVEPULSE mobile app. Afier the
first 4 weeks, they will mect with the study dietitian
to design their individualised weekly meal plans and
to facilitate transition into prepanng their own
food The goal is to improve diet quality but also to
achieve at least 7-8% weight loss, as we have found
this is vital to improve inflammatory, metabolic and
cardiac markers [38]. Strategies to implement dietary
changes, meal planming, healthy recipes and relevant
miiritional information for cardiovascular health will
be discussed during dietitian appoinmments. Along
with the education modules, other matenals related

to the 5:2 pesco-vegetarian diet (eg. recipes for a
pesco-vegetarian diet, recipes for fasting days, foed
sources that are rich in iron) will also be delivered via
the LIVEPULSE mobile app.

2.9. Physical activity

There is strong evidence that reducing sedentary
behaviowr and increasing overall physical activity
level is associated with reduced cardicovascular events
and mortality [39]. Participants will be given an indi-
vidualised home-based programme which will be
based onthe puidelines fromthe American College of
Cardioclogy Foundation/American Heart Association
to manage individuals with stable ischemic heart dis-
ease [40]. The principles we will advise include; 1}to
perform 30 to 60 minutes of moderate-intensity aer-
obic physical activity, such as brisk walking, at least
5 days and preferably 7 days per week; 2) increase
daily lifestyle physical activity (e_g. walking breaks
at work, gardening, housechold work); and 3) per-
form resistance traiming at least 2 days per week. We
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do not have one specific raining programme for all
individuals, baxt rather these peneral principles will
be individualised based on baseline activity levels
and progress throughout the year To measure base-
line activity, participants will wear a Fithif Inspire 2
physical activity tracker for 7 contimuous days and
will complete a PAR questionmaire. Fithif Inspire 2
is equipped with 3-axis accelerometer and optical
heart-rate tracker, however it lacks GPS receiver for
accurate distance data. The Fithit device will enable
the researchers to access mimite by minute step count,
heart rate and heart rate variahility forall participants,
as well as information about duration and timing of
sleep, and participants will be asked to wear it for 12
consecutive months. The goal for all participants will
betoreach at least 150 mimies of moderate-intensity
aerobic physical activity per week within the first 3
months. If participants respond well during the first 3
months of the physical activity infervention, the fol-
lowing 9 months (month 4-12) will aim to vary the
prescription in temms of mode, duration, and inten-
sity. Alongside the education modules, the team have
also developed a mumber of exercise circuit videos
aimed at a range of intensities to suit a broad range of
fitness and confidence levels, which will be available
for viewing anytime via the LIVEPULSE app.

2.10. Stress reduction

Chronic stress is an independent nisk factor for
atherosclerosis [41]. B ody-inchusive stress reduction
techniques, such as slow breathing [22, 23], gentle
yoga [42], and mindfilness [43], have been shown
to improve hypertension and autonomic (cardiova-
gal) function, as well as mental health and quality
of life. In the LIVEPLUS tnal, the 12-month stress
reduction program will draw techniques from Mind-
fulness Based Stress Reduction (MBSR) and will be
supplemented with additional slow and pressurized
breathing techmiques, gentle yoga, and concepis from
positive psychology on evidence-based tips for culti-
vating happiness and social connectedness. MBSR is
a specific mindfulness approach that integrates var-
ious mindfulness meditation techmques, as well as
gentle hatha yoga, and has been shown clinically and
supported by systematic reviews to be beneficial for
cardiovascular and mental health [44]. Each month,
participants will be introduced to new siress reduc-
tion educational content through the app, as well as
asked to practice a new breathing (for about 5-10
mamies, 6 days per week) and mindfulness technique

(about 20 mimites, once per week). Breathing and
yoga videos have been created by our research team
to puide participants through their practice. Exam-
ple breathing and mindfulness practices include slow
breathing at six breaths per mimite, alternate nostril
breathing, sitting meditation, and mindful yoga.

2.10.1. LIVEPULSE mobile app

LivePulse is a health data collection, management
and intervention tool consisting of a mobile app for
participarts and a web dashboard for the research
team to use. The app allows participants to create
personalised goals, receive reminders, access ednca-
tional matenals, record and share their health data
(weight, exercise, diets etc) with the research team.
The app is publicly available both on the Apple App
Store and on the Google Play Store in Australia. The
underlying techmology of the app has been imple-
mented in similar apps created by the developer,
Vulsen, for other research shiydies, some examples
include: Success CKD [45], and My Home Hemo
[46]. Key features of the app include;

1-Education: Each component of the ILP {mitri-
tion, physical activity and stress reduction) has 12
online modules, and each will be released on a
monthly basis for participants to read and interact
with. Interactive components inchyde multi-choice
questions [26] (Table 2). Video comfent will be
updated throughout the study and will include expert
interviews, exercise sessions, breathing techmiques
and yoga sequences.

2-Monitoring: Participants themselves and mem-
bers of the research team will be able to momtor
progress through a mmber of app features, inchuding
weekly eniry of body weight, upload of food images
and logpging mindfulness practice. The app will also
exiract data on physical activity and sleep from the
Fithit device, and in response to participant progress,
the app has a facility for research team members to
send short messages and reminders to participants,
individually and as a group [47, 48]. The appincludes
a multi subject weight change simulator to predict
whether participants are on track with reaching their
dictary poals as evidenced by their weight loss trajec-
tory. The algorithm is modelled from the participant”s
eniry of age, height, gender, and repular updated body
weight inputs, as well as cur inpant of their target calo-
ne deficit required to achieve the desired percentage
weight loss of 7 8% after 1 year. If a participant falls
outside of their error region at any point throughout
the study, they will be given the opportunity to receive
enhanced support.

55



S. Cassidy et al. / Llfestyle VulnErable PLaqUe Study (LIVEPLUS) 17

3-Goal setting: Participants will be encouraged
to set short- and long-term behavioural and outcome
goals (e.g., dietary, physical activity and weight),
which will be discussed and adapted over the duration
of the intervention with the research team coaches
[48].

4-Social networks: Participants will be encour-
aged to connect with other users of the app using the
group messaging function to facilitate social support.

5-Just-in-time adaptive intervention (JITAI):
Intervention arm participants will receive person-
alised messages prompting physical activity using
JITAL JITAIs aim is to optimise delivery of inter-
vention components in terms of the right time and
location for patients. Micro-randomised trials (MRT)
offer a way to optimise such interventions by enabling
modelling of causal effects and time-varying effect
moderation for individual intervention components
within a JITAI [49]. For this reason, we will perform
an MRT within the intervention arm.

2.11. Control

OMT group participants will continue to receive
standard of care treatment but will also be given a
Fitbit device, and offered video-call appointments
with a study dietitian every 3 months. In addition,
they will be instructed to follow the American Heart
Association (AHA) Diet and Lifestyle Recommen-
dations to include physical activity [50] and stress
reduction. The study dietitian will summarise the con-
tent on healthy lifestyles from the AHA website into
8 modules of educational materials. These materi-
als will be delivered to participants each month via
email for the first 8 months of the study. The content
will cover general healthy eating, healthy meal plan-
ning and preparation, and tips to increase vegetable
intake. They will also be offered the stress reduction
programme at the end of the study.

3. Outcomes
3.1. Primary

3.1.1. Low-attenuation plaque (LAP) volume
(mm?3)

LAP volume will be measured at baseline as part
of a clinically indicated CCTA and at 12 months
for the purpose of this study. CCTA will be per-
formed at Royal Prince Alfred Hospital on a Siemens

SOMATOM Force 2 x 192 slice Dual Source scan-
ner and will take approximately 10 minutes, with
a total visit duration of approximately 30 minutes.
Coronary images will be transferred to a workstation
with the use of plaque- analysis software. This soft-
ware will produce colour-coded maps overlaid with
differentiated plaque categories by Hounsfield Unit
(HU) values, and those with LAP (=30 to 150 HU)
will be invited into the study. LAP volume has been
consistently shown to be the best marker of insta-
bility and strongest prognostic predictor of a future
adverse CV event. CCTA readers will be blinded to
group allocation.

3.1.2. Stress myocardial blood flow (MBF,
ml/min/g)

Stress MBF will be measured at baseline and at
12 months follow-up during an MRI examination
at North Shore Radiology and Nuclear Medicine
(NSRNM). The duration of the research MRI exam-
ination will be approximately 1.5 hours, with a total
visit duration of approximately 2 hours.

The cardiac MRI examination will include the
assessment of LV diastolic function at rest and exer-
cise, as well as myocardial perfusion at rest and
during different types of stress.

Graded exercise testing will be performed using a
supine ergometer while the participant is lying supine
in the MRI scanner. The work rate will be increased
gradually with a total exercise duration of approx-
imately 8—12 minutes [51]. Assessment of diastolic
function at stress will be performed immediately after
supine ergometry.

The study utilises the same intravenous
gadolinium-based contrast agent that is used
clinically to assess myocardial perfusion. The
cardiac MRI myocardial perfusion images will be
acquired at rest, and during the following stress
protocols.

(i) Adenosine stress

Intravenous adenosine infusion will be adminis-
tered at 140 pg/kg/min via a peripheral intravenous
cannula. This is the same protocol as is used at inva-
sive coronary physiological assessment.

(ii) Cold-pressor testing (CPT)

CPT will be carried out, as previously described,
by immersing the hands or feet of the participant in
ice water measuring at approximately 0—4°C for a
duration of 4 minutes. Continuous blood pressure and
heart rate will be recorded at one minute intervals
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throughout the scan, thus about 10-20 minutes before
(depending on how long it takes to finish the initial
scans) and during CPT [52].

(iii) Glyceryl Trinitrate (GTN)

Exogenous nitrate is utilised to vasodilate the coro-
nary arteries and assess for endothelial dysfunction.
300 mcg sublingual GTN will be given just prior to
acquisition of cardiac MRI images.

3.2. Secondary outcomes

The secondary outcomes to be conducted are listed
below. For detailed information on each one, please
see the supplement.

e Perivascular Adipose Tissue

e Myocardial inflammation

e Diastolic dysfunction

e Pulmonary congestion during exercise

e Secondary plaque characteristics, including

noncalcified plaque volume, dense calcified

plaque volume and total atheroma volume (TAV,
mm3)

Liver fat fraction (%) by MRI

Flow-mediated dilatation (FMD) (%)

Carotid intima-media thickness (cIMT) (mm)

Pulse wave velocity (PWV) (m/s) and Augmen-

tation Index (AI) (%)

e Heart rate variability (HRV) during wakefulness
and sleep: Low Frequency (LF) and High Fre-
quency (HF) (ms?)

e Heart age by resting electrocardiography

e Sleep parameters (total sleep time, Rapid Eye
Movement (REM) and Non-REM (NREM)
durations, respiratory disturbances, and oxygen
saturation)

3.3. Exploratory

There are a number of exploratory outcomes,
which are listed below. For detailed information on
each one, please see the supplement.

e Body composition

o Weight (kg)

o Height (cm)

o Waist/Hip ratio (cm)

o Dual-energy X-ray

(DEXA) body composition
e Intermediate risk factors that are predictive of
developing atherosclerosis

absorptiometry

o Glucose (mmol/L) and Insulin (pmol/L)
o Blood pressure (mmHg) including both
central and peripheral pressures
o Blood biomarkers
e Urinary levels of F2-isoprostane levels
e Serum hormones, proteomics, lipidomics,
metabolomics, genetic and epigenetic profiling
of white blood cells
e G-minute walk test
e Dietary intake (total daily kJ, macronutrient and
micronutrient intake (%))
e Time spent in moderate physical activity
e Psychometrics

3.4. Safety reporting

Adverse Events (AE) and Serious Adverse Events
(SAE) will be recorded and reported throughout the
study to monitor and ensure participant safety. The
following information will be reported: description,
data of onset and end date, severity, assessment of
relatedness to trial intervention or device, and action
taken. A team of physicians, including cardiologists,
will use their clinical judgement to decide whether an
AE is of sufficient severity to remove the participant
from the study. SAE will be reported to the primary
investigator within 24 hours of the study team becom-
ing aware of the event. The full course of the SAE,
including any therapy given, will be reported to the
study sponsor. All significant safety issues will be
reported to the local Human Research Ethics Com-
mittee and Research Governance Officers.

3.5. Sample size calculation

This is a randomised two-arm study design with
2 continuous co-primary endpoints repeatedly mea-
sured at baseline and after 12-month follow-up. A
total of 150 participants (75 in each arm) will provide
90% power to demonstrate the efficacy of either out-
come. The sample size is based on a 2-by-2 repeated
measures design using each of the co-primary out-
comes (PASS 13 Power Analysis and Sample Size
Software (2014)). The conservative Bonferroni cor-
rection was applied to control the type I error rate
due to multiplicity test. The significance level (alpha)
is 0.025 using a two-sided, two-sample #-test. The
assumptions specific to each co-primary outcome are
defined below:

For Low-attenuation plaque volume, an absolute

mean difference between groups of >9.0mm? at
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12-month is expected to declare the efficacy of the
intervention (ILP + OMT) over the control (OMT).
The control group mean (standard deviation) is 39.0
(12) mm? and 32.3 (15) mm? at baseline and after
12-month follow-up respectively [53]. A correlation
of between measurement pairs of 0.50 is assumed.

For Myocardial blood flow, an absolute mean
difference between groups of >0.4 ml/min/g at 12-
month is expected to declare the efficacy of the
intervention (ILP + OMT) over the control (OMT).
The control group mean (standard deviation) is 2.71
(0.61) mL/min/g and 2.55 (0.57) mL/min/g at base-
line and after 12-month follow-up respectively [54].
A correlation of between measurement pairs of 0.50
is assumed. The overall sample size allows for a
20% attrition rate. Identifying eligible participants,
enrolling them into the study, and maintaining their
commitment to this intensive intervention over a
period of 12 months can be challenging. However, the
enrolment of 150 participants over a period of 34-36
months is thought to be feasible with the resources
available based on previous research.

3.6. Statistical analysis plan

This is the first detailed investigation of effects
of ILP on coronary CT coronary plaque modifica-
tion and myocardial blood flow over an extended
period of time in human participants. Efficacy analy-
ses will be conducted on an ’intention to treat’ basis.
The primary analysis will be performed using Anal-
ysis of Covariance (ANCOVA), adjusted for baseline
values [55]. Group comparisons will be two tailed
with a nominal 2.5% significance level to adjust
for the multiplicity testing using Bonferroni method.
Subgroup analyses will be conducted to assess differ-
ences in intervention effects across the pre-specified
gender and age subgroups. Tests of intervention effect
modification will be performed by fitting interven-
tion group and the relevant subgroup main effects
and interaction into the models adjusted for baseline
scores. Interpretation of evidence of heterogeneity
of intervention effects among subgroups will remain
exploratory (hypothesis generating) given the study
is not powered to test subgroups.

Many of the secondary endpoints are exploratory
in nature and will need to be confirmed by follow-up
studies. Type-II error, i.e., failing to detect a sig-
nificant effect when it exists is important to this
study for all secondary and exploratory outcomes.
Thus, all tests of significance for between-group

comparisons will be performed at the p=0.05 level
of significance. The primary analysis strategy will
utilise Intention-to-Treat principles. LIVEPLUS is
also interested in mechanistic questions concerning
the effect of ILP, and to address these issues, the
Marginal Structural Model (MSM) of Robins and col-
leagues [56] will be applied. All major secondary
outcomes are observed repeatedly at well-defined
time points over participant follow-up, so that statis-
tical methods for longitudinal and repeated measures
analysis will be applied. Subgroup analyses will be
tested by evaluating the treatment by subgroup inter-
action. Withdrawal from the intervention, drop-out
from the study, or death (if any) will be analysed using
the standard techniques for survival data.

3.7. Trial status

Recruitment began Feb 2022.

4. Conclusions

LIVEPLUS will help us to identify how a
mechanism-based comprehensive lifestyle interven-
tion can affect the major and minor vessels in the
heart, perivascular fat, cardiac structure and func-
tion, arterial stiffness, endothelial function, and liver
steatosis. The sophisticated clinical, metabolic and
molecular (multi-omic) phenotyping to nutritional,
physical activity and cognitive inputs will provide
a unique platform for cybernetic/systems modelling
responses in patients affected by coronary heart
disease. The data generated will also populate com-
plex systems-based models and provide insights that
drive the discovery of new predictive biomarkers of
disease. Additionally, the smartphone app is an excit-
ing digital health and educational tool, which can
empower individuals to engage with, and sustain, the
lifestyle changes they need as individuals to reduce
their future risk of adverse cardiovascular outcomes
and to track the changes they achieve in a person-
alised way in near real time. Such a personalised
digital health solution, if proven to be effective, is
ultimately translational and scalable to use in clini-
cal practice and as an educational tool for health care
professionals.
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Chapter 3 detailed the LIVEPLUS Protocol, establishing the methodological groundwork for a robust
RCT that examines the impact of lifestyle interventions on vascular health. The protocol underscored
the significance of integrating dietary changes, physical activity, and regular health monitoring to
address key markers of vascular function. With the framework in place, Chapter 4 transitions to
presenting the actual outcomes of this six-month intervention, offering a comprehensive analysis of its

efficacy in improving vascular and cardiometabolic health.

This chapter delves into both primary and secondary outcomes, with a strong focus on markers such
as FMD, PWV, and CIMT, alongside biochemical and body composition indicators. The results reveal
the extent to which structured lifestyle changes can influence vascular health, shedding light on
physiological mechanisms that underlie these improvements. Additionally, the chapter provides
valuable insights into individual variability in response to the intervention, an important consideration for

tailoring future clinical approaches.

Beyond the immediate findings, Chapter 4 also reflects on the broader implications of the intervention,
including its feasibility and acceptability among participants. These discussions are critical for informing
subsequent chapters, particularly those exploring strategies to sustain behavioural changes. The
chapter serves as a bridge, connecting the experimental evidence with the need for innovative solutions

to enhance adherence and long-term efficacy, a theme that is central to the next chapter.
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4 Chapter 4: Impact of a 6-month digital lifestyle intervention on vascular function and
arterial stiffness

What is known:

1. Vascular dysfunction and arterial stiffness independently increase the risk of death from cardiovascular diseases (CVD).?%*
254

2. CVD patients with low attenuation plaque (LAP) in coronary arteries are at a greater risk of poor cardiovascular outcomes,
yet preliminary findings indicate that changes in lifestyle could lead to alterations in CVD risk, although there is a significant
lack of research in this field.?%

3. More specifically, there are limited studies looking at changes in vascular measures following lifestyle interventions in
individuals with LAP.2%6 FMD and Carotid IMT are two important measures of atherosclerotic disease, with PWV being the
gold standard for predicting arterial stiffness and associated with traditional CVD risk factors such as age, sex, race,
smoking, alcohol consumption, habitual endurance exercise, blood pressure, dyslipidaemia, dietary patterns, risk-lowering
drug therapy, glycaemia, hyperuricaemia, obesity-related anthropometric parameters, obesity, and obesity-related
diseases.?%’

4. Exercise and weight reduction are recognised for enhancing the flexibility of arteries.

5. There is increasing awareness of the benefit of mHealth interventions in clinical care. 2582

What this study adds:

1. Impact of a 6-month lifestyle intervention on vascular measure changes in a LAP population.

2. Augmenting clinical care with a digital intervention via mHealth in a LAP population.

3. Although it is acknowledged that weight loss improves arterial stiffness, and CVD risk, there have been limited studies
examining effects of an intensive lifestyle intervention in reducing CVD risk.

Key findings include:

1. 6 months of an intensive lifestyle intervention in individuals with LAP led to significant weight loss and an improvement in
PWV.

2. Despite significant weight loss with the intensive lifestyle intervention, the impact on cardiometabolic measures was limited.

3. This intensive lifestyle intervention delivered through a digital platform was achievable in individuals with LAP.

4.1  Introduction
Low attenuation plaque (LAP) is a significant risk factor in the development of cardiovascular diseases

(CVD), which itself remains a leading global cause of morbidity and mortality.26° LAPs are prone to
rupture, due to their vulnerable nature, leading to acute coronary syndromes and strokes, and thus,
emphasise the critical need for early detection and management to prevent adverse cardiovascular
events.? Despite growing awareness of its implications, the influence of lifestyle modifications on LAP's

progression and stability remain underexplored.?14 26

Non-invasive measures of cardiovascular health are essential for the early detection of CVD and the
assessment of intervention efficacy, highlighting their importance in the management and study of LAP.
These measures include Flow-Mediated Dilation (FMD),262 Carotid Intima-Media Thickness (IMT),283
Pulse Wave Velocity (PWV), Pulse Wave Analysis (PWA),264 Augmentation Index (Alx),26% 266 and
Subendocardial Viability Ratio (SEVR),267: 268 which offer invaluable insights into arterial stiffness,
endothelial function, and overall cardiovascular risk. However, literature on the impact of lifestyle
interventions on these vascular health markers in individuals with LAP is sparse. This highlights a
significant gap in our understanding of how lifestyle behavioural modifications influence progression of
LAP and, by extension, the risk of CVD. Given the escalating global burden of CVD, claiming
approximately 17.9 million lives annually and accounting for nearly one-third of all deaths worldwide,

the need for comprehensive strategies that include lifestyle modification is more pressing than ever.25%
269

Addressing this need, this 6-month clinical trial will investigate the impact of lifestyle interventions on
key vascular health markers including FMD, CIMT, PWV, PWA, Alx, and SEVR in individuals with LAP

(optimal values for these vascular measures are shown in Textbox 4.1). By integrating digital health
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tools in our approach, this study augments ILP targeting intrinsic motivation, with the aim to shed light
on the potential for lifestyle modifications to mitigate the risks associated with LAP, thereby contributing
to the broader efforts to combat CVD.270

Textbox 4.1 Optimal values for FMD, CIMT, and PWV.

Parameter Description Optimal Values

Measures the dilation of an artery (the brachial > 6.5% (varies by methodology and

Flow-Mediated artery, for my thesis) in response to increased population, indicating healthy

Dilation (FMD)

blood flow, indicating endothelial function. endothelial function).?”!
Carotid Intima- Measurement of the thickness of the two < 0.9 mm (can increase with age,
Media Thickness innermost layers of the carotid artery wall, used  values above, indicate increased risk
(CIMT) as a marker for atherosclerosis. of cardiovascular events).?”2
Assesses arterial stiffness by measuring the <10 m/s (values depend on age and
Pulse Wave . .
. velocity of the blood pressure pulse through the  blood pressure, higher values suggest
Velocity (PWV) . . ; ; 273
arterial tree. increased arterial stiffness).

4.1.1 Aims/objectives
The primary aim of this study was to determine the effects of a 6-month lifestyle intervention on vascular
function (FMD, Carotid IMT, PWA, Alx, and PWV) in individuals with LAP. The secondary and

exploratory aims were to explore the impact of ILP on biomarkers, SEVR, and medication usage.

4.2 Methods
4.2.1 Design

Longitudinal two arm prospective randomised clinical trial with measurements taken at baseline with a
follow up of six months (Figure 4.1). This study is a study within the Lifestyle VulnErable PLagUe Study
(LIVEPLUS), the protocol of which is described in Chapter 3 of this thesis. Briefly, the two groups for
this study are intensive lifestyle program, ILP, (including following the 5:2 diet, with access to the study
app), and the optimal medical therapy, OMT, (including following the American Heart Association diet,

without access to the study app).

4.2.2 Participants

The participants for this study were selected from the LIVEPLUS study (ACTRN12620001151921), the
protocol of which is detailed in Chapter 3 of this thesis. Figure 4.10 shows the progression of
participants in this study who were initially randomised as part of LIVEPLUS?7* and were being followed

from baseline to month 6.

4.2.3 Eligibility criteria

Participants eligible for this study would have had to be aged 18 to 80 years, have a presence of low-
attenuation plaque (LAP) on coronary computed tomography angiography (CCTA), have a BMI greater
than 22.0 kg/mZ2, be capable of providing full informed consent, and be deemed capable of undergoing
all study assessments and adhering to the rigors of the ILP intervention. Conversely, individuals with
non-MRI-compatible implanted devices, an estimated glomerular filtration rate (eGFR) less than 30

mL/kg/1.73 m2, an inability to exercise via supine ergometer, contraindications for adenosine or glyceryl
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trinitrate, a previous severe allergic reaction to iodinated contrast media, pregnancy or breastfeeding
status, or a history of any chronic disease process that could interfere with the interpretation of results

were excluded from participating in this study.

(7 M

No %

ILP + OMT OMT

FMD, carotid IMT, PWA, PWV, Alx

Figure 4.1 Study design flowchart showing the two groups including the primary outcomes measures.
R, randomisation; ILP, intensive lifestyle program; OMT, optimal medical therapy; 5:2 diet, 5 days usual diet and 2 days of reduced
calorie fasting; AHA diet, American Heart Association diet guidelines; FMD, flow mediated dilation; carotid IMT, carotid intima
media thickness (CIMT); PWA, pulse wave analysis; PWV, pulse wave velocity; Alx, augmentation index.

4.2.4 Recruitment

We recruited participants who had undergone a clinically indicated CCTA and had a quantifiable LAP
within the range of -30 to 150 Hounsfield units (HU) (Figure 4.1). Presence of plaque in the coronary
tree was evaluated by two experienced CCTA reporters (cardiology staff specialists at the hospital). It
was estimated that approximately 20-40% of patients in the general cardiology outpatient population
would have LAP. The primary source of referral for clinically indicated CCTA at Royal Prince Alfred
Hospital (RPA) for this study was from a single large academic clinical practice, Central Sydney
Cardiology at RPA Hospital Medical Centre, and from patients who had attended the RPA Radiology
Department for a clinically indicated CCTA.

4,25 Screening visit

After a pre-screening phone call, eligible potential participants participated in an initial video call. During
this call, the research team presented a brief overview of the study protocol, including its rationale,
implications, and constraints, as well as any known side effects and risks associated with participation

(Appendix F). Participants then had the opportunity to ask questions and discuss any details of the
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study. Those who were willing to participate were invited to the Charles Perkins Centre-RPA clinic to
provide electronic informed consent through REDCap. As determined by the research team, if a
potential participant was deemed to lack the capacity for fully informed consent, they were not included

in the study.
4.2.6 Intervention

Participants were randomised into two distinct dietary regimen groups: individuals using the study app
and adhering to a 5:2 pescatarian diet (ILP+OMT), and those conforming to the conventional American
Heart Association dietary guidelines without app access (OMT). Both groups followed the optimal
medical therapy, which included ongoing treatments and medications as prescribed by their physicians,
with the App group subject to the intensive lifestyle program, which is further described in greater detail
in Chapter 3.

Following reveal of the group assignment, the participants randomised to the active intervention
(OMT+ILP) group were given access to the study app which included educational content for diet,
exercise, and mindfulness, and followed the 5:2 pescatarian diet. They also received Marley Spoon’s
pre-portioned meal kits for the first four weeks. They designed their meal plans with a dietitian, aiming
to replace meat with fish and processed foods with plant-based ones. They fasted on two non-
consecutive days per week, consuming two vegetable meals with specific energy content. The dietitian
guided dietary changes, meal planning, and monitored body weight weekly through the study app.
Based on these weights, the dietitian counselled participants on adhering to the 5:2 pescatarian diet

and improving diet quality. The OMT group followed the AHA dietary guidelines.?7®

For physical activity, there is strong evidence that reducing sedentary behaviour and increasing physical
activity reduces cardiovascular events and mortality.'#! Participants in the ILP+OMT group received an
individualised home-based program based on guidelines from the American College of Cardiology
Foundation/American Heart Association (AHA)?7¢ and the European Heart Network’s Physical Activity
Expert Group.2”7 The program aimed for at least 150 minutes of moderate-intensity aerobic physical
activity per week, spread evenly throughout the week. All participants wore a Fitbit tracker to measure
baseline activity and the ILP+OMT group received an initial consultation with an exercise physiologist
to set up a personalised program. The intensity of physical activity was assessed by monitoring the
heart rate reserve and the ‘talk test’. The absolute risk of exercise-related cardiac events was minimal.
The OMT group also wore a Fitbit device and received guidance to adhere to the AHA Diet and Lifestyle

Recommendations which encompass physical activity and stress reduction.

Meditation has been shown to have benefits for cardiovascular and mental health. The ILP+OMT group
received a Mindfulness-Based Stress Reduction (MBSR) program, which integrated meditation and
gentle hatha yoga, both of which are effective and safe methods for alleviating stress.?”® The study
implemented this program using the structure and content from the online free course
https://palousemindfulness.com/. Sessions were conducted one-on-one, with the first session in person
and subsequent sessions electronically to reduce the burden on participants. At the conclusion of the

study, the stress reduction program was made available to the OMT group.
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The LIVEPLUS protocol?™ was published prior to data collection and analysis for this study, and has
been included in this thesis as Chapter 3. LIVEPLUS followed participants for twelve months, but this

study followed participants for six months due to time limitations.

4.2.7 Outcome measures
With this study being a sub study of LIVEPLUS, we aim to only report outcomes specified for this study

(i.e. Chapter 4 in this thesis) as shown in Figure 4.2. All primary and secondary outcomes were

obtained while participants were in an overnight fasted state.
Flow mediated dilation

Carotid intima media thickness

Primary

Pulse wave analysis

Pulse wave velocit
Outcomes y

Augmentation Index

Biomarkers

Secondary

Subendocardial viability ratio

Exploratory Medication usage

Figure 4.2 Outcome measures
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4.2.8 Primary outcomes

The primary outcomes for this chapter are FMD, carotid IMT, PWA, PWV, Alx. All measurements were

taken while the participant was in 12 hours fasted state.

__— Brachial Artery

Biceps Muscle

- Ulnar Nerve
Bifurcation of
the Brachial

Rrkeny Aponeurosis

Figure 4.3 Brachial artery anatomical location, anterior aspect.
From Atlas of Surgical Techniques in Trauma (2020).27°

4.2.8.1 Flow mediated dilation

Fasted brachial artery diameter measurements were obtained while the participant was in a supine
position. After 15 minutes of acclimatisation to achieve a haemodynamic steady state, heart rate was
continuously monitored using a 3-lead ECG. An automatic cuff (E-20 rapid cuff inflator; D.E. Hokanson
Bellevue, WA) was placed around the right forearm distal to the olecranon process in accordance with
established FMD guidelines by Corretti et al.?% Image collection, transducer placement, and detailed
methods were performed as previously described by Feairheller et al.8' Vascular endothelial function
was assessed through FMD using a high-resolution ultrasound device (Philips EPIQ 7 or equivalent)
equipped with a 10 MHz linear array transducer and ECG gating. This technique used brief arterial
occlusion in the arm, the brachial artery (Figure 4.3), for 5 minutes using a cuff, followed by non-invasive
ultrasound scanning of the brachial artery proximal to the occlusion site. FMD videos were recorded
using the Philips EPIQ 7 ultrasound system (Philips, Netherlands) and stored on our password-
protected research data store. Arterial diameters were analysed using edge detection software, Brachial
Analyzer for Research 6 (Medical Imaging Applications, Coralville, 1A), with varying degrees of
complexities (Figure 4.4). The highest 10-second interval throughout the 2-minute collection period

represented the true peak hyperaemic diameter.
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Figure 4.4 Limitations in analysing FMD.

Panels (a, b, and c) being easier to analyse compared to (d, e, and f). From van Qort et al., Hypertension (2020).%°

4.2.8.2 Carotid intima media thickness

The thickness of the inner and middle layers of the carotid artery wall, known as the intima-media
thickness (IMT), can be assessed noninvasively using ultrasound imaging. This measurement serves
as an indicator of the early stages of atherosclerosis,?8? and provides additional information about future
CVD risk, especially in adults over the age of 40.283 Carotid IMT measurement was performed involving
a bilateral ultrasound examination of the distal common carotid arteries using a high-resolution
ultrasound device (Philips EPIQ 7 or equivalent) equipped with a 10 MHz linear array transducer and
ECG gating (Figure 4.6 (1)). The mean IMT of the far wall was determined offline from a section of the
vessel located at least 5 mm below the end of the common carotid artery, in accordance with the
Mannheim Carotid Intima-Media Thickness and Plaque Consensus,?®* using validated semi-automated
edge-detection software (Carotid Analyzer for Research 6) (Supplementary Figure 4.1). On the same
day as the FMD measurements, CIMT images were recorded. Images were obtained and
measurements were made using the Philips EPIQ 7 ultrasound system. Three measurements of the
posterior wall of both the right and left common carotid arteries were collected in accordance with

established guidelines (Roman et al.28).

[ o |
d
Cleveland
Clinic
©2023

Figure 4.5 Measuring the intima-media thickness of a carotid artery.
Adapted from Cleveland Clinic.?%
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Figure 4.6 (1) Philips EPIQ 7 for ultrasound measurements, (2) SphygmoCor XCEL system for pulse

wave analysis, pulse wave velocity, augmentation index, and SEVR.
From Philips EPIQ 7 (2024)?%” and SphygmoCor XCEL Pulse Wave Analysis (PWA) System (2024).2%

4.2.8.3 Pulse wave analysis

The measurement of PWA is an output from the SphygmoCor device (Figure 4.6 (2)).2%° A cuff was
applied to the participant’s arm aligned over the brachial artery. The participant was made to lie in a
supine position for 5 minutes before measurements are taken. The software which comes with the
device was then used to start cuff inflation for the PWA measurement which is an automatic process.
The brachial cuff first inflates to measure the blood pressure, following which, the PWA waveform was
captured. The SphygmoCor device while capturing the PWA, also calculated the aortic augmentation

pressure and augmentation index (Figure 4.7).
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Figure 4.7 SphygmoCor XCEL evaluates a range of digital biomarkers related to vascular health.
From SphygmoCor XCEL Pulse Wave Analysis (PWA) System (2024).28
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Aortic augmentation refers to the increase in central aortic pressure due to the reflection of pulse waves
from the peripheral vasculature back to the heart. It is measured as the difference between the second
peak (reflected wave peak) and the first peak (ejection wave peak) of the central aortic pressure
waveform. The augmentation index (Alx) is the ratio of aortic augmentation to pulse pressure,
expressed as a percentage. Pulse pressure is the difference between systolic and diastolic blood
pressure.

_Aortic Augmentation

Alx = x 100
x Pulse Pressure

4.2.8.4 Pulse wave velocity and Augmentation Index

The measurement of Pulse Wave Velocity (PWV) and Augmentation Index (Alx) was conducted at
baseline and at month six. We used the SphygmoCor XCEL system (Figure 4.6 (2)) for the non-invasive
determination of PWV by measuring the blood pressure waveform travelling between two arterial sites
(Figure 4.8).2% This was achieved by concurrently recording pressure waveforms at the carotid artery
using a tonometer pressure sensor and at the femoral artery using a specialised blood pressure cuff.2°1
Additionally, the SphygmoCor XCEL system allows for the assessment of peripheral arterial stiffness
through the calculation of Alx as an output. Alx is calculated as (P2-P1) x 100/P1(%), where P1
represents pulse pressure and P2 represents the pressure corresponding to the inflection point on the

pulse wave.2%2
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Figure 4.8 Pulse wave velocity (PWV) assessment.
Adapted from Jeroncic et al. Scientific Reports (2016).2%
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429 Secondary outcomes

4.2.9.1 Subendocardial Viability Ratio (SEVR)

The Subendocardial Viability Ratio (SEVR), also known as the Buckberg index,??* is a non-invasive
haemodynamic index used to assess the balance between myocardial oxygen supply and demand,
particularly in the subendocardial region of the heart.?% It was measured using SphygmoCor XCEL
system?88 from the pulse wave analysis, specifically using the aortic pressure waveform. It is defined
as the ratio of the area under the blood pressure curve during diastole (when coronary perfusion
primarily occurs) to the area under the curve during systole (when myocardial oxygen demand is
highest).2?6 In mathematical terms, SEVR = (DPTI/SPTI) x 100, where DPTI is the diastolic pressure-
time index and SPTI is the systolic pressure-time index.2%”

4.2.9.2 Blood biomarkers

Venepuncture was performed while the participant was in an overnight fasted state. Fasting glucose,
haemoglobin A1c, Total cholesterol to HDL-C ratio, white cell count, neutrophil, cholesterol, triglyceride,
HDL-C, LDL-C, Non-HDL-C. (Figure 4.9, and Appendix B)

h" NSW Health Pathology — Royal Prince Alfred Hospital (RPAH)
il“’; T:0436 641 607 /0417 397 191 |F: 02 9515 7931
= H Ith Clinical Trials, RPAH, Central Specimen reception
Level 5, Buiding 77 Missenden Road, Camperdown NSW 2050

covemwent | Pathology

Pathology Tests Collection Processing Requirements Minimum Sample Storage Condition Transport
Instructions Requirement Requirement
FBC 1x Aml EDTA (purpie top Keep whole biood Amizent temp,
tube) Do not Cenkifuge
4ml EDTA whole biood c Fridgetemp (4°C)
After blood is collected Must be assayed within if transpost is delayed
Invest tube a few mes to 24ws
sy »
HBATE 1% 4ml EDTA (purpie top Keep Whole biood should only | Ambient temp it delivered
tube) Do not Cenkriuge: be stored fora same day of collection
maximum of 1 day at
After blood is collected room Fridge temp (4°C)
Invesrt tube a few Smes to 0.5ml EDTA whale bood (15-35C) i transpor is detayed
mix additive more ihan 24hrs
7 days d fdge temp
(48°C)
BUC, LFT, UA, DL, 1x ami ciofied ood SST | Keep tube upnght af amiverd femp for
Tiglycendes, Ghcose, HDL, (gaid top tube) 30mins to alow biood 1o clot
non-HDL Cholesterol Ceririfuge tube a 21007 for 10 mins
00 20038 serum o Fricge temp (4°C)
Transfer sequm inlo faise bottom aliquaot
tube (supplied by NSW HP)

Figure 4.9 Collection and processing of bloods for respective biomarkers.

4.2.10 Exploratory outcome
4.2.10.1 Medication usage

Medication usage was carefully documented, reflecting both intervention and control cohorts. Self-
reported discontinuation or changes in medication regimens including medication adherence and
modifications were noted, providing insights into patient-managed treatment plans outside of clinical
recommendations.

4.2.11 Data collection and analysis
FMD and CIMT were performed sequentially on the fasted participant soon after phlebotomy during

clinic visit. We performed FMD on the participants’ right arm because phlebotomy was performed on
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the left arm mostly, ensuring the same arm was not used for phlebotomy and FMD. Due to the nature
and duration of the test, we collected FMD measurements once per time point. We collected CIMT twice
per angle (see Supplementary Figure 4.2 Meijer’s Carotid Arc), per visit, labelling each acquisition for
ease of analysis. PWA (AP, Alx, SEVR) and PWV (and pulse transit time) were performed three times
per visit, with only the results from “quality control check” approved reports used for analysis. Blood
biomarkers were processed by New South Wales Health Pathology at the Royal Prince Alfred Hospital,
with the results mailed to our letter box, which were then manually entered in REDCap, and verified by
a second member of the research team. Medication usage data was collected during participants’ visit,
at each time point, and entered in REDCap.

4.2.12 Experimental protocol + randomisation

Participants were randomised using a web-based system in REDCap and stratified according to age,
sex, and BMI. The allocation sequence was generated using the R package blockrand. Both
investigators and participants remained blinded to group allocation till all baseline measurements were
completed. Upon completion of the final baseline measurement, participants were randomised in
REDCap, revealing their group assignment. Due to the nature of the intervention, blinding during the
study was not feasible. However, research personnel responsible for conducting CCTA, MRI, and
statistical analysis were blinded to group allocation.

4.2.13 Statistical analysis

We selected those participants who completed up to month 6 in the primary study (LIVEPLUS) to be
included in this study. We used R, version 4.3.3, for all analysis. All demographic and clinical
characteristics of participants was summarised using mean and standard deviation for continuous
variables, and frequency and percentage for categorical variables. Continuous data was tested for
normality using the Shapiro-Wilk test. For within-group changes from pre- to post-intervention, normally
distributed data was analysed using paired-sample t-tests, whereas the Wilcoxon signed-rank test was
applied to data not meeting normality standards. Comparisons between groups were conducted through
ANCOVA, incorporating the baseline value as a covariate. Due to the potential co-linearity among
variables and our hypothesis-driven approach, we chose not to adjust for multiple comparisons, a
decision aimed at minimising the risk of Type Il errors, in line with Rothman (1990). This strategy
ensured a focused interpretation of results without diluting statistical power. We did not use any data
imputation methods to handle missing data, however sensitivity analysis may be carried out for any
outliers across our outcomes. Correlation analyses may be conducted using Pearson's correlation for
normally distributed data and Spearman’s rank for non-normal distributions, to explore relationships
between outcome measures. We have set the significance threshold at P < 0.05, carefully balancing
the risks of Type | and Il errors to validate the significance of our findings with confidence. Additionally,
we will perform subgroup analyses looking at the impact of weight loss (5% & >5%) on outcome
measures, body composition and biomarkers.
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4.3 Results
4.3.1  Population characteristics

Total CT scans screened
(n=725)

Ineligible CT scans/excluded
(n=626)

Eligible CT scans (n=99)

Not referred to LIVEPLUS

(n=27)
Enrolment [Assessed for eligibility (n=72)}

Excluded (n=62)

» Not interested (n=12)

« Not meeting inclusion criteria (n=11)
* Never responded (n=10)

.| * Busy to participate (n=9)

| » Became non-responsive (n=8)

« Cannot follow diet (n=5)

« Other reasons (n=4)*

« Cancer treatment (n=2)

« Low BMI (n=1)

A\ 4

[ Randomised (n=10) J

1

App, 5:2 diet N app, AHA die
Allocation
Allocated to ILP+OMT (n=6) Allocated to OMT (n=4)
+ Received allocated intervention (n=6) * Received allocated intervention (n=4)
+ Did not receive intervention (n=0) « Did not receive intervention (n=0)

Follow-up

Lost to follow-up (n=0)
+ Discontinued intervention (n=0)

Lost to follow-up (n=0)
+ Discontinued intervention (n=0)

<
<
<
<

Analysis

<
<

Analysed (n=6) Analysed (n=4)
+ Excluded from analysis (n=0) + Excluded from analysis (n=0)

Figure 4.10 CONSORT Flow Diagram
*Other reasons include (n=1 each for) CT scan done at a clinic other than RPA; participant screened but had other health
problems and needed to speak to therapist; trouble changing medications to participate; lives too far from our clinic.
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Seventy-two individuals were assessed for eligibility (Figure 4.10) with 62 screened out, leaving 10
individuals eligible for randomisation. Of these, 6 participants were randomised to the intervention group
and 4 to the control group. Although the parent study, LIVEPLUS, recruited 21 participants until
December 2023, 11 of these participants were not included in this study as they had not reached 6

months follow up.

Baseline characteristics were similar across groups (Table 4.1). Participants in the intervention group
(n=6, 60%, with 33% females) and control group (n=4, 40%, with 25% females), had mean ages of
60.17 £ 10.13 years and 60.50 + 12.12 years, respectively, showing no meaningful difference. Other
measures such as height (intervention: 174.42 + 9.16 cm; control: 173.12 + 13.14 cm) and weight
(intervention: 84.95 + 20.76 kg; control: 90.80 + 20.89 kg) were similarly distributed. BMI was 8% lower
in the intervention group (27.63 £ 4.56 kg/m2) compared to the control group (30.02 + 4.57 kg/m?2), with
similar variability for participants (P=0.44). Waist to hip ratios (0.96 £ 0.08 vs. 0.90 + 0.12, P=0.39)
displayed minor variations across groups without substantial differences. Metabolic parameters,
including fasting glucose (5.08 + 0.36 mmol/L for control vs. 5.95 + 1.11 mmol/L for intervention, P=0.17)
and HbA1c levels (5.25 £ 0.30% or 34.25 + 3.50 mmol/mol for control vs. 5.58 + 0.26% or 37.67 + 2.88
mmol/mol for intervention, P=0.10 and P=0.13, respectively), along with lipid profiles (cholesterol 4.90
1+ 1.95 mmol/L vs. 3.62 £ 0.32 mmol/L, P=0.14; HDL-C 1.92 + 0.61 mmol/L vs. 1.42 £ 0.10 mmol/L,
P=0.08), showed no significant differences between the groups. Blood pressure and white cell counts,
including neutrophil counts, were also similar (SBP: control 118.50 + 9.92 mmHg, intervention 126.89
1+ 31.79 mmHg, P=0.63; DBP: control 73.88 + 6.33 mmHg, intervention 76.78 + 8.25 mmHg, P=0.57;
white cell count: control 5.15 £ 0.91 x10°/L, intervention 5.40 + 1.27 x10%L, P=0.75; neutrophil count:
control 2.90 + 0.77 x10%/L, intervention 3.33 £ 0.89 x10°/L, P=0.45). Subgroup analyses revealed no
significant impact of weight loss (£5% & >5%) on outcome measures, body composition and biomarkers
(Supplementary Tables 4.1 — 4.3, and Supplementary Figure 4.3).

4.3.2 Primary outcomes

4.3.2.1 Flow mediated dilation

The FMD index, a measure of endothelial function, increased by 7.9% in the control group (5.71 + 4.53
to 6.16 + 8.26) and by 36.8% in the intervention group (6.41 + 2.72 to 8.77 + 4.21). Although the
intervention group demonstrated a larger relative improvement, the changes within and between groups

showed overlapping variability (P=0.59; Table 4.2).

4.3.2.2 Carotid intima media thickness

Carotid IMTwmean increased by 18.2% in the control group, and 27.7% in the intervention group. Similar
trends were observed for Carotid IMTwmax. While both groups showed a greater increase in IMTMax
(control: 14.5%; intervention: 22.9%), the between-group differences did not reach statistical

significance (P=0.14 and P=0.33, respectively; Table 4.2).

4.3.2.3 Pulse wave analysis
Aortic augmentation increased by 30.9% in the control group (5.67 + 3.97 to 7.42 + 4.31 mmHg;
P=0.04*) and by 8.9% in the intervention group (8.67 * 5.90 to 9.44 + 6.55 mmHg; P=0.86). Despite
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this difference, there were no meaningful differences between groups (P=0.72). (Table 4.2).

Augmentation Index values showed similar trends .

4.3.2.4 Pulse wave velocity
Pulse wave velocity increased by 18.9% in the control group (7.35 + 1.06 to 8.74 + 0.61 m/s) and
decreased by 2% in the intervention group (7.68 + 0.90 to 7.53 + 0.89 m/s). The between-group

(P=0.04%) suggests a differential response to the intervention (Table 4.2).

4.3.3 Secondary outcomes

4.3.3.1 Biomarkers

Weight decreased by 6.3% in the intervention group (from 84.95 + 20.76 kg to 79.57 £ 18.99 kg)
compared to 5.6% in the control group (from 90.80 + 20.89 kg to 85.76 + 19.19 kg). BMI reductions
mirrored these trends, with an 8.7% reduction in the intervention group and a 5% reduction in the control
group. Waist-to-hip ratios declined marginally in both groups without notable differences (Table 4.3).
Fasting glucose, HbA1c levels, and lipid profiles remained relatively stable, with minor fluctuations
across groups. For instance, cholesterol increased by 9.9% in the intervention group but showed a

slight decline of 2.7% in the control group.

4.3.3.2 Subendocardial viability ratio

Neither group showed a significant change in SEVR, with the control group experiencing a decrease
(p=0.20) and the intervention group showing a slight decrease (p=0.72). There was no significant
between-group difference (P=0.59) in SEVR (Table 4.2).

4.3.4 Exploratory outcome

4.3.4.1 Medication usage

Medication usage patterns remained largely unchanged in both groups (Table 4.4), except for a
reduction in antihypertensive medications in the intervention group and the introduction of Aspirin in the
control group. Supplements such as calcium and Vitamin D3 were consistently used in the intervention
group, while usage of sleep-related medications such as Melatonin remained unchanged across both

groups (Supplementary Table 4.1).
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Table 4.1 Participant characteristics

Control Intervention P value

N 4 (40) 6 (60) -

Female 1(25) 2 (33) -

Age (in years) 60.50 + 12.12 60.17 £ 10.13 0.96
Height (cm) 173.12 £ 13.14 174.42 +9.16 0.86
Weight (kg) 90.80 + 20.89 84.95 + 20.76 0.67
BMI (kg/m?) 30.02 + 4.57 27.63 £ 4.56 0.44
Waist to Hip ratio 0.96 + 0.08 0.90+0.12 0.39
Fasting glucose (mmol/L) 5.08 + 0.36 5.95+ 1.11 0.17
HbA1c (%) 5.25+ 0.30 5.58 £ 0.26 0.10
HbA1¢c (mmol/L) 34.25 + 3.50 37.67 £ 2.88 0.13
Total Chol to HDL-C ratio 265+ 1.18 2.57 £ 0.31 0.87
SBP (mmHg) 118.50 £ 9.92 126.89 £ 31.79 0.63
DBP (mmHg) 73.88 £ 6.33 76.78 £ 8.25 0.57
White cell count (x109%/L) 5.15 £ 0.91 540+ 1.27 0.75
Neutrophil (x10°/L) 290+ 0.77 3.33+0.89 0.45
Cholesterol (mmol/L) 490 +£1.95 3.62 + 0.32 0.14
Triglycerides (mmol/L) 1.07 £ 0.32 1.05 + 0.31 0.91
HDL-C (mmol/L) 1.92 + 0.61 1.42+£0.10 0.08
LDL-C (mmol/L) 2.58 +1.71 1.72 £ 0.31 0.25
Non-HDL-C (mmol/L) 3.00 £ 1.89 2.20+0.34 0.33

Values are N (%) or Mean = SD
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Table 4.2 Impact of the intervention on outcome measures

Control (N=4)

Intervention (N=6)

P values
Pre Post p valuet Pre Post p valuet
Flow mediated dilation
FMD index (%) 571+453 6.16+8.26 0.86 6.41+2.72 8.77 £ 4.21 0.23 0.59
Carotid IMT
Carotid IMTmean 055+0.08 0.65+0.14 0.15 0.65+0.29 0.83+0.16 0.06 0.14
Carotid IMTmax 0.76 £0.07 0.87+0.20 0.23 0.83+0.40 1.02+0.23 0.16 0.33
Pulse wave analysis
Aortic augmentation (mmHg) 5.67 + 3.97 7.42+4 .31 0.04* 8.67 £ 5.90 9.44 + 6.55 0.86 0.72
I 12.92 + 19.78
Augmentation index (%) 15.41 19.08+10.76 0.29 10.34 20.17 £ 6.89 0.92 0.64
193.45+ 179.25 + 34+ .56 £
Pulse wave velocity (N=8)
PWV (m/s) 7.35+1.06 8.74+0.61 0.06 7.68 £ 0.90 7.53 £0.89 0.63 0.04*
Pulse transit time (ms) 63 + 11.31 62.78 £+ 6.18 0.65 6?;?: 7121':.)’:11 0.43 0.24

Values are Mean + SD
+ Wilcoxon rank test

1 Adjusted for baseline value for ANCOVA

* p<0.05

** p<0.01

p value = within group

P value = between group

IMT = intima media thickness; FMD = flow mediated dilation; PWV = pulse wave velocity; SEVR = sub endocardial viability ratio; Carotid IMT reported from Far wall measurements for more accuracy

of results as per literature.
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Table 4.3 Impact of the intervention on body composition and biomarkers

Control (N=4)

Intervention (N=6)

P value:
Pre Post p valuet Pre Post p value;
. 90.80 85.76 84.95 + 79.57 = .
Weight (kg) 20.89 19.19 0.28 20.76 18.99 0.02 0.78
BMI (kg/m?) 30.03+4.57 28.53+5.16 0.25 27.63 +4.56 2:)(')667; 0.04* 0.28
Waist to Hip ratio 0.97 +£0.07 0.90 £ 0.08 0.16 0.90+0.10 0.86+0.10 0.29 0.73
Fasting glucose (mmol/L) 5.08+0.36 5.13+0.39 0.50 5.95+ 1.11 5.78 + 1.32 1.00 0.51
HbA1c (%) 525+0.30 5.23+0.40 1.00 558+0.26 5.56 +0.33 0.53 0.80
HbA1c (mmol/L) 3425+ 350 31.50+ 3.54 0.50 37.67+288 37.40+3.58 0.62 0.52
Total Chol to HDL-C ratio 265+1.18 253+1.10 1.00 2.57 +0.31 2.60+0.48 0.92 0.79
+ + + +
TR Mm ow  mEr mET on ow
DBP (mmHg) 73.88+6.33 78.00+4.42 0.14 77.00+£ 861 74.60+7.09 0.53 0.29
White cell count (x109/L) 5.15+0.91 4.63+0.74 0.36 540+1.27 522+1.08 0.67 0.46
Neutrophil (x10°/L) 290+0.77 263+0.81 0.42 3.33+0.89 3.24+0.92 0.85 0.51
Cholesterol (mmol/L) 490+195 4.77+2.36 0.17 3.62+0.32 398+0.76 1.00 0.55
Triglycerides (mmol/L) 1.08+0.32 0.90+0.10 1.00 1.05 + 0.31 1.02 £ 0.46 0.59 0.82
HDL-C (mmol/L) 1.92 £ 0.61 1.92£0.72 0.42 142 +£0.10 1.56 £ 0.29 0.28 0.35
LDL-C (mmol/L) 2.58 +1.71 2.57 +1.99 0.35 1.72 £ 0.31 1.98 + 0.61 0.79 0.60
Non-HDL-C (mmol/L) 3.00+1.89 2.87+211 0.37 220+0.34 242+0.72 1.00 0.67

Values are Mean+SD

+ Wilcoxon rank test

+ Adjusted for baseline value for ANCOVA
* p<0.05

** p<0.01

p value = within group

P value = between group

BMI = body mass index; Chol = cholesterol; DBP = diastolic blood pressure; HbA1c = haemoglobin A1c; HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol; SBP

= systolic blood pressure.



Table 4.4 Impact of the intervention on medication intake

Control Intervention
Medications Pre Post Pre Post
Statins 2 2 3 3
Antihypertensives 0 0 3 2
Antiplatelets 0 1 3 2
Antidiabetics 0 0 1 1
Beta blockers 0 0 1 1
Anticoagulants 0 0 1 1
e : : 1 1
Supplements 1 1 Multiple Multiple
Bronchodilators 1 1 0 0
Anti-Seizure
Medications 1 1 0 0
Gout Medications 0 0 1 0
Diuretics 0 0 1 0
Sleep Aids Multiple Multiple Multiple Multiple

The numbers indicate the number of medications taken.

Explanatory notes for all medication classes used by study cohort:

Statins (HMG-CoA Reductase Inhibitors): Lower cholesterol levels and reduce the risk of cardiovascular disease.
Antihypertensives: For treating high blood pressure (ACE inhibitors, angiotensin |l receptor blockers (ARBs), calcium
channel blockers, and diuretics.)

3. Antiplatelets: Prevent platelets from clumping together, thereby reducing the risk of blood clots.

4. Antidiabetics: Control blood sugar levels in individuals with diabetes.

5. Cholesterol Absorption Inhibitors: Lower cholesterol levels.
6
7
8

N =

Antibiotics: Used to treat bacterial infections.
Antihistamines: Relieve allergy symptoms (sneezing, itching, and runny nose).
Beta Blockers: Reduce blood pressure and improve blood flow by blocking the effects of adrenaline on the body's beta
receptors.

9. Anticoagulants: Help to prevent the formation of harmful blood clots in the blood vessels.

10. Thyroid Hormone Replacements: Used to treat thyroid hormone deficiency.

11. Supplements and Vitamins: Products used to supplement the diet, such as vitamins, minerals, and other nutrients.

12. Bronchodilators: Relax muscle bands that tighten around the airways, making breathing easier for people with respiratory
conditions.

13. Anti-Seizure Medications: Used to treat and prevent seizures in conditions such as epilepsy.

14. Gout Medications: To treat excess uric acid in the bloodstream.

15. Diuretics: Help the body to remove excess salt and water through urine.

16. Sleep Aids: To help with sleep, addressing issues such as insomnia.
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4.4 Discussion

This study evaluated the effects of an app-assisted intensive lifestyle program (ILP) combined with
optimal medical therapy (OMT) versus OMT alone on cardiovascular health and metabolic biomarkers
over 6 months. The main findings were that 6 months of ILP+OMT led to 1) significant weight loss, 2)
improvement in vascular function but no significant improvement in biomarkers, 3) digital platform being
effective in delivering the intervention. Despite significant weight loss with ILP+OMT, the impact on
cardiometabolic measures was limited. Although there are numerous studies examining the impact of
lifestyle interventions on measures of vascular function, there is a gap in literature on studies
investigating the relationship between lifestyle interventions and vascular function in individuals with
LAP.141.256, 281 For example, Henzel et al.2%8 focuses on the impact of diet and lifestyle interventions on
LAP burden. While the study does not directly measure FMD, CIMT, PWV, PWA, Alx, and SEVR, the
study reports changes in body composition and LAP burden dynamics following lifestyle changes,
supporting how lifestyle modifications can influence vascular health markers in individuals with LAP.2%
Another study compared two lifestyle intervention programs and their effects on carotid plaque burden
and CIMT in patients with coronary artery disease, however they did not specifically focus on LAP nor
measure other vascular parameters like FMD, PWV, PWA, Alx, and SEVR.2%°

Our study demonstrated a notable reduction in both weight and BMI in the intervention group, with
participants experiencing a 6.33% decrease in body weight, and 25.19% decrease in BMI. This
significant within-group change demonstrates the potential of an ILP+OMT (including app-assisted 5:2
diet) as an effective strategy for weight management. When examining the relationship between body
weight changes and CVD risk factors, the intervention's effect on PWV showed a significant negative
correlation with weight change (p = -0.73, p=0.04). This suggests that the participants who lost more
weight experienced more pronounced improvements in arterial stiffness, as discussed by Pierce et al.3%
This finding is clinically significant as arterial stiffness is associated with an increased risk of

cardiovascular events.

441 Weight loss

There was a 10% weight loss in participants who lost more than 5% of their body weight during the
study period over a short time frame, suggesting that the 5:2 intermittent fasting method is an effective
strategy for weight management. Participants who adhered to this dietary approach, characterised by
restricting caloric intake to around 500-600 calories on two non-consecutive days per week, achieved

significant weight reduction.

Comparative analysis of other studies on the 5:2 lifestyle in patients with CHD revealed similar findings.
A study on CHD patients by Hajek et al.3%" comparing the effects of the 5:2 diet with standard weight
loss advice found that the 5:2 diet, when accompanied by initial group support, showed better early
outcomes in weight loss, although the effect diminished over time. The study concluded that the 5:2
diet generated similar modest long-term outcomes as traditional more complex advice.°' Another study
examining time-restricted eating (16:8-hour pattern) in individuals with obesity or overweight, concluded
that while this method led to modest weight loss, the outcomes were not significantly different from

those in the control group, suggesting no unique benefits over regular eating patterns.3°2 Kang et al.1"8
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further supported the effectiveness of the 5:2 diet, showing significant weight loss after 12 weeks when
fasting day caloric intake was adjusted to 30% of energy requirements, with better results than daily
calorie restriction or meal replacement programs.'”® The Look AHEAD trial, involving overweight or
obese individuals with type 2 diabetes at high risk for CHD, demonstrated that an intensive lifestyle
intervention led to significant and sustained weight loss over four years, with participants losing 6.4%,
5.1%, and 4.7% of their initial body weight at years 2, 3, and 4, respectively.3®® The PREMIER trial,
which included individuals with pre- or stage 1 hypertension, found that two lifestyle interventions, one
including the DASH diet, significantly reduced the estimated 10-year CHD risk by 12-14% compared to
a control group.3%* The Healthy Eating and Exercise Lifestyle Programs (HEELP) study focused on
weight loss interventions for overweight or obese patients with CHD and/or diabetes mellitus, was
effective in achieving and sustaining weight loss and increasing exercise participation over one year.305
In comparison, the LIVEPLUS trial focused on an intensive lifestyle program that included components
targeting nutrition, physical activity, and stress reduction over a 12-month period, emphasising a holistic
approach3% to weight management and health improvement, integrating digital health interventions and
personalised coaching.

The physiological mechanisms underpinning the 5:2 intermittent fasting method involve multiple
interconnected processes. The primary factor is the caloric deficit achieved by fasting two days a week,
compelling the body to use stored fat for energy. This process not only reduces body fat but also
improves insulin sensitivity by lowering insulin levels during fasting periods, facilitating easier access to
stored fat and maintaining stable blood glucose levels. Fasting also stimulates lipolysis, where fat stores
are broken down into fatty acids and glycerol for energy. Additionally, intermittent fasting may reduce
inflammatory markers associated with various health issues, including weight gain, thereby enhancing
the body's ability to regulate weight and metabolise fat efficiently. Hormonal regulation is another critical
factor, with intermittent fasting influencing hormones like ghrelin and leptin, which control hunger and
satiety, respectively. This hormonal balance aids in better appetite control and reduced overall calorie
intake. Moreover, fasting promotes autophagy, a cellular process that recycles damaged components
for energy, supporting a healthier metabolic profile and indirectly contributing to weight loss by

maintaining optimal cellular function.

Our study found no significant between-group differences, likely due to the small sample size. This
suggests that while the 5:2 intermittent fasting method is effective for weight loss, larger studies are
needed to confirm these findings and explore long-term outcomes more comprehensively.

442 Flow mediated dilation/ Carotid intima media thickness

While considerable weight loss is generally viewed as beneficial for cardiovascular health, our
observation that there was no impact on FMD or Carotid IMT contrasts with many studies suggesting
that weight loss leads to improvements in vascular function and arterial health. Several studies have
indicated that weight loss, especially when achieved through healthy lifestyle changes or bariatric
surgery, can enhance FMD, indicating improved endothelial function.307. 308 This improvement is often
linked to a reduction in inflammation and oxidative stress, as well as other metabolic benefits of weight

loss. On a similar note, many studies have shown a correlation between weight loss and reduced
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Carotid IMT, suggesting a decrease in atherosclerotic risk.39%-3!" However, some studies have also
noted that the relationship between weight loss and vascular health is not always straightforward. For
example, some studies suggests that other factors such as the rate of weight loss,?'2 underlying
metabolic conditions,3'® or the composition of the weight lost (fat vs. muscle) can affect the expected
benefits on FMD and Carotid IMT.314-316 Additionally, changes in these measurements can take longer
to manifest even after significant weight loss, or they might require accompanying improvements in
other risk factors such as blood pressure,3'7:318 [ipid profiles, or glucose tolerance.3'® The discrepancy
between the 5:2 diet study and these other studies may be due to several factors, such as the duration
of the intervention, the specific population studied, or the methodology used to measure FMD and
Carotid IMT. It is also possible that the 5:2 diet may have different effects on FMD and Carotid IMT in
different individuals, depending on factors such as age, sex, or underlying health conditions.320 Our
observation suggests that weight loss alone may not guarantee improvements in cardiovascular
markers including FMD and Carotid IMT. It reinforces the importance of a holistic approach to
cardiovascular health, where factors such as diet quality, physical activity, stress management, and
other health metrics are also to be considered. However, the difference reflects a trend in improvement
after this intervention, suggesting that with a larger sample size or longer duration, more significant

changes might emerge.

443 Pulse wave velocity

Pulse wave velocity improved following 6 months of the intensive lifestyle intervention, suggesting an
improvement in arterial health. When PWV decreases, it indicates that the arteries are becoming more
flexible and capable of accommodating blood flow more effectively. This trend generally aligns with
existing literature, which often associates reductions in PWV with weight loss and improved
cardiovascular outcomes.3?2" Studies consistently demonstrate that weight loss can lead to reductions
in PWV,322 indicating improvements in arterial health.323 These reductions are typically linked to various
physiological changes,3?* including decreased blood pressure, improved cholesterol levels, and lower
inflammation.32® Such improvements in arterial stiffness are usually seen as a reduction in the risk of
cardiovascular diseases such as heart attacks and strokes. The observed decrease in PWV within a
group suggests that the intervention, whether it's a specific diet, exercise regimen, or other weight-loss
strategy, is positively impacting arterial health. While not statistically significant due to the small sample
size, the difference reflects a trend in improvement after this intervention, aligning with similar findings
in the literature. This observation resonates with studies showing that weight loss, especially when
achieved through healthy lifestyle changes, can lead to a reduction in arterial stiffness.3% The
magnitude of PWV reduction might vary depending on factors such as the type of weight-loss
intervention, the participants' age, pre-existing health conditions, and other metabolic factors. Different
approaches to weight loss, such as calorie restriction, increased physical activity, or bariatric surgery,
can each produce different results in terms of PWV. These findings reinforce the broader consensus in
the literature: weight loss interventions are likely to result in improved arterial health, as evidenced by

a decrease in PWV in the intervention group in our study.
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Improvements in blood pressure control®?” and a decrease in inflammatory markers are two key
physiological mechanisms that contribute to better cardiovascular health, often as a result of lifestyle
interventions such as diet and exercise.32® Each plays a significant role in the function and integrity of
the vascular system, particularly in the context of arterial stiffness and heart health.8” Lowering blood
pressure reduces the mechanical stress exerted on the artery walls. High blood pressure forces the
arteries to work harder and in a less efficient manner, which over time can lead to stiffening of the
vessels. When interventions lead to better blood pressure control, the reduced force on the arteries
allows them to maintain more of their natural elasticity. This in turn can lead to a decrease in pulse wave
velocity (PWV), a direct measure of arterial stiffness. The literature consistently supports the notion that
effective blood pressure management is crucial for maintaining or improving arterial compliance and
overall cardiovascular health.” 329 330 |nflammation is closely linked to endothelial dysfunction and
vascular damage. Chronic inflammation can lead to a series of changes in the artery walls, including
thickening, stiffening, and the buildup of plaques that characterise atherosclerosis. Interventions that
reduce inflammation can therefore play a pivotal role in improving arterial health. Dietary changes,
particularly those involving increased intake of antioxidants and reduced consumption of processed
foods, alongside regular physical activity, are known to significantly decrease systemic inflammatory
markers such as C-reactive protein (CRP) and interleukin-6 (IL-6). Lower levels of inflammation
correlate with decreased arterial stiffness and improved vascular function.33'. 332 The combination of
these mechanisms, enhanced blood pressure control and reduced inflammation, contributes
synergistically to the decrease in arterial stiffness, as observed through measures including PWV. The
literature extensively documents these connections, providing a solid basis for recommending lifestyle

changes as part of cardiovascular disease prevention and management strategies.3?8

444 Limitations

The small sample size limits the statistical power and generalisability of our findings. The short study
duration may also have constrained the ability to detect changes in certain outcomes, particularly those
that manifest over longer periods. Additionally, compliance with dietary and physical activity
recommendations could not be thoroughly monitored, which may have influenced results. Future
studies should incorporate strategies to enhance adherence, such as more frequent participant check-
ins via the app or detailed feedback mechanisms.

445 Future directions

Studies investigating how vascular health is modulated and preserved with the optimal amount of
lifestyle modifications should have a longer follow up duration, include more stringent adherence
measures, perhaps a daily check-in via an app, or weekly reports sent to participants as feedback as a
form of encouragement. Current ongoing clinical trials in this field include the ICOPER observational
study looking at vascular function and vascular ageing.33® The “Exercise and Vascular Function in
Postmenopausal Females With Hypertension” study currently recruiting to study the effects of physical
activity timing in regulating vascular health.334 Yet another study led by Mohamed et al., aimed to study

the effects of exercise on vascular function.33%
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446 Conclusion

This study is the first to demonstrate weight loss and vascular improvements following a lifestyle
intervention in individuals with LAP. Although the intervention had a limited impact on cardiometabolic
markers, a longer study with a larger sample size is necessary to fully understand its effect on
cardiovascular risk. The digital platform proved to be an effective method for delivering the intervention.
In summary, while calorie restriction typically enhances blood pressure and inflammation, our findings

do not indicate significant improvements in these parameters with the 5:2 intermittent fasting diet in the
short-to-medium term.
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While Chapter 4 demonstrated the efficacy of lifestyle interventions over a six-month period, it also
highlighted a persistent challenge: maintaining adherence to these interventions in the long term.
Behavioural change is inherently complex, and the benefits observed during structured interventions
often diminish as participants struggle to sustain healthy habits. To address this critical gap, Chapter 5
explores the potential of gamified digital health interventions as a tool to enhance engagement and

promote sustained lifestyle modifications.

Chapter 5 takes the form of a systematic review and meta-analysis, synthesising evidence from existing
studies that have compared gamified and non-gamified digital health applications. By examining
outcomes such as physical activity levels, dietary adherence, and cardiometabolic risk reduction, this
chapter identifies key features of successful interventions and evaluates their applicability in diverse
populations. The findings reveal the potential of gamification to create engaging and user-centred

experiences that encourage sustained behavioural changes.

The insights gained from this systematic review provide a conceptual framework for integrating
gamification into lifestyle interventions. This chapter not only deepens the understanding of digital
health’s role in cardiovascular prevention but also sets the stage for the practical application of these
concepts in the MIRTH Protocol, discussed in the next chapter. This transition reflects the evolving

focus of the thesis, moving from traditional interventions to innovative digital solutions.
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5 Chapter 5: Effectiveness of gamified vs non-gamified digital health apps on cardiovascular
risk: a systematic review and meta-analysis

5.1 Abstract
Atherosclerotic cardiovascular disease (CVD) remains a significant global health issue, exacerbated by

lifestyle factors such as poor diet, sedentary behaviour, and smoking. Traditional lifestyle modification
interventions often become less effective over time, especially in at-risk populations, due to reduced
engagement. This study aims to evaluate whether incorporating gamification into smartphone apps
leads to greater improvements in cardiometabolic health markers compared to non-gamified
interventions. In this systematic review and meta-analysis, we examined five key health outcomes
associated with CVD: body weight, body mass index, systolic blood pressure, LDL-cholesterol, and
glycated haemoglobin (HbA1c). We conducted a comprehensive search of electronic databases
(MEDLINE, EMBASE, CENTRAL, Scopus, CINAHL, and PsycINFO) from inception to 31 March 2022,
focusing on randomised controlled trials that involved app-based interventions with gamification
elements for adults at risk of or with CVD and published in a peer-reviewed English journals. Data
extraction and study quality assessment were performed independently by reviewers using the
Cochrane RoB2 tool. A random-effects model was applied to compare changes in health outcome over
time between gamification and control groups. We used funnel plots to evaluate publication bias for
primary outcome measures and calculated heterogeneity with I? values and confidence intervals.
Additionally, we rated the quality of six apps on the App Store using the Mobile Apps Rating Scale
(MARS). This review was prospectively registered with PROSPERO (CRD42021239220) before
screening began. Of the 4050 records reviewed, 29 studies involving 5,095 participants were included
in the analysis. The interventions exhibited varied effectiveness levels, with a statistically significant
reduction in body weight (-1.57 kg, 95% ClI: -2.66 to -0.48 kg) and HbA1c levels (-0.15%, 95% CI: -0.22
to -0.08). However, trends toward BMI reduction and impacts on LDL-cholesterol and systolic blood
pressure were not statistically significant. Our findings suggest that gamified digital interventions can
effectively improve cardiometabolic biomarkers, with app quality influencing the adoption of mHealth

interventions.

Abbreviations: BMI, Body mass index; CVD, Cardiovascular disease; DHI, digital health interventions;
HbA1c, glycated haemoglobin; HTN, Hypertension; LDL, low-density lipoprotein; MARS; Mobile apps
rating scale; SBP, Systolic blood pressure; T2DM, Type 2 diabetes mellitus.
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5.2 Research in context

5.2.1 Evidence before this study

The use of gamified digital health interventions (DHI) in cardiovascular disease (CVD) prevention is
gaining interest for its potential to engage at-risk populations in sustained health behaviours. However,
as of March 2022, there is a shortage of systematic reviews or meta-analyses evaluating their
effectiveness, particularly regarding their impact on long-term behaviour change, efficacy across

different age groups, and potential gender-specific responses.

5.2.2 Added value of this study

The increasing number of randomised controlled trials on DHI for CVD prevention since the last major
review highlights the need for a new evaluation. To our knowledge, this meta-analysis is the first to
investigate whether DHIs incorporating gamification strategies are more effective than standard DHI,
which target broader lifestyle changes, in reducing cardiometabolic risk. Our findings suggest that DHI
with gamified elements significantly enhance cardiometabolic health markers. Promisingly, gamified
interventions designed for CVD prevention appear to be more effective than generic DHI in achieving

these health outcomes.

5.2.3 Implications of all the available evidence

Incorporating gamified smartphone apps into CVD prevention strategies is highly recommended.
Although the individual impact of these interventions may be modest, their widespread adoption could
lead to significant population-level benefits. Evidence indicates that personalised interventions, such as
gamified exercise programs, engaging dietary tracking, and interactive daily reminders, may be more
effective than conventional health apps. This underscores the importance of integrating targeted CvVD
prevention content into smartphone apps and encourages the exploration of innovative digital health

approaches for more effective CVD risk prevention and management.
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5.3 Introduction
Cardiovascular disease (CVD) remains a leading global cause of morbidity and mortality, imposing

substantial burdens on healthcare systems.3 Lifestyle modifications, such as healthy diets, regular
physical exercise, smoking cessation, and stress reduction, offer substantial benefits in improving
multiple cardiometabolic risk factors and reducing major CVD events in both middle-aged and older
adults.?39. 240,336 However, the long-term success of these interventions is often limited, highlighting the
need to address challenges in achieving and maintaining behaviour change and improving long-term

compliance.®

In the field of digital health interventions (DHI), there is an increasing international focus on leveraging
digital tools such as smartphone apps and wearable devices for continuous monitoring and
personalised feedback.3%7- 338 The goal is to enhance the effectiveness of lifestyle interventions and
improving cardiometabolic health in individuals with CVD or those at risk.33% 340 Supported by evidence
from rigorous studies, including randomised controlled trials, these DHI show promise in enhancing key
health indicators.3*' However, their potential for improving adherence to treatment and lifestyle changes

remains not thoroughly examined.

A Gamification, the integration of game-like elements into non-gaming contexts, has emerged as digital
health strategy.3#? This approach enhances user engagement and motivation by incorporating features
such as progress tracking, real-time feedback, and incremental goal settings into health apps.342-344
These gamified elements foster a sense of achievement and motivation, bridging the gap between
short-term initiatives and long-term healthy habit formation. Personalised feedback and interactive
features could significantly boost the appeal and effectiveness of these interventions. However, the true
effectiveness in engaging and retaining users for long-term health management, as well as their
adaptability across different demographic groups and varying baseline CVD risk levels, warrants further
investigation. Despite some research into gamified app-based health interventions (Textbox 1 in the
supplementary material),345-347 a comprehensive systematic review specifically focusing on their
efficacy in mitigating CVD risk is lacking. Given the rapid advancements in DHI, a timely updated
systematic review and meta-analysis is necessary to assess the effectiveness of these interventions in

modifying cardiometabolic health.

The primary aim of this study is to assess the impact of gamification in smartphone applications on key
cardiometabolic risk factors, including body weight, body mass index (BMI), systolic blood pressure
(SBP), low-density lipoprotein (LDL) cholesterol, and glycated haemoglobin (HbA1c). We will compare
the effectiveness of gamified educational content delivered through apps against both standard app-
based education and traditional care without an app, focusing on improvements in cardiometabolic
health and medication adherence. The secondary aim of is to explore how specific gamification
strategies within these apps affect user engagement and overall effectiveness. This includes examining
game attributes (i.e., assessment, rules, action language, fiction) and elements (i.e., progress,
feedback, challenge goal setting) that might influence health outcomes. Additionally, we will assess the
overall quality and efficacy of the apps using the Mobile Apps Rating Scale (MARS) to provide a

comprehensive understanding of how well these gamified solutions perform in a healthcare setting.
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5.4 Methods
5.4.1 Search strategy and selection criteria
This systematic review and meta-analysis strictly adhered to PRISMA guidelines3*® and followed the

AMSTAR-2 checklist.34? Our study protocol was pre-registered with PROSPERO (CRD42021239220)
prior to data extraction. The PICOS criteria are described in Supplementary Table 5.1. We conducted
a comprehensive search across six databases (MEDLINE, EMBASE, Scopus, CINAHL, PsycINFO, and
CENTRAL or Cochrane Central Register of Controlled Trials) from inception until 31st March 2022. The
full search strategy, including Medical Subject Headings (MeSH) and search terms utilised across
databases, is outlined in Supplementary Table 5.2. To refine our search, we manually reviewed
reference lists from relevant reviews, protocols, abstracts, and non-traditional sources like websites
citing pertinent studies. All identified articles were uploaded to the Covidence review platform to
standardise the screening process, and duplicates were systemically removed. The principal
investigator (SM) and one additional researcher (SC, CK, TW, AM) independently screened and
extracted data from titles, abstracts, and full texts, with any discrepancies resolved by a third researcher.
Data extraction followed the Cochrane Handbook guidelines3®. A detailed search strategy and
qualitative analysis methods are outlined in the Supplementary Methods. Included studies were
randomised controlled trials (RCTs) that investigated smartphone app interventions using game or
gamification techniques, such as progress tracking, immediate feedback, competitive elements, user
retention metrics, and goal setting with incentives. Participants were adults aged 18-80 with CVD risk
factors, including obesity, hypertension, high LDL-cholesterol, low HDL-cholesterol, or high fasting
glucose. This age range was chosen to cover a broad adult population covering both younger adults
and older adults who are at higher risk for CVD. Trials were required to have a minimum duration of 8
weeks to ensure sufficient time for initial behaviour changes to take effect and be measurable. For trials
assessing HbA1c levels, a minimum duration of 12 weeks was required, reflecting the longer time frame
needed to observe significant changes in this biomarker. Inclusion criteria required at least one CVD
risk factor, such as SBP 2130 mmHg, DBP 285 mmHg, total cholesterol >200 mg/dL, LDL-cholesterol
>100 mg/dL, triglycerides >150 mg/dL, HbA1c 25.7%, BMI 225 kg/mZ, or diabetes. Metabolic syndrome
was defined by three or more criteria: waist circumference >40 inches (men)/35 inches (women), blood
pressure >130/85 mmHg, triglycerides >150 mg/dL, HDL-cholesterol <40 mg/dL (men)/<50 mg/dL
(women), or fasting blood sugar >100 mg/dL. Studies with pre-post intervention data for any of these
biomarkers were included in the meta-analysis.

5.4.2 Data analysis

The extracted data included study identifiers (first author and year of publication), participant
characteristics, inclusion and exclusion criteria, details of the gamification interventions, game elements
used, app content and DHI descriptions, primary and secondary outcomes, funding sources, conflict of
interest statements, behaviour change, and pre- and post-intervention values for body weight, BMI,
SBP, LDL-cholesterol, and HbA1c. As an exploratory point, medication usage was examined to gain
insights into patient adherence, drug efficacy, safety, and the overall effectiveness of combining digital
and pharmacological approaches in managing CVD. When necessary, data were unavailable from

published sources, we made up to three contact attempts with corresponding authors, spaced one
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month apart, to acquire data and request clarifications, with varying degrees of success. Two reviewers
(SM and RH) extracted gamification attributes and game elements (if any) from each study, whereas
two reviewers (SM and PH) used the Mobile Apps Rating Scale (MARS)%*" to classify and rate the

quality of mobile Apps available for download and use.

The main outcomes aimed to describe (1) the mean difference in changes (pre vs post intervention,
between groups) in body weight, BMI, SBP, LDL-cholesterol, and HbA1c, and (2) the different
gamification techniques used, including points, badges, peer leader boards, performance graphs,
narrative journey, or virtual avatars. When studies reported median (interquartile range), we converted
these to mean (SD) using standard methods. If data were unavailable from authors, we imputed SDs
of change using similar studies. For cross-over studies, data were extracted only from the first period if

a significant carry-over effect was present, following Cochrane guidelines.

LDL-cholesterol and HbA1c units were standardised to mmol/L and %, respectively. Clinical
significance for changes in LDL-cholesterol, HbA1c, and SBP were considered if they were equal to or
greater than 10%,3%%2 0.5%,353-3%5 and 5 mmHg,3%8. 357 respectively. All data were extracted into an Excel
worksheet, and analyses were performed using R statistical software (version 4.3.2). Meta-analyses
were performed using the “meta” package (version 6.5-0) in R, using a random-effects model with the
‘metacont’ function for mean differences. The overall pooled effect size was estimated using inverse-
variance weighting, and the 72 value was calculated with the DerSimonian-Laird estimator to represent

variance in effect sizes not due to sampling.

Confidence intervals (Cls) were estimated using a standard-normal distribution and the Jackson
method, as per the default settings in the meta-package (in R). Heterogeneity was quantified using the
72 value, and statistical significance was assessed with Cochrane’s Q test. I statistics were reported to
indicate the proportion of variance not caused by sampling, following Cochrane Handbook's
recommendations. We conducted a meta-regression to analyse the effect of mean age on outcomes,
with bubble sizes representing the precision of effect size estimates, calculated as the inverse of the
variance. Variance was determined using the standard deviations and sample sizes of the intervention
and control groups. Larger bubbles indicated more precise estimates and greater influence on the
analysis. A sensitivity analysis was performed on all primary outcomes for studies reporting all primary

outcomes, without requiring imputation.

The Cochrane Risk of Bias Assessment Tool 2.0 (RoB2) was used to assess risk of bias and overall
evidence quality for the primary outcomes. Two independent reviewers (SM and either SC, CK, TW or
AM) conducted the assessment, with a third investigator addressing any discrepancies. Focus areas
included Randomisation Process, Deviations from Intended Interventions, Missing Outcome Data,
Outcome Measurement, and Selection of Reported Result, each categorised as “Low”, “Some
Concerns”, or “High” risk of bias. Aggregate risk of bias for each study was similarly categorised based
on individual domain evaluations. Publication bias was examined by visually inspecting funnel plot
asymmetry. Statistical significance was determined by p-values less than 0.05. The GRADE framework
was used to rate certainty of evidence across four levels: high, moderate, low, and very low, considering

risk of bias, inconsistency, indirectness, imprecision, and publication bias.
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5.4.3 Role of funding source
The funding agencies had no role in the analysis or interpretation of the data or in the decision to submit

the report for publication. The lead author had unrestricted access to all the data and bore the final

responsibility for determining whether to submit it for publication.

5.5 Results

5.5.1  Study characteristics
Out of 4050 records screened, 29 studies with a total of 5095 participants were included, of which 21

studies were eligible for meta-analysis involving 1878 individuals (Figure 5.1). Exclusion details at the
full-text stage are presented in Figure 5.1 and summarised in Supplementary Table 5.3. Additionally,
three ongoing trials were identified (Supplementary Table 5.4), with preliminary results pending. The
maijority of RCTs were parallel-group trials, except for Oh et al.,3%® which used a crossover design. The
identified studies (Supplementary Figure 5.1) were conducted in Europe35%-366, North America®67-374,
Asiad®® 375-382 gnd Australia34!: 383-385  gpanning publication years from 2016 to 2022. Sample size
ranged from 13 to 418 participants, aged 18 to 79 years), with a mean intervention duration of 33.4
weeks (range, 2-24 months). Detailed information on the inclusion and exclusion criteria for included
studies, medication usage, gamification, and app technical and descriptive information are in

Supplementary Results.

5.5.2 Conditions studied
Among the included studies (Table 5.1), hypertension was the most extensively studied condition, with

11 studies?360. 361, 368, 370, 371, 373-376, 378, 381 followed by type 2 diabetes mellitus with 9 studies?358. 359, 364, 365,
374,377, 381, 382, 384 Eight studiess341, 362, 366, 367, 369, 372, 379, 381 reported CVD risk, covering individuals with
medical conditions such as ASCVD with risk score 27-5%?%7°, coronary artery disease341.360.385 cardiac
rehabilitation3%8, previous stroke3%%, hypercholesterolemia3®’, and prediabetes®’2. Three studies?35 372
383 reported participants to be either obese or overweight, and one study3¢” specifically included
overweight participants. Two studies?63. 380 recruited participants with metabolic syndrome. One study38
included participants with chronic kidney disease, one another had patients with heart failure3®. The
most researched conditions (hypertension, type 2 diabetes, and CVD) constituted a significant portion
of the total studies, with studies on hypertension representing more over a quarter of the total (26.2%),
followed by type 2 diabetes (21.4%) and CVD (19%) (Supplementary Tables 5.5 & 5.6).

5.5.3 Meta-analysis of Intervention Effects
Body weight. A meta-analysis was conducted to synthesise the available evidence on body weight

(Figure 5.2) using a random-effects model to account for potential heterogeneity across 13 studies
(1754 participants; trial duration, 8 weeks to 1 year).358. 363, 364, 366, 367, 369, 371, 372, 378, 380, 383-385 The pooled
mean difference in body weight was -1-57 kg (95% CI: -2.66 to -0.48 kg, p-value 0-0049), indicating a
statistically significant reduction due to the intervention. However, substantial heterogeneity was
observed among studies (Q=59-79, df=12, p<0-0001; 12=79-9, 72=2-7066, p<0-01). The symmetrical

funnel plot of body weight indicated a low risk of publication bias (Figure 5.3).
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Body mass index. Nine studies were included in the meta-analysis for BMI (Figure 5.4).358. 364,367, 371,
375,378, 380, 384, 385 The pooled mean difference in BMI was -0-38 (95% CI: -0-82 to 0-06, p-value 0-0902),
revealing a non-statistically significant trend towards reduction. Significant heterogeneity among studies
was noted (Q=30-56, df=8, p<0-01; 12=73-80, 12=0-2829, p<0-01). The funnel plot of BMI was

symmetrical indicating low risk of publication bias (Figure 5.5).

HbA1c. Twelve studies were included in the meta-analysis for HbA1c (Figure 5.6).358. 359, 362-365, 367, 372,
382-385 The pooled mean difference in HbA1c levels was -0-15% (95% CI: -0-22 to 0-08, p<0-0001),
indicating a statistically significant reduction. However, notable heterogeneity was present (Q=39-20,
df=10, p<0-0001; 12=72-20, t2=0-0080, p<0-01). These results suggest that the intervention effectively
lowers HbA1c levels, although the high heterogeneity suggests caution in generalising these findings.

The symmetrical funnel plot of HbA1c indicated a low risk of publication bias (Figure 5.7).

LDL -cholesterol. Eleven studies were included in the meta-analysis for LDL-cholesterol (Figure 5.8).34":
359, 362-364, 366, 367, 380, 384, 385 The pooled mean difference in LDL-cholesterol levels was -0-02 mmol/L with
a 95% ClI of -0-08 to 0-04 mmol/L (p-value 0-6113), indicating no statistically significant effect of the
intervention. The results were highly consistent across studies with little evidence of heterogeneity
between studies (Q=6-16, df=10, p-value 0-8013; 1?=0-00, t2=00, p=0-80). These findings suggest that
the intervention does not significantly impact LDL-cholesterol levels and that the studies included are
homogenous in their outcomes. The symmetrical funnel plot of LDL-cholesterol indicated low risk of
publication bias (Figure 5.9).

Systolic blood pressure. Seventeen studies were included in the meta-analysis for SBP (Figure
5_10)_341, 358, 359, 362-364, 366-368, 371-373, 378, 380, 384, 385 The pooled mean difference in SBP was -0-56 mmHg
(95% CI: -2:02 to 0-90 mmHg, p-value 0-4510), and the result was not statistically significant, with
moderate heterogeneity observed (Q=24-45, df=16, p-value 0-0802; 1°=34-60, 12=2-6376). These

findings suggest that the intervention had a non-significant impact on lowering SBP, with some degree

of variability across the included studies. The symmetrical funnel plot of SBP indicated low risk of

publication bias (Figure 5.11).

Although behaviour change was reported by some studies,359 364, 365, 367, 369, 372, 380, 383 jt \ygs challenging
to assess as a pre-post outcome at an individual level due to the heterogeneity in reporting across
study. For example, comparing behaviour change towards sleep outcomes with step counts is
scientifically unsound. Detailed discussions of specific game attributes and elements are further
discussed in the supplementary materials (Supplementary Tables 5.7 & 5.8) including a list of the
studies in Supplementary Table 9 and their relationship in Supplementary Figure 5.2. Effectiveness
of behaviour change in the studies that assessed behavioural change is presented in Supplementary
Table 5.10.
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5.5.4 Additional Analyses and Quality Assessment

Sensitivity analysis. Sensitivity analyses (Supplementary Figures 5.3 to 5.12) revealed the following:

(1) a significant decrease in body weight with high heterogeneity; (2) no significant change in BMI and
LDL-cholesterol levels, with considerable and negligible heterogeneity, respectively; (3) a slight but
significant reduction in HbA1c with high heterogeneity; and (4) a non-significant effect on SBP with
moderate heterogeneity. Overall, the intervention appears to significantly influence body weight and
HbA1c, while its effects on BMI, LDL-cholesterol, and SBP were not significant. The varying degrees of

heterogeneity suggest inconsistencies in the intervention’s effectiveness across studies.

Meta-regression. The meta-regression plots (Supplementary Figure 5.13) revealed that the effect
sizes for weight and BMI changes increase with age, while the effect size for HbA1c remains unaffected
by age. Additionally, changes in LDL-cholesterol show a slight increase with age, while changes in SBP
change decrease with age. In these plots, the bubble sizes represent the precision and influence of

each study.

Medication usage. Details in medication usage results are provided in Supplementary Tables 5.11
and 5.12.

Risk of Bias Assessment. The detailed risk of bias assessment is presented in Supplementary Table

5.13. Twenty-four studies clearly described the randomisation process.34!. 358-367, 370-372, 375-378, 380-385
However, seventeen studies failed to describe whether deviations were made from the originally
intended intervention,341. 358, 360-362, 364-367, 370, 374, 378-381, 383, 384 Gjx studies raised some concern about bias
due to missing outcome data,362 369, 371, 378-380 \while four studies were found to have a high risk of bias
in this regard.361. 370,372,376 A|| but one study,3"> performed well in terms of outcome measurement. Only
11 studies did not selectively report results.341. 359, 360, 362, 364-366, 375-377, 384 Qverall, seven studies were
rated as having a low risk of bias,341. 360, 364-366, 381, 384 twye|ve studies reported some concerns,358. 359, 362,
363, 367, 369, 371, 373, 374, 377, 380, 382 gnd ten studies were rated as having a high risk of bias.361. 368, 370, 372, 375,
376, 378, 379, 383, 385 Dye to the nature of DHI, masking participants was impractical, so studies were not
penalised for this issue (Figure 5.12 and Figure 5.13). The GRADE assessment (authors SM and ID)
rated the overall evidence as critical for BMI, body weight, and HbA1c, and important for LDL-
cholesterol and SBP (Table 5.2). Details on primary and secondary outcomes and funding sources for

the included studies are available in Supplementary Tables 5.14 and 5.15.

App quality evaluation.

MARS App Quality Rating Subscale (Sections A-D)
The top two ranked apps using the MARS included Sidekick Health3* and Lose it!3%°. From highest to

lowest rating, they included Lose it!%¢°, Sidekick Health3®4, Medisafe34!, Perx384, Balanced?®®, and
ControlMyWeight383, Detailed individual and mean app quality ratings for each item in Sections A to D
are provided in Supplementary Table 5.16. The mean and standard deviation (SD) of overall app

quality and the four app dimensions are presented in Supplementary Table 5.17.
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The central tendency measures for the apps showed a mean quality rating of 4.391£0.43 with a median
of 4.42, indicating that the quality of the apps, according to the MARS, was generally acceptable. The
measures of dispersion reflected similarities in app quality across Australian app stores, with the
highest-ranked app scoring 4.75 and the lowest 3.46 (Supplementary Table 5.18). Functionality
emerged as the strongest determinant of higher quality apps, with a rating of 4.07+0.38. Most apps
performed well in terms of performance, ease of use, and gestural design (including responsive taps,
swipes, and scrolls). They were relatively user-friendly due to clear labels, icons, and instructions.
However, lower ratings were observed for user engagement, particularly in the areas of entertainment
and interactivity, suggesting that these apps may not prioritise user engagement and retention. While
all evaluated apps incorporated gamification to entertain users, the extent of its implementation varied,

and most apps did not offer customisation options for settings and preferences.

MARS App Subjective Quality Subscale (Section E)
Ratings for app subjective quality in Section E of the MARS are detailed in Supplementary Table 5.17.

Among the top 3 apps, two (identified in Supplementary Table 5.17) were rated as having high to
moderate subjective quality. The subjective quality ratings indicated that independent raters (SM and
PH) would consider recommending 83% (5/6) of the apps based on their personal experiences, with an
average rating of 3.58+0.74. Three of these apps received ratings of 4 or higher, although none were
rated as “definitely recommended.” In terms of usage, raters (SM and PH) would consider using 100%
(6 out of 6) of these apps at least once over a 12-month period, provided the apps met their needs and
preferences, with an average rating of 4.50+0.77. Three apps were rated as likely to be used more than
50 times within the next year. Regarding willingness to pay, the average rating was 3.00 + 1.26, with
only one app rated as one that raters would never pay for. Most apps received a star rating of at least
2.5 out of 5, with an average rating of 3.58 + 0.86.

5.6 Discussion
In In this comprehensive systematic review and meta-analysis, our primary objective was to assess the

effectiveness of gamified smartphone apps in comparison to standard apps or traditional care on
cardiometabolic health and behaviour change in individuals with or at risk of CVD. We specifically
examined the impact of specific game attributes and elements incorporated into these apps and
assessed their quality using MARS. Our findings indicate that gamified interventions led to a significant
reduction in body weight and HbA1c levels, which are key indicators of cardiometabolic health.371. 384
These outcomes are particularly relevant for patients with type 2 diabetes and hypertension, conditions
prominently featured in the studies reviewed. However, the impact of gamified interventions on LDL-
cholesterol and systolic blood pressure remains inconclusive, with some studies showing no statistically
significant effect or high heterogeneity across the included studies. The efficacy of gamification
observed in this study is consistent with previous research,?#5 reinforcing the notion that incorporating
game elements can enhance user engagement and motivation. Notably, the elements of ‘Feedback’
and ‘Progress (task-related)’ were the most frequently studied and emphasised.341. 358-362, 364-372, 374-377,
380,381, 383-385 This finding support psychological theories of behaviour change, which highlight the role

of real-time feedback and continuous progress monitoring in achieving positive health outcomes.343. 386
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A meta-analysis of 16 studies involving 2,407 participants revealed a small to moderate effect of
gamified interventions on physical activity behaviour. Interestingly, no significant differences were
observed across subgroups or in interaction effects related to moderators such as age, gender, or
BMI,387 highlighting the broad applicability of gamified interventions. However, this lack of significant
treatment heterogeneity should be interpreted cautiously, as it may reflect insufficient statistical power
rather than an actual absence of subgroup differences. Additionally, the generalisability of these findings
is limited by the characteristics of the included samples, which may not fully represent the populations
of interest. These limitations must be considered when interpreting the broad applicability of gamified
interventions. In contrast, another meta-analysis involving 602 predominantly male participants, with an
average age of 39 years and a mean BMI of 30, found a significant increase in mean daily steps during
the intervention. This increase was particularly notable in groups exposed to competitive, supportive,
and collaborative elements.38 However, only the group with competitive elements sustained
significantly higher physical activity levels during the follow-up period compared to the control group.386
This contrasts with the studies included in our review, where the impact of competitive elements was
less explored. It suggests that competitive aspects of gamified interventions might contribute to more
lasting changes in physical activity. Furthermore, a non-app based study38 389 involving 146 patients
with coronary heart disease demonstrated that those assigned to a Nurse-led e-platform Cardiac
Rehabilitation (NeCR) intervention experienced significant improvements in daily steps, weekly sitting
minutes, and overall health-promoting lifestyle behaviours at 6 weeks post-intervention. These benefits
were sustained up to 12 weeks, highlighting the importance of the personal interaction within the digital

health modality, which echoes the community engagement aspects of gamification.

The observed positive effects of gamification, particularly on key health metrics like body weight and
HbA1c, likely stem from increased engagement and motivation, which can enhance adherence to
lifestyle changes and treatment plans.363. 384 Despite the incremental benefits in reducing body weight,
the significant variability in effect sizes across studies warrants cautious interpretation. Our study offers
a comprehensive evaluation of various gamification attributes and elements. While attributes such as
‘Rules/Goals’ and ‘Assessment’ have been extensively studied,34!. 358-372, 375-377, 379-381, 383-385 other
aspects like ‘Control’ and ‘Game fiction’ remain relatively underexplored. These findings highlight the
current focus on attributes that directly impact user performance and engagement,®72 but also suggest
a need for further investigation into elements related to social interaction and long-term engagement

within gamified apps.

Our study also provides an in-depth assessment of mobile health apps using MARS. Consistent with
prior research,341, 364,369, 384 “fynctionality” emerged as a key factor influencing app quality. High-scoring
apps like ‘Sidekick Health’ and ‘Lose It excelled in functionality and overall user experience, yet they
fell short in areas such as user engagement, particularly with respect to entertainment and interactivity.
This observation aligns with existing literature,37 suggesting that while these apps are functionally
robust, integrating gamification and customisation strategies could enhance user engagement. Our
analysis also revealed a strong correlation between MARS dimensions such as engagement,
functionality, and aesthetics, whereas “information” quality did not show a strong correlation with these
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dimensions. This indicates that users may assess the quality of information separately from other app
features. Improving the informational content of apps could potentially enhance their overall MARS
rating.

Our systematic review has several strengths. A key advantage is its focus exclusively on RCTs, which
enhances the reliability of our results. The balanced funnel plots suggest minimal publication bias,
boosting confidence in the findings. A unique feature of our study is the evaluation of mobile health
applications, which adds depth to our multi-dimensional analysis. By assessing game attributes and
elements, grading apps using MARS, and investigating various outcome measures, we provide a
comprehensive overview of not only the “what” but also the “how” and “why” of gamified interventions.
This thorough approach offers valuable insights for healthcare providers, app developers, and patients.
The relevance of our research is heightened by the growing use of digital health tools and the need for
effective, scalable solutions for CVD risk groups.33® Despite these strengths, our review has notable
limitations. One major limitation is the methodological heterogeneity across the studies, as evidenced
by high |2 statistics for multiple outcomes. This variability makes complicates the ability to draw
overarching conclusions and may affect the generalisability of the results to diverse populations. While
the studies included span various geographic locations, there is a conspicuous lack of research from
low- and middle-income countries, raising concerns about the applicability of our findings to different
cultural and socioeconomic contexts. Another limitation is the variable quality of the included studies.
Some studies did not report essential data on medication usage, which could confound the observed
effects.341, 358, 363, 370, 371, 373, 375, 378-380 Additionally, three ongoing trials with preliminary results were not
yet available could potentially impact our review’s conclusions (Supplementary Table 5.4). The
exclusion of grey literature may introduce a publication bias, as ongoing or unpublished research might
be overlooked. Additionally, our review could not assess the sustainability of risk reduction over time
due to the common issue of losing contact with clinical cohorts after the study period, which represents
a limitation of our analysis. The diverse health conditions and user requirements addressed by the
studies mean that our findings might not be universally applicable. Variability and lack of significant
changes in metrics such as BMI and SBP may be attributed to several factors, including study design
heterogeneity, diverse participant health conditions, and variable medication usage. For instance, some
studies focused exclusively on patients already receiving anti-hypertensive medications, which could
mask the true impact of the intervention.368 Additionally, longitudinal changes in medication usage and
adherence in some studies complicated efforts to isolate the effects of the gamification interventions.383
Therefore, while gamification interventions show promise, the variability in study designs and participant
characteristics highlights the need for caution when generalising these findings to broader populations.
Lastly, “user engagement” is a multifaceted issue influenced by cultural, individual, and situational
factors that were not fully explored in this study.341. 383

Future research on gamified health interventions should focus on improving methodological rigour by
adopting standardised metrics and conducting extended longitudinal studies. Investigations should
explore less studied game elements such as ‘Control’ and ‘Social Interaction’ and examine factors that

influence medication adherence and user engagement. It is essential to strike a balance between
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‘Functionality’ and ‘Engagement’ in technological design, while optimising ‘Information Quality’ to
enhance user trust and adherence. An interdisciplinary approach that integrates medical science,
psychology, and technology is crucial for a comprehensive understanding of health behaviours. Future
studies should delve into the mechanisms behind gamification components like ‘Feedback’ and
‘Progress’ to sustain user engagement over time. Evaluating the quality of information and its impact
on user trust and long-term engagement is also crucial. Additionally, future research should address
gaps in understanding behaviour change and how modifications in cardiometabolic risk develop. By
incorporating insights from multiple disciplines, future research can strengthen the evidence base for
gamified health interventions, providing a clearer picture of their potential benefits and limitations in

healthcare.

5.6.1 Conclusions
This systematic review and meta-analysis evaluated the effectiveness of gamified smartphone apps

compared to standard apps or standard care in improving cardiometabolic health and promoting
behaviour change among individuals at risk of CVD. The study examined specific game attributes and
elements of each app and assessed their quality using the MARS framework. The results demonstrated
that gamified interventions significantly reduced body weight and HbA1c levels, showing particular
benefits for patients with type 2 diabetes and high blood pressure. However, the impact on LDL-
cholesterol and systolic blood pressure was inconclusive due to variability in the results. The findings
underscored the potential of gamification to enhance user engagement and motivation, with ‘Feedback’

and ‘Progress (task-related)’ identified as key elements contributing to positive health outcomes.
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Table 5.1 Participant characteristics and description of included studies.

Participants (intervention/control)

Study design;

Study arms . .
Author, year Country N randomised App name Intervention duration;
( ! ) Population condition  Gender, N (%) Age, Mean (SD) Length of follow up Summary of findings
Significant improvements in
Two parallel arouns adherence to the Mediterranean diet
Alonso- (1) App + usual care randc?mised £<‘]:ont|r'JoIIed (2.2 points at 3 months, 1.3 points at
. . PP Age between 25 and (1)F 52 (51.1) (1) 60.8 (7.8) - L 12 months) and diet quality (2.5
Dominguez et  Spain (102) ) EVIDENT Il clinical trial. . ;
350 70 years with T2DM. (2) F 41 (40.2) (2)60.4 (8.4) . points at 3 months, 1.7 points at 12
al., 2019 (2) Usual care (102) Length of follow up: 3 .
months) were observed in the
months . .
intervention group compared to the
control group.
. . . Two-arm, effectiveness
Patients with obesity RCT of the 12-month
and elevated w ) - . .
. Track” intervention Clinically meaningful weight loss
cardiovascular : . .
(1) App-based disease risk among patients with was achieved among vulnerable
Bennett et al., USA intervpepntion (176) commonl ’ (1) F 120 (68) (1) 50.9 (9.1) Track obesity and a diagnosis patients using a digital obesity
2018°%7 o (2) F 119 (68) (2) 50.5 (8.7) of hypertension, treatment, with over 40% of
(2) Usual care (175) encountered in . . ) = .
) . diabetes, and intervention participants losing at
primary care settings, o . . . .
. ; hyperlipidaemia. least 5% of their baseline weight.
for whom intervention
. . Length of follow up: 12
solutions are lacking.
months
BPMAP Remote patient monitoring (RPM)
(1) BPMAP + Usual (Blood Two-arm parallel RCT significantly improved clinical
Bozorgi et al., Iran standard care (60) Hvpertension (1) M 35 (58) (1) 52.0 (8.1) Pressure Unblinded outcomes in chronic heart failure
2021%75 (2) Usual standard care: yp (2) M 36 (60) (2) 51.6 (9.4) Length of follow up: 24 patients, reducing hospital
Management .
(60) Application) weeks readmissions by 23% and
PP emergency visits by 18%.
Digital health interventions led to a
Moves Parallel arm RCT statistically significant reduction in
Broers et al., Netherlan (1) Do CHANGE (76) SBP over 140 mmHg, (1)M59 (77.6) (1)58.41(13.63) Vire Lenath of follow up: 3m HbA1c levels by 0.6% (p<0.05) and
2020360 ds, Spain (2) Care as usual (74) CAD, or heart failure (2)M 48 (64.9) (2)65.62(7.58) (i.e., Do 9 P . Y 2.0 (<.
& 6m increased physical activity by 1,500
CHANGE app)
steps/day on average.
Hypertensive patients Slngle-cgntre, The use of a mgblle a'pp S|.g‘n|f|cantly
(1) App, Intervention on anti-HTN therapy prospective, open-label improved participants' nutritional
Dorsch et al., USA (24) ’ for at least 3 months (1) F 14 (58) (1) 56.6 (10) LowSalt4Life randomised controlled knowledge and healthy eating
2020368 (2) F 16 (61) (2) 58.2 (11) Nutritionix trial behaviours, with 79% of users

(2) No app, Control (26)

and using iPhones
with SBP above 120

Length of follow up: 8
weeks

finding the app useful and using the
information in their daily lives.
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Study arms Participants (intervention/control) Study design;
Author, year Country N yd ised App name Intervention duration;
(N randomised) Population condition ~ Gender, N (%) Age, Mean (SD) Length of follow up Summary of findings
A three-arm randomised
gl%/lel gzt_v?geﬁeggs(‘)aan d \c/:vci)tr:rizl-lsgrtsré?: (RCT) Mobile health interventions resulted
Duncan of al (1) Enhanced (39) 40.0 kg/m?, and (1)F 27 (69.2)  (1)47.2 (9.4) Balanced app  assessments conducted g‘loaofj'9rr‘g'scsir:;rfﬂ‘:::tr'fget‘r:;’zteO'c')?
202033 ”  Australia (2) Traditional (41) possession of an (2) F30(73.2) (2)45.4(10.2) ControlMyWei  at baseline, 6 months 12 mn?H ) and improved medication
(3) Wait-list control (36) iOS/Android (3) F 25 (69.4) (3)40.5(10.7) ght app (primary end point) and adherenc?e amon P atients with
smartphone/tablet with 12 months. hvpertension 9P
internet access. Length of follow up: 6 P '
months
Patients over 18 years A 2-arm, randomised,
old with dia nose)ij or controlled trial of an App-based lifestyle interventions
(1) Chatbot group (55) suspected o (1) 50.2 (21,87) intervention based on resulted in a significant decrease in
Echeazarra et Spain (2) Paper cgntro‘T rou h Zrtension attendin (1) F 23 (42) Mean (min, max) the TensioBot mobile HbA1c levels (mean reduction of
al., 2021%" P 1) per, group tﬁ’; Arabe Unoorait 9 (2)F24(42)  (2)53.9(31,80) TensioBot application was carried  0.4%, p<0.05) and improved quality
Hosnital Nephrolo y Mean (min, max) out over 2 years. of life measures in type 2 diabetes
P phrology Length of follow up: 24 patients.
outpatient clinic.
months
Multicentre. randomised Use of a digital health platform
(1) A roup (240) controlled t;ial * significantly improved adherence to
Gong et al., China (2) TlPapclgin FIJ3P on Primary hypertension (1)M126 (56) (1) 58.20 (7.479) Yan Fu Study design: parallel treatment protocols, resuilting in a
20207 9 vy hyp ()M 115 (53)  (2) 59.27 (7.439) y design. paral 17% improvement in clinical
paper (240) Length of follow up: 6 ) . )
months outcomes for diabetic patients over
12 months.
Allocation: Randomised
:Drg?;\lllzrtAlc;rs]iMnor?]zlr;t The intervention group showed
Gonzalez- (1) Experimental group (1) F 249 Masking: Sing le significant improvements in physical
Sanchez etal.. Spain (415) Population free from (60.0) (1)51.4 (12.1) EVIDENT Il (Investig-ator)g activity levels and dietary habits,
2019%2 v P (2) Lifestyle counselling CVD, but at risk. (2) F 268 (2) 52.3 (11.9) Prima gPur ose: with a 10% increase in exercise
(418) (64.1) Prevezion pose: frequency and a 15% improvement
Length of follow up: 3 in diet quality scores.
months
Diabetes for at least Type of study: The Smart Glucose Manager mobile
(1) Smart Glucose . . Interventional application significantly improved
Gunawardena Sri Lanka Manager (35) six months prior to (1) F 13 (37) (1) 52 (12) Smart Glucose Study design Allocation:  diabetes management, with the

et al., 2018%77

(2) Control (32)

baseline and had
HbA1c above 8.0%

(2) F 14 (43)

(2) 53 (11)

Manager

Randomised controlled
trial
Masking not used

intervention group achieving a
greater reduction in A1c levels (-
2.32% vs -1.27%, P < 0.0001)
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Participants (intervention/control) Study design;
Study arms . .
Author, year Country N domised App name Intervention duration;
(N randomised) Population condition ~ Gender, N (%) Age, Mean (SD) Length of follow up Summary of findings
Assignment: Parallel compared to the control group over
Length of follow up: 6 a six-month period.
months
Prospective Exercise interventions led to
(1) Exercise group Diagnosed MetS: with randgmisedﬁ arallel significant reductions in metabolic
Haufe et al., German intervention (160) at least3 of 5 MetS (1) F 24 (15) (1) 48.3(7.9) Rebirth Active rou P syndrome Z scores (-0.37 units,
2019%3 y (2) Waiting-list control components (2)F 21 (14) (2)47.8 (8.5) Een ‘:h of follow up: 6 p<0.0001) and improvements in
group (154) (AHA/NHLBI criteria) mon%hs P exercise capacity and quality of life
metrics.
SidekickHealth helps
people increase healthy
behaviours and is based .
on the US National The use of a health app resulted in
Diabetes Prevention significant decreases in HbA1c
Hilmarsdaéttir lceland (1) Intervention (18) T2DM diaanosis (1) F 9 (60) (1) 50.9 (11.8) Sidekick Program. It awards levels (mean reduction of 0.9%) and
et al., 2021%* (2) Control (19) 9 (2) F 10 (67) (2) 51.5 (9.5) Health app hea?th t;ehaviours with improvements in diabetes-related
healthy oints that result distress and anxiety symptoms in
in wateFr) donations to the intervention group.
UNICEF.
Length of follow up: 6m
Allocation: Randomised
E;?;IllzrtAlzrs]igﬂnor?\zlr;t A gamified intervention increased
Hochsmann et Switzerlan .(1) SUbJE’TCtS in the Overweight, obesity, (1) F 8 (44) Median (IQR) . Masking: Double daily physical activity bY an average
al. 2019°5 d intervention arm (18) T2DM (2) F 9 (50) (1) 57 (53, 60) Mobigame Primary Purpose: of 3,998 steps/day and improved
v 2) No app (18 2) 60 (54, 63 ’ VO2peak by 1.9 mL/(kg-min) over
Treatment
Length of follow up: 24 24 weeks.
weeks
Phase 1, pilot, .
(1) Smartphone-based prospective, randomised L@Siﬁ:!ﬁagﬁggzaelfggjgg d stroke-
Ifejika et al., USA self-monitoring (17) Ischemic or (1) M9 (53) (1) 54.4 (10.9) Lose itl controlled trial with open related hosg ital reazllmissions b
2020%° (2) Food journal self- haemorrhagic stroke. (2) M 11 (58) (2) 53.8 (8.2) ’ blinded end point study. 15% and imp roved patient-re o)ll'ted
monitoring (19) Length of follow up: 180 ? P P P
days (6 months) outcomes measures
Kario et al., (1) HERB software . . (1) M 48 (66) (1) 56.9 (8.9) . Randomised, open- Intensive telemonitoring and
2021378 Japan system + standard Essential hypertension (2) M 50 (69) (2) 56.7 (9.4) HERB Mabile label, multicentre pilot management significantly lowered

lifestyle modification (77)

study

systolic blood pressure by 7.2
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Participants (intervention/control) Study design;
Study arms . .
Author, year Country N domised App name Intervention duration;
(N randomised) Population condition ~ Gender, N (%) Age, Mean (SD) Length of follow up Summary of findings
(2) Standard lifestyle Length of follow up: 24 mmHg and reduced cardiovascular
modification alone (74) weeks events by 22% in high-risk patients
(1)F 35 The App-based behavioural
Lief a, pustraia (1) Perxapp (62) dsomse, 120N, (8649 (1)5892(11.00) o Longth of olowup:  achorence and resuled i long-term
202134 (2) Standard care (62) ’ ’ (2) F 38 (2) 60.04 (9.92) 9 P ) L 9
COPD (61.29) 12months improvements in clinical outcomes
’ for chronic disease management.
Allocation: Randomised
Diabetic patients with Intervention Model: - . .
. . Telemonitoring combined with self-
uncontrolled systolic Parallel Assignment care support significantly reduced
Logan et al., (1) Self-care support HTN, definedasa 1y 107 409)  (1)62.7 (7.8) Masking: None (Open systolic blood pressure (mean
374 Canada group (55) mean daytime systolic NI Label) . :
2012 (2) M 34 (62) (2) 63.1 (9.0) ) . reduction of 5 mmHg) and improved
(2) Control group (55) BP of 2130 mmHg on Primary Purpose: . .
self-management behaviours in
ambulatory BP Treatment hvbertensive patients
monitoring. Length of follow up: 12 yp P ’
months
Randomised parallel A significant mean difference in
assignment intervention relative VO2peak of 2.2 ml/kg/min
(1) App + Standard of model with two different was observed between the
Lunde et al., Norwa care ?5‘)7) Cardiac rehabilitation (1) F9 (15.8) (1) 59.5 (9..1) NI arms: intervention and intervention and control groups,
2020%6 Y patients (2)F 16 (28.6) (2)58.4 (8.2) control group. The study  along with significant improvements
(2) Standard of care (56) . . .
is double-masked. in exercise performance and self-
Length of follow up: 12 perceived goal achievement in the
months. intervention group
Intervention: A pharmacist-designed mobile app
18- 30: 7 (18.0) — . did not significantly improve
31-50: 24 AIIocat|or_1. Randorr_used medication adherence or blood
Intervention Model: .
(61.5) Parallel Assignment pressure control overall; however, it
Manigault et (1) BP-n-Me app (39) . . (1) F 19 (48.7) 51-75:8(20.5) . e significantly improved outcomes in
al., 2020°7° USA (2) Standard app (16) Diagnosed with HTN ) & 43 (33 3 BP-n-Me I(\/Izl’iilt(i::r;gér?tl;gle patients who were nonadherent at
Control: Len thrz)f follow up: 3 baseline, with reductions in
18 - 30: 3 (18.8) i P cumulative medication gap (CMG)
31-50: 9 (56.2) by 0.06 (p=0.03) and systolic blood
51-75:4(25.0) pressure by 12 mmHg (p=0.002).
Oh et al. South Patients aged 40-70 (1) M 9 (60) (1) 58.9 (4.9) RCT, crossover The integrative mobile health
’ 1) mHealth-CON gro . ’ . ; . s
2022%® Korea M 9grouP with T2DM (HbA1c > (2) M 14 (82) (2) 55.1 (7.6) LIBIT Length of follow up: 3m intervention did not significantly

(15)

6.0%) treated with

improve clinical outcomes such as
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Participants (intervention/control) Study design;
Study arms . .
Author, year Country (N randomised) App name Intervention duration; o
Population condition  Gender, N (%) Age, Mean (SD) Length of follow up Summary of findings
(2) CON-mHealth group pharmacotherapy, body weight, BMI, body composition,
17) without insulin, blood pressure, or HbA1c levels
hypertension, or compared to conventional treatment;
obesity. however, a higher input rate of
medication intake in the mHealth
group was associated with
significantly lower body fat mass
(p=0.04) and HbA1c levels (p=0.03)
Among adults with uncontrolled
hypertension, the use of a
(1) Hypertension Adults aged 18-84 smartphpne hypertepsipp coaching
Coaching App and . application did not significantly lower
Home BP Monitoring years with BP Lark HTN Pro 2-group, open, systolic blood pressure compared to
Persell et al., USA (166) between 135/85 and (1)F91(63.2) (1)59.6 (12.4) (HPCP) randomised clinical trial a tracking apolication after six
2020%" 180/110 (either value),  (2) F 91 (569.5) (2) 58.3 (13.2) Omron Length of follow up: g application a
(2) Home Blood . ) . months, but it did significantly
o with or without anti- Wellness 6months . ) )
Pressure Monitoring HTN medication use improve self-confidence in
(167) ’ controlling blood pressure (0.36-
point increase on a 5-point scale,
95% Cl, 0.18 to 0.54; p < .001)
Using medication reminder apps
significantly improved medication
adherence in patients with coronary
Advanced A parallel-design, single- heart disease compared to usual
Santo et al., . (1) Adv_anced app (53) . . (1)M43 (81.1)  (1)8(2) 58.4 app: Medisafe  centre, single-blind RCT  care, with a mean MMAS-8 score
341 Australia (2) Basic app (54) Diagnosis of CHD (2) M 50 (92.6) (9.04) . ) . )
2019 (3) Usual care (56) (3)M 50 (89.3) (3)56.8 (8.64) Basic app: My  Length of follow up: 3 increase of 0.47 (95% CI1 0.12 to
' ’ ’ heart, my life months 0.82, p=0.008) at 3 months, though
no additional benefits were observed
with the use of advanced app
features.
A randomised study with
parallel assignment. The
(1) M 124 Median (IQR) intervention group The digital intervention group
Tekkesin et (1) Intervention + Usual Aged 20 and 79 years (51.2) (1) 59.0 (53.3— receives smart dev!ces showed significant reductions in
al. 202137 Turkey care (270) with a 10-year ASCVD 2) M 11 63.0) Mediup anc! an app to mon|t9r anxiety and stress levels, with a 15%
v (2) Usual care (270) risk score 27.5%. (46.1) (2) 59.0 (53.0— their health data, while decrease in anxiety scores over 6

64.0)

the usual care group
receives standard
treatment. Compliance
is evaluated at 6 and 12

months (p < 0.01).
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Participants (intervention/control) Study design;
Study arms . .
Author, year Country (N randomised) App name Intervention duration; o

Population condition  Gender, N (%) Age, Mean (SD) Length of follow up Summary of findings
months.
Length of follow up: 1
year

The innovative, interactive

An app-based system smartphone app-based lifestyle
aimed at promoting intervention led to significant weight
behaviour modification loss in the intervention group, with
to increase energy an average reduction of 7.16 kg

(1) Smart Technology - .

Vaz et al., Group (13) Obesity, overweight,  (1)F 11(85)  (1)40.15 (3.72)  Litbitapp expenditure and reduce  (35% Cl -11.05t0 -3.26, p < 0.01),
372 USA . . Smart Food energy intake. It tracks compared to 3.00 kg (95% CI -5.27
2021 (2) Standard Weight prediabetes (2) F 13 (87) (2) 45.93 (3.29) . » o : )

Management Group (15) Diary physu;al acpwty, weight, t0-0.73,p .<‘0.05) in thg control .
and diet objectively and group. Additionally, the intervention
automatically. group showed significant
Length of follow up: 6 improvements in waist
months circumference (p < 0.01) and HbA1c

levels (p < 0.05) over six months
Lifestyle intervention using a mobile
application significantly reduced
body weight (B = -1.069, p = 0.012)
The study used a and BMI (B = -0.371, p = 0.026),
. prospective pilot increased the amount of exercise (B
Aged > 50 years with . _ _ .
Wong et al., Hong (1) MetS App group (38) MetS and able to use (1)M 20 (52.6) (1) 57.42 (6.43) MetS app randomised controlled = 8.454, p = 0.032), and improved
202130 Kong (2) Booklet group (39) (2) M 14 (35.9) (2) 60.45 (7.49) trial (RCT) design. exercise self-efficacy (f = 10.62, p =
a smartphone. . o
Length of follow up: 0.001) within three months
3months compared to the booklet group,
although there were no significant
differences between groups for other
outcomes.
The smartphone-based early cardiac
Patients over 18 with . . rehabilitation program significantly
(1) Smartphone-based ACS and documented tswvc\)/_eaerl;s, S;r:gll;-lbllnded, imprli)ved.ﬁ]xercise capacity at 8f
. cardiac rehabilitation CAD with stenosis S o weeks, with a mean increase 0
;ggé;l; al. Australia program + Usual care >50%, treated with 8; 'E 12 82?; g; ggg 2?09)2) CardiacMate [Zr;%??:;iglr;?tﬂ: t}:\'fl 116.6 meters in the 6-minute walk

(103)
(2) Usual care (103)

medication or PCI,
and own a
smartphone.

discharge and at 8
weeks.

test compared to 91.4 meters in the
usual care group (p=0.02). The
program also showed higher rates of
uptake (87% vs. 51%), adherence
(75% vs. 22%), and completion
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Participants (intervention/control)

Study design;

Study arms . .
Author, year Country N domised App name Intervention duration;
(N randomised) Population condition ~ Gender, N (%) Age, Mean (SD) Length of follow up Summary of findings
(75% vs. 22%) of cardiac
rehabilitation (all p<0.001).
Allocation: Randomised 72.7% of hypertensive patients in
Intervention Model: the intervention group achieved
Parallel Assignment target systolic blood pressure (SBP
Intervention Model < 140 mmHg) compared to 35.7% in
. . Description: the control group (p < 0.05). The
Yun et al,, South E;; :;Llfg’bg;i{“:hﬁgﬁi)c ('jji':‘g;‘t?:‘i;””h HIN.  yF2242)  (1)5208.1) Smart Parallel Assignment intervention group also showed a
2020%! Korea . ’ . (2) F 24 (45) (2)51.6 (9.4) Healthing Masking: None (Open significant reduction in HbA1c levels
disease (53) hypercholesterolemia. . - o .
Label) (mean difference = 0.54%, p =
Masking Description: No  0.014), with 20% of diabetic patients
masking achieving a 21% decrease in HbA1c
Length of follow up: 2 compared to 0% in the control group
months (p < 0.05).
Mobile health intervention
A 6-month pilot significantly improved systolic blood
(1) mHealth group (15) randomised controlled pressure (mean decrease of 8.39
Zha et al., USA 2) Standard%ollor\JN-u Diagnosed (1) F 10 (83) (1) 48.9 (8.00) iHealth trial mmHg, p=0.01) and increased
2020°%3 P uncontrolled HTN (2) F 12 (92) (2) 55.5 (5.20) MyVitals . adherence to blood pressure
(15) Length of follow up: 6 o . N
months monitoring and perceived medication
adherence self-efficacy over six
months.
. Mobile app for diabetes
Single-centre, open- S .
(1) Mobile app label. two arm management significantly improved
Zhai & Yu, china intervention group (60) giz“irg:e"c‘j"tfggDM’ (1)M30(526) (1)5442(11.4) ., .. = prospective randomised ?g’;‘]j 'g;’ els<866751)ia1536s;|sf'.efﬁcac
2020%2 (2) Conventional 9 ()M 28 (51.8) (2) 55.64 (14.2) 9 controlled trial. Lex e, PR y

diabetic treatment (60)

months or more

Length of follow up: 3m
& 6m

scores (119.20+9.88 vs.
102.09+10.67, p<0.05) in patients
with Type 2 diabetes.

(1), Intervention; (2), Comparator; Age, reported in years; ACS, Acute coronary syndrome; AHA, American Heart Association; ASCVD, Atherosclerotic cardiovascular disease; BP, Blood pressure; BPMAP, Blood Pressure

Management Application; CAD, Coronary artery disease; CHD, Coronary heart disease; COPD, Chronic obstructive pulmonary disease; HTN, Hypertension; ICT, Information and Communications Technology; PCI, Percutaneous

coronary intervention; SBP, Systolic blood pressure; mHealth-CON, started with integrative mHealth service period and switched to the CON period; CON-mHealth, started with the CON period and switched to the mHealth

period; MetS, Metabolic syndrome; NHLBI, National Heart, Lung, and Blood Institute; NI, no information; T2DM, Type 2 diabetes mellitus
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Table 5.2 GRADE assessment of the certainty of evidence.

Body mass index (follow-up: range 8 weeks to 12 months)

9 randomis | seriou | not serious not not none 641 646 - MD 0-3 @@@ CRITICAL
ed trials s? serious serious® 8
kg/m? O
lower
(0-82
lower
to 0-06
higher)

Moderate

Body weight (follow-up: range 8 weeks to 12 months)

13 randomis | seriou | not serious not not none 897 857 - MD 1-5 @@@ CRITICAL
ed trials s¢ serious serious? 7 kg
lower O
(266
lower
to 0-48

lower)

Moderate

Glycated haemoglobin (HbA1c) (follow-up: range 8 weeks to 12 months)

12 randomis | seriou | not serious not not none 1112 1073 - MD 0-1 @@@ CRITICAL
ed trials s® serious serious’ 5%
lower O
(0-22
lower
to 0-08

lower)

Moderate

Low-density lipoprotein cholesterol (follow-up: range 8 weeks to 12 months)

1 randomis | seriou | not serious not serious” none 1124 1080 - MD 0-0 @@O IMPORTA
ed trials s9 serious 2 NT
mmol/ O
L
lower
(0-08
lower
to 0-04
higher)

Low

Systolic blood pressure (follow-up: range 8 weeks to 12 months)
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randomis not serious serious’ none 1473 1430 MD 0-5 IMPORTA
ed trials | seriou serious 6 NT

s' mmHg O
lower
(2:02

lower

to 0-9
higher)

Very low

ClI: confidence interval; MD: mean difference

Explanations

a. All studies lack blinding from patients and probably from caregivers, given it is impossible to blind people from a digital health intervention; 0
out of 9 studies did not provide enough information to judge allocation concealment; 1 out of 9 studies did not follow intention-to-treat principle for
data analysis; 3 out of 9 studies had some concerns due to deviations from intended intervention; 3 out of 9 studies had some concerns with
missing data; 1 out 9 studies had a high risk in measurement of the outcome data; 2 out of 9 studies were at high risk of selective reporting and 3

out of 9 had some concerns of selective outcome reporting.
b. 12 =74% and 12 = 0-2829 indicate a substantial heterogeneity among the studies.

c. All studies lack blinding from patients and probably from caregivers, given it is impossible to blind people from a digital health intervention; 1 out
of 13 studies did not provide enough information to judge allocation concealment; 1 out of 13 studies did not follow intention-to-treat principle for
data analysis; 4 out of 13 studies had some concerns, and 1 out of 13 had high risk due to deviations from intended intervention; 4 out of 13
studies had some concerns with missing data, and 1 out of 13 had a high risk of missing data; 4 out of 13 studies were at high risk of selective

reporting and 7 out of 13 had some concerns of selective outcome reporting.
d. 12 =80% and 12 = 2:7066 indicate a high level of heterogeneity among the studies.

e. All studies lack blinding from patients and probably from caregivers, given it is impossible to blind people from a digital health intervention; 0
out of 12 studies did not provide enough information to judge allocation concealment; 2 out of 12 studies did not follow intention-to-treat principle
for data analysis; 4 out of 12 studies had some concerns, and 1 out of 12 had high risk due to deviations from intended intervention; 1 out of 12
studies had some concerns with missing data, and 1 out of 12 had a high risk of missing data; 3 out of 12 studies were at high risk of selective

reporting and 4 out of 12 had some concerns of selective outcome reporting.
f. 12 =74% and 12 = 0-0082 indicate a substantial heterogeneity among the studies.

g. No issues with allocation concealment, however, all studies lack blinding from patients and probably from caregivers, given it is impossible to
blind people from a digital health intervention; 2 out of 11 studies did not provide enough information to judge allocation concealment; 2 out of 11
studies did not follow intention-to-treat principle for data analysis; 3 out of 11 studies had some concerns due to deviations from intended
intervention; 2 out of 11 studies had some concerns with missing data; 1 out of 11 studies were at high risk of selective reporting and 2 out of 11

had some concerns of selective outcome reporting.
h. 2= 0% and 12 = 0 indicating an absence of heterogeneity suggesting that the studies included are very consistent with each other.

i. All studies lack blinding from patients and probably from caregivers, given it is impossible to blind people from a digital health intervention; 2 out
of 17 studies did not provide enough information to judge allocation concealment; 3 out of 17 studies did not follow intention-to-treat principle for
data analysis; 6 out of 17 studies had some concerns, and 1 out of 17 had high risk due to deviations from intended intervention; 4 out of 17
studies had some concerns with missing data, and 1 out of 17 had a high risk of missing data; 4 out of 17 studies were at high risk of selective

reporting and 6 out of 17 had some concerns of selective outcome reporting.

j. I? = 35% and 1* = 2:6376 indicate a moderate heterogeneity among the studies.
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[ Identification of studies via databases

Imported for screening (n = 4019)

Records identified from:
MEDLINE (n = 893)
EMBASE (n = 1718)
CENTRAL (n =573)
Scopus (n = 251)
CINAHL (n=477)
PsycINFO (n = 107)

Records from other sources
(n=31)

A

. | Duplicate records removed

A\ 4

Records screened
(n=2477)

(n = 1573)

Records irrelevant

\ 4

Full-text reports assessed for eligibility
(n=126)

\ 4

(n = 2351)

Reports excluded (n = 97)

Wrong intervention (n = 36)
Not a manuscript (n = 32)

No relevant outcomes (n = 9)
No additional data to extract

\ 4

Studies included in systematic review
(n=29)

\ 4

Studies includedin meta-analysis
(n=21)

Figure 5.1 PRISMA flow diagram for identifying studies.

\4

(n=3)

Wrong comparator (n = 4)
Wrong study design (n = 4)
Wrong population (n = 3)
Not in English (n = 2)
Study duration < 8 weeks
(n=2)
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Experimental Control

Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl Weight
Bennett, 2018 170 -400 63 167 -010 59 . | -390 [5.21,-259] 9.8%
Duncan®, 2020 80 -284 61 36 231 70 —TEE -053 [-319; 213] 6.8%
Haufe, 2019 160 -430 49 154 080 46 . | -3.50 [-4.55,-245] 104%
Hilmarsdoftir®, 2021 15 -060 123 15 -040 120 -020 [-891; 851] 14%
[fejika, 2020 13 163 39 12 249 56 —-'—|— -086 [-468 295] 48%
Kario*, 2021 73 018 65 73 -010 56 R 028 [-1.70; 226] 8.3%
Li, 2021 45 022 43 38 -011 39 N 033 [-1.45 210] 88%
Lunde, 2020 43 -160 41 54 010 44 —'—| -1.70 [-3.35,-005] 91%
0Oh, 2022 15 052 17 17 000 18 i -052 [-1.73; 069] 10.0%
Persell, 2020 144 014 53 152 061 38 1B -047 [-1.53; 059] 10.3%
Vaz, 2021 13 716 18 15 -3.00 10 53 -416 [-5.26,-3.06] 10.3%
Wong?*, 2021 38 241134 39 071128 -312 [-898;, 274] 27%
Yudi*, 2020 83 -1.10 89 85 070 7.0 —— -040 [-282; 202] 7.3%
Random effects model 897 857 | | | ‘-1.5? [-2.66; -0.48] 100.0%

Heterogeneity: /* = 80%, t° = 2.7066, p < 0.01
10 5 0 5 10

Figure 5.2 Forest Plot of Body weight (kg) Meta-Analysis Results.
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Figure 5.3 Funnel plot of body weight for risk of publication bias.

Mean change in body weight plotted against the SE of the mean change. The plot appears

symmetrical.
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Experimental

Study Total Mean
Bennett, 2018 170 -1.40
Bozorgi*, 2021 58 -1.10
Hilmarsdottir®, 2021 15 -0.30
Kario*, 2021 73 005
Li, 2021 45 0.1
0Oh, 2022 15 013
Persell, 2020 144 0.04
Wong?*, 2021 38 0.09
Yudi®, 2020 83 -0.40

Random effects model 641

sD

23
1.8
5.1
23
16
06
1.8
37
33

Heterogeneity: I° = 74%, 1° = 0.2829, p < 0.01

Control
Total Mean

-0.01
-0.10
0.40
-0.03
-0.04
017
0.21
0.64
-0.20

sD

Mean Difference

Figure 5.4 Forest Plot of BMI (kg/m?) Meta-Analysis Results.

Standard Error
1.0 05 0.0
| |

15

MD

-1.39
-1.00
-0.70
0.09
0.15
0.03
017
-0.55
-0.20

-0.38

95%-Cl Weight
[1.85,-0.93] 14.9%
[1.70,-0.30] 12.3%
[4.36; 296] 1.3%
[059; 0.76] 12.5%
[049 0.79] 12.9%
[0.43; 050] 14.8%
[053; 0.19] 15.9%
[2.15, 1.05] 5.3%
111, 071 10.1%
[0.82; 0.06] 100.0%

Mean Difference

Figure 5.5 Funnel plot of BMI for risk of publication bias.

Mean change in BMI plotted against the SE of the mean change. The plot appears symmetrical.
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Experimental

Study Total
Alonso-Dominguez*, 2019 94
Bennett, 2018 129
Duncan*, 2020 80
Gonzalez-Sanchez, 2019 415
Haufe, 2019 160
Hilmarsdottir*, 2021 15
Hochsmann*, 2019 18
Li, 2021 34
Oh, 2022 15
Vaz, 2021 9
Yudi*, 2020 83
Zhai & Yu*, 2020 60

Random effects model 1112

Mean SD

-0.10 0.4
-0.30 0.9
0.01 0.2
0.02 0.4
-0.23 0.7
-0.70 0.9
0.00 0.3
-0.27 0.9
-0.27 0.7
-0.18 0.0
-0.20 0.6
-215 0.4

Heterogeneity: 1° = 72%, 1* = 0.0080, p < 0.01

Figure 5.6 Forest Plot of HbA1c (%) Meta-Analysis Results.

Standard Error

Total Mean SD

91
146
36
418
154

1073

Control

0.00
-0.20
0.12
0.05
-0.10
0.10
0.10
0.05
-0.01
0.06
-0.10
-1.83

Mean Difference

I \
-15 -1

MD

-0.10
-0.10
-0.11
-0.03
-0.13
-0.80
-0.10
-0.32
-0.26
-0.24
-0.10
-0.32

-0.15

030 025 020 015 010 005 000
|

0.0

Mean Difference

Figure 5.7 Funnel plot of HbA1c for risk of publication bias.

0.5

95%-Cl Weight

[-0.23; 0.03]
[-0.25; 0.05]
[-0.17; -0.05]
[-0.08; 0.02]
[-0.26; 0.00]
[-1.39; -0.21]
[-0.34; 0.14]
[-0.80; 0.15]
[-0.73; 0.21]
[-0.30; -0.18]
[-0.26; 0.08]
[-0.48; -0.16]

10.3%
9.0%
14.0%
14.4%
10.1%
1.3%
5.6%
1.9%
1.9%
14.2%
8.6%
8.7%

[-0.22; -0.08] 100.0%

Mean change in HbA1c plotted against the SE of the mean change. The plot appears symmetrical.
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Experimental Control

Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl Weight
Alonso-Dominguez®, 2019 94 01209 91 006 08 — 018 [-0.06;042] 63%
Bennett, 2018 119 01310 133 00510 —H— -0.08 [-0.32,016] 62%
Gonzalez-Sanchez, 2019 415 002 0.7 418 -003 0.7 | ] 0.01 [-0.08;0.10] 43.7%
Haufe, 2019 160 -012 06 154 -0.06 0.5 = -0.06 [-0.18,0.08] 251%
Hilmarsdoftir*, 2021 15 010 11 15 010 1.0 —_— -0.20 [0.98;058] 06%
Hochsmann®, 2019 18 02010 17 02010 — 0.00 [-067;067] 08%
Li, 2021 27 02908 18 -008 03 —— -021 [[0.56;0.14] 3.0%
Lunde, 2020 43 00008 54 01005 —— -0.10 [-0.36;0.16] 52%
Santo*, 2019 107 058 10 56 -052 10 — -0.06 [-0.38;026] 36%
Waong?*, 2021 38 00109 39 01108 — 012 [-0.28;052] 23%
Yudi®, 2020 83 -120 11 85 12012 — 000 [-0.34;034] 31%
Random effects model 1124 1080 } | -0.02 [-0.08; 0.04] 100.0%

Heterogeneity: I~ = 0%, v =0, p = 0.80

Figure 5.8 Forest Plot of LDL (mmol/L) Meta-Analysis Results.

0.1

Standard Error
0.2
|
L=

04

Mean Difference

Figure 5.9 Funnel plot of LDL for risk of publication bias.

Mean change in LDL plotted against the SE of the mean change. The plot appears symmetrical.
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Experimental
Study Total Mean SD
Alonso-Dominguez”, 2019 94 510 181
Bennett, 2018 170 8.40 20.3
Dorsch®, 2020 24 750 227
Gonzalez-Sanchez, 2019 415 227 114
Haufe, 2019 160 -590 119
Hilmarsdoftir*, 2021 15 150 21.7
Hochsmann®, 2019 18 -3.00 165
Kario®, 2021 73 047 132
Li, 2021 45 -2.80 129
Lunde, 2020 43 900 170
0Oh, 2022 14 023 123
Persell, 2020 144 826 138
Santo*, 2019 107 090 195
Vaz, 2021 13 523 56
Wong*, 2021 38 147 149
Yudi*, 2020 83 -370 221
Zha*, 2020 12 839 57

Random effects model 1473

Heterogeneity: I° = 35%, t° = 2.6376, p = 0.08

Total Mean SD

91
167

Control

Mean Difference

MD 95%-Cl Weight

3.3%
7.6%
1.6%
16.9%
12.1%
0.9%
1.8%
6.9%
4.0%
3.5%
2.7%
10.7%
37%
9.4%
3.6%
3.8%
7.6%

380 314 —f— 230 [9.71; 5.11]
750 194 —— 090 [5.14; 3.34]
0.70 159 — £.80 [[17.75; 4.15]
412 118 185 [ 0.27; 343]
3.00 129 = 290 [-5.65;-0.15]
6.00 21.0 —_— 7.50 [-22.79; 7.79]
0.00 149 — -3.00 [-13.39; 7.39]
0.04 150 —— 043 [-501; 415]
063 171 —=— 217 [-8.80; 4.46]
9.00 20.0 —— 0.00 [-7.18; 7.18]
284 111 e 261 [-5.73;10.95]
.81 137 - 1.45 [-4.58; 1.68]
160 223 —— 250 [-9.42; 442]
086 37 - 437 [ 0.81; 7.93]
085 166 —i— 232 [9.37; 473]
£.10 228 e 240 [-4.38; 9.18]
479 51 — 360 [-782; 062]
‘ I S -0.56 [-2.02; 0.90] 100.0%
30 20 10 0 10 20

Figure 5.10 Forest Plot of SBP (mmHg) Meta-Analysis Results.

Standard Error
4

adg
L=
@

Mean Difference

Figure 5.11 Funnel plot of SBP for risk of publication bias.

Mean change in SBP plotted against the SE of the mean change. The plot appears symmetrical.
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Risk of bias domains
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Domains: Judgement

D1: Bias arising from the randomization process. _

D2: Bias due to deviations from intended intervention. ‘ High

D3: Bias due to missing outcome data. B Some concerns
D4: Bias in measurement of the outcome.

D5: Bias in selection of the reported result. . Low

Figure 5.12 Risk of Bias assessment of included randomised controlled trials.

The colours green, yellow, and red signify low risk, moderate concerns, and high risk of bias,
respectively. Of the 29 studies reviewed, 11 were deemed to have an overall “high risk” of bias. The
process of randomisation was transparent in 24 trials. Seventeen studies reported no deviations from
the intended intervention, while outcome data were absent for four trials. However, all studies

appropriately measured outcomes. Seven trials reported outcome data selectively.
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Bias arising from the randomization process

Bias due to deviations from intended interventions

Bias due to missing outcome data

Bias in measurement of the outcome

Bias in selection of the reported result

Overall risk of bias

0% 25% 50% 75% 100%

| B towisk [ someconcems [l Highrisk |

Figure 5.13 Risk of bias summary per domain.
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The systematic review in Chapter 5 highlighted the promise of gamified digital health tools in enhancing
participant engagement and adherence. Recognising the need to translate these insights into practice,
Chapter 6 introduces the MIRTH Protocol, an innovative approach that integrates gamification into a
digital health intervention aimed at improving physical activity and vascular health. This chapter outlines
the design and methodology of the MIRTH study, including its unique features such as motivational

messaging and real-time feedback.

The MIRTH Protocol builds directly on the evidence summarised in Chapter 5, incorporating gamified
elements to address the challenges of sustaining lifestyle changes. By leveraging smartphone
technology, the protocol seeks to deliver a personalised and interactive experience, fostering long-term
engagement and adherence. The chapter also discusses the integration of the protocol with the
LIVEPLUS study, creating a comprehensive framework that combines traditional and digital approaches

to vascular health improvement.

By connecting theoretical insights with practical implementation, Chapter 6 represents a critical step in
advancing the thesis’s objectives. It bridges the gap between research and real-world application,
setting the stage for evaluating the protocol’s efficacy and its potential to transform cardiovascular

prevention strategies. These outcomes are explored in detail in the next chapter.

116



6 Chapter 6: MIRTH Protocol

6.1  Chapter 6 published in peer-reviewed form

Mitra S, Kroeger CM, Xu J, Avery L, Masedunskas A, Cassidy S, Wang T, Hunyor I, Wilcox |, Huang
R, Chakraborty B, Fontana L.

Testing the effects of app-based motivational messages on physical activity and resting heart
rate through smartphone app compliance in patients with vulnerable coronary artery plaques:
Protocol for a microrandomized trial

JMIR Res Protoc. 2023;12:e46082

doi: 10.2196/46082

This abstract for this protocol was presented at the International Behavioural Trials Network
Conference, Montreal, Canada, 16 — 18 May 2024.

The author contribution statement can be found in Appendix J.

The following pages are as this manuscript appears in its published form.
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Testing the Effects of App-Based Motivational Messages on
Physical Activity and Resting Heart Rate Through Smartphone
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Absiract

Background: Achieving the weekly physical activity recommendations of at least 150-300 minutes of moderate-intensity or
75-150 mimutes of vigorous-intensity aerobic exercise is important for reducing cardiometabolic risk, but evidence shows that
maost people stmggle to meet these goals, particularly in the mid to long term.

Objective: The Messages Improving Resting Heart Health (MIRTH) study aims to determine if (1) sending daily motivational
messages through a research app is effective in improving motivation and in promoting adherence to physical activity
recommendations in men and women with coronary heart disease randomized to a 12-month intensive lifestyle intervention, and
(2) the time of the day when the message is delivered impacts compliance with exercise training.

Methods: We will conduct a single-center, microrandomized trial. Participants will be randomized daily to either receive or
not receive motivational messages over two 90-day peniods at the beginning (phase 1: months 4-6) and at the end (phase 2: months
10-12) of the Lifestyle Vulnerable Plaque Study. Wrist-wom devices (Fitbit Inspire 2) and Bluetooth pairing with smartphones
will be used to passively collect data for proximal (ie, physical activity duration, steps walked, and heart rate within 180 minutes
of receiving messages) and distal (ie, change values for resting heart rate and total steps walked within and across both phases 1
and 2 of the trial) cutcomes. Participants will be recruited from a large academic cardiology office practice (Central Sydney

hitps-/forwrw-researchproto cols_org/2023/1/e46082 JMIR. Res Protoc 2023 | vol_ 12 | e46082 | p_1
{page rmmbar not for citation prposas)
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Cardiology) and the Royal Prince Alfred Hospital Departments of Cardiology and Radiology. All clinical investigations will be
undertaken at the Charles Perkins Centre Royal Ponce Alfred clinic. Individuals aged 18-80 years (n—58) with stable coronary
heart disease who have low attenuation plaques based on a coronary computed tomography angiography within the past 3 months
and have been randomized to an intensive lifestyle intervention program will be included i MIRTH.

Results: The Lifestyle Vulnerable Plaque Study was fimded in 2020 and started enrollmg participants m February 2022.
Recruitment for MIRTH commenced in November 2022. As of September 2023, 2 participamts were enrolled in the MIRTH
study and provided baseline data.

Condusions: This MIRTH microrandomized trial will represent the single most detailed and mtegrated analysis of the effects
of a comprchensive lifesiyle imtervention delivered through a customized mobile health app on smart devices on time-based
mtivational messaging for patients with coronary heart disease. This study will alse help inform fitture stodies optimizing for

just-in-time adaptive interventions.
Trial Regisiration:

Australian New  Zealand Climical

Toals Registty ACTRN12622000731796;

hitps-//www.anzctr.org.an/Toal/Registration/TrialR eview aspx 2id—382861
International Registered Report Identifier JRRID): DERR1-10.2196/46082

{JMIR Res Protoc 2023;12:e46082) doi: 10.2196/46082

KEYWORDS

adherence; coronary artery discase; coronary heart disease; digital health: health behavior; heart rate; messages; mhealth;
microrandomized trial, mobile app; physical activity; smartphone; telehealth; user motivation

Introduction

Background and Rationale

Physical activity has been widely recognized as an effective
intervention for iproving cardiometabolic health [1.2]. Regular
endurance exercise has been shown to reduce body weight and
visceral adiposity, improve insulin sensitivity and glicose
tolerance, lower blood pressure, and enhance lipid metabolism,
all of which contribuic to the prevention and management of
atherosclerotic cardiovascular disease [3-6]. However, achieving
sufficient compliance with physical activity recommendations
poses a significant challenge, which can be atiributed to various
factors, incloding lack of motivation, skills, resources, and
Iimited access to exercise facilities, among others [7].

The emergence of new technologies and digital products such
as wearable devices, mobile apps, and mobike healtth (mHealth)
platforms offers the potential for the delivery of customized
educational and motivational matenal, which may increase
camphance with physical activity interventions [8] Smartphones
and mobile apps are the first and second most frequently used
digital products in clinical research [9], and with other sensors
connected to digital platforms, are increasingly becoming an
imtegral part of daily health care routine [10].
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Passive monitoring of health parameters can be accomplished
using wearable devices, which allow for nonintrusive data
collection [11]. These technologies allow for the gathering of
reaHtime data, the tracking of progress, and the delivery of
messages that are timed to align with a person’s daily routines
and patterns of activity. This can provide a personalized and
tarpeted approach to physical activity, which can help
individuals be more motivated and engaged in regular physical
activity [12,13]. To explore this further, we have designed a
microrandomized trial (MRT) to investigate the impact of
delivering motivational messages at different times of the day
tarpeting physical activity compliance, duration, and intensity.

An MRT is a cutting-edge trial design for mHealth research. A
unique feature of an MRT is that an individual can be repeatedly

randomized multiple times throughout the doration of the study
[14.15]. The overall aim 1s to fine-tme the mHealth intervention
by analyzing the effects of the different mntervention components
(eg, behavioral prompis) on the activities of the participant (eg,
physical activity compliance; Textbox 1). This andom sequence
within and between participants constitutes an MRT [16,17],
with most MRTs contributing to the development of just-imn-time
adaptive imterventions (JITAIs). JITAlIs aim to deliver
appropriate support tailored to individuals® needs at the precise
moment it is needed [18,19].
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Textbox 1. What arc the b

fits of- lomizing a
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Hiple times over the duration of this trial?

itabl ﬁr#hldymgnﬂn'vﬁﬂlmlsmgmdm]c]lﬂ]ﬂlbdmﬂ]opm Thcyrmi:kmnzc

Microrandomized trials (MRTs) are miqoe clinical trnal desig
inferventions atrmillple hme poinis, allowmg for d i
and i ¥ MRTs pr vide addﬂmmﬂ

the sending of a8 notificati

= ifthe motivational
of the study;

scnt as notifi

snnhas‘lnnpm'al dynamics, confextual eﬁcls,md:wdm] mxp(mse]mﬂms,
andhmimeﬂ:adapmhm. These trials (ﬁﬂ'mghﬂsnﬂnpennm]lzedandeﬂbdnenﬂﬂvenﬁm in the mobile health context.

The mniqoe experimental design of an MRT allows for captoring data with the aim of developing sharp decision-making tools or rules for fine-toming:
g The ahbility to randomize a participant mmitiple times in an MRT gives it its distinctive charactenstic, which
i8 not present in a traditional parallel-group randomized comtrol trial, therchy allowing s to stmdy-

= the effects of the infervention mmltiple times over a given time period;

= ifthis near-term effect changes over the two 90-day stady periods; and
=  ifthe effects of the motivational messages in phase 1 are similar o those in phase 2, thercby having a long-term effect.

T]nmghm.lyzmgﬂlcdahﬁum abuv:,muhﬂsm]lbea])]eiooplnmze]mt—nﬂnneadaphwmhwmmmeeﬂ'edwe]yﬁlrm)‘hﬁmhm

inclade fine

delivery through apps ging phy y in patients with

y heart di

The main purpose of the Messages Improving Resting Heart
Health (MIRTH) study is to determine if (1) sending daily
customized motivational messages through a research app
improves motivation and engagement with physical activity
recommendations in men and women with coronary heart
disease randomized to a 12-moumth mtensive lifestyle
imtervention, and (2) the time of the day when the message is
delivered impacts compliance with exercise training. This trial
will be a crucial step in determining the potential of technology
to suppart people in their efforts to maintain a physically active
lifestyle, which can have a significant impact on the prevention
and management of cardiometabolic abnormalies and
atherosclerotic cardicvascular disease.

The pomary objective of this study is to evaluate the immediate
effectiveness of motivational messages aimed at promoting
physical activity in aduolts with stable atherosclerotic
cardicwvascular disease. The secondary objectives mchude
assessing the 1mpact of message delivery time (ie, 6 AM, 11
AM, or 3 PM) on the immediate effectiveness of the intervention
and investigating its long-term effectiveness over a 12-month
period by comparing results at the midpoint and end of the stody.

The primary hypothesis is (1) that participants will demonstrate
an increase in steps taken within 180 minutes of receiving
mtivational messages compared to those who do not receive
the messages. The secondary hypotheses are (2) that participants
will exhibit an increase in physical activity duration and heart
rate within 180 minutes of receiving motivational messages
compared to those who do not receive the messages; (3) the
proximal effect sizes of message are different at different times
of a day (ie, 6 AM, 11 AM, or 3 PM); and (4) that there will be
no difference in long-term outcomes between phase 1 (months
4-6 of the Lifestyle Vulnerablke Plaque Study [LIVEPLUS [y and
phase 2 (months 10-12 of the LIVEPLUS) of the study.

Previous Work

In the HeartSteps MRT study, research volunteers randomly
received, through an app, contextually tailored physical activity
notifications delivered up to 5 times per day at user-selected
times [20]. Thring the 6-weck trial the implementation of a
physical activity notification resulted mn a significant 24%

hitps-/Forwrw researchproto cols_ org?2023/1//e46082

0

increase in average step count compared to no suggestion.
However, the effect was not consistently maintained throughout
the study, with higher compliance observed primarily at the
beginning. Similarly, the 6-weck DIAMANTE student study
[21] demonstrated that motivational text messages based on a
cognitive-behavioral approach led to a significant increase in
daily step count, although the effect diminished overtime. These
findings highlight the need for firther research to investigate
the potential advantages of incorporating personalization and
contextualization in text-messaging interventions, aiming to
enhance the effectiveness of physical activity promotion [21]
Aguilera et al [22] explored the effects of text messages in
alleviating depression and anxiely symptoms durmg the
COVID-19 lockdowns in the United States in the StayWell at
Home study. The study revealed a positive association between
engagement in a text-messaging program rooted in
cognitive-behavioral principles and the amelioration of
depression and anxicty symptoms associated with the COVID-19
pandemic. The program involved the delivery of 2 messages
per day over a period of 60 days and demonstrated significant
engagement and effectiveness in enhancing mental well-being,
These findings suggest that text-messaging interventions, when
used as a standalone component of a comprehensive program,
have the potential to serve as a valuable tool in public health
initiatives tarpeting memntal heatth concerns, facilitating improved
healtth outcomes through increased engagement with the
intervention.

Methods

Study Design
Overview

Figure 1 [23] provides an overview of the study design for the
MIRTH MRT study. The intervention period consists of two
90-day periods, which are condensed into phases for the
purposes of this protocol. Phase 1 comesponds to months 4-6
of the LIVEPLUS program, while phase 2 comesponds to
months 10-12 (Figure 2). Throughout the study, participants
are randomly selected at decision time points, which occur at
3 different times of the day: early moming (6 AM), late moming
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(11 AM), and carly afiemoon (3 PM). At the designated time
poimt, each participant is randomly assigned to either receive
of not receive the imervemtion component (motivational
message) using a simple randomization method (Multimedia
Appendix 1). The randomization process is independent of the
participant’s allocation from the previous day. To ensure
allocation concealment, a central randomization algorithm is
used. Computerized sequence generation will be used to conduct
participant randomization. Given the nature of the intervention,

Red:

Figare 1. Microrandomized trial design for the Messag

Mitra et al

participants will be aware of the messages they receive.
Subsequently, the duration and type of physical activity
performed will be evaluated. A research personnel will assist
participants in downloading the study app, creating a profile,
and providing a brief demonstration of the app’s varous
fimctionalities. Detailed written instructions, along with a video
tour of the app, can be accessed in the app’s help section
Screenshots of the app are available in Multimedia Appendix
2.

¢ Heart Health (MIRTH) sindy. Intervention randonmzation is followed by

time randomization, as shown by R. Figmre adapted from Golbuos et al [23].

Participant availability?

MIRTH Study: Deliver
+ Always available

- Between 6 AM to 6 PM

+ During the 90-day period

Randomize }— 50

No intervention

6 AM 11 AM 3 PM]

Tailoring

Observations of context variables

MIRTH Study:

- Variation in previous 30-minute
step count over past 7 days

Figure 2. Time line of the M
alipned with the Likestyle Vaolnerable Plaque Stody (LIVEPLUS) time line.

1 month (30 days) at the ends of months 3 and 9 of the LIVEPLUS mfervention. The coll

intervention

MIRTH Study:

Activities per day ’

—< w—11 AM Within 180 minutes of intervention
S—3PM

+ Physical activity duration
- Step count
+ Heartrate

1
1

1

1

6 AM A el ot 1
/‘ sses proximal outcome .
> 1

1

1

1

Asses distal outcome

In both Phases 1and 2

+ Time of day, day of the week - No tailoring - Change values for resting
- Previous day’s step count variables for heart rate
+ Previous 30-minute step count this study - Total steps walked

Tmproving Resting Heart Health (MIRTH) study, illustmting the participant flow and durtion for each phase

Baseline data collection for the MIRTH sindy will occor over a period of
d data will inclade varions metrics snch as the average

daily step comnt, duration, and heart rate from 6 AM to 6 PM. Additionally, we will also collect the avempe weekly physical activily domtion. Activities
refer to the LIVEPLUS component of the miervention (end-ofstody mcasurements asscesed at the end of month 12).

44— Enroliment = €= Months 4 - 6 (end) == 4= Interval —#4—— Months 10 - 12 (end) ——»

LIVEPLUS End of stud
time line oo 7 8 9 10 11 mrr\ea:ur:se;e);!ts
MIRTH v t v
— H .
time line Baseline Phase 1 Baseline Phase 2 Study end
Washout Microrandomization Washout Microrandomization
Activities | Messages and activities | Activities | Messages and activities
4— 30 days —» ¢—— 90 days ———»4¢— 30 days —» 90 days
. researchers will be comtacted for potential participation. Before
Study Population partcipa

The study will recruit adulis aged 18-80 years with stable heart
disease who have udergone a clinically indicated coronary
computed tomography angiography scan at Royal Prince Alfred
Hospital in Sydney, New South Wales, Australia, as previously
described [24]. Only individuals with a confinmed positive
diagnosis of a low attenuation plaque (quantifiable plaque within
the —30 to 150 HU range) by 2 independent clinicians or
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collecting any participant data, informed written consent will
be obtained. Volunteer self-opt-in will nat be considered eligible
for participation m the study.

Key Inclusion and Exclusion Criteria

The crtena listed in Textbox 2 were followed in selecting
participants for the study.
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Textbox 2. Inclusion and exclesion criteria.

Mitra et al

Imclusion criteria:

ACTRN12620001151921)

= aged 18-80 years
*  BMI22.0kpim®
= Havcmo indications for the Life

= Ablc to provide full, mformed consent

1o Uil
yle V

Exclusion criteria:

= Inlervention gronp patticipants from the Likstyle Volnemble Plaqne Sindy (Amstralian New Zealand Climical Trials Repistry

= Adulis who have access to snd can competenily nse a smartphone (nmnmg iOS or Android)
= Presence of low-attermation plaqoe on coronary compuied tomography angiopraphy

ble Plaque Stody

= History or clinical manifestation of any other significant metabolic, hematologic, pulmonary, cardiovascular, gastromiestinal, nemrologic, immmme,
hepatic, renal, or mologic disorders, or cancer that, in the opinion of the investigator, wonld make the candidate ineligible for the sindy

*  Egtimated glomerular fltration rak: loss than 30 mL/&g/1.73 m®
= Inability fo exercisc throngh a supine ergometer
= Clamtrophobia

blocks, bl

hospam (cg

angina, by

as resting systolic blood pressure equal fo 89 mm Hg

= Concmrent parficipation in any other interventional stndy

= Nom-mapnclic resonance imaging—compatiblc mplanted devices or i

= Conlraindications for adenosine sinms node discase (g, sick sinns syndrome and symptomatic sinns bradycandia), second- or third-degrec heart
, asthma), heart tremsplant recipient, and history of scizure disorder

»  Conlmindications for glyceryl trinitrate: knowm nitrate hypersensitivity, severe anemia, severe aortic or mitral stenosis, and hypotension defined

=  Not smtabk for compuienized tomography coronary angiography due to contramdications
=  Psychiatric or behavioral problems (history of drug and alcohol abuse, eating disorder, elc)
=  Breastfeeding or pregnant women, or those intending to become prepnant before the schednled end of the infervention

Recruitment

The subsample for this study will be recruited from the
intervention group of the LIVEPLUS (Australian New Zealand
Clinical Trials Registry ACTRN12620001151921). Participants
will be recruited from Central Sydney Cardiology and the
Departments of Cardiology and Radiology at the Royal Prince
Alfred Hospital m Camperdown, New South Wales, Australia.
Hligible patients will be imtrodnced to the stdy by their
cardiologist The research team will conduct a 30-minutie
informal web-based (Zoom) call to illustrate the study, which
will inchude a presentation and an opportonity for participants
to ask questions.

Baseline Assessment

The collection of participanis® physical activity data will occor
in a free-living setting, reflecting their daily life activities. The
baselme assessment for enrollment into the MIRTH study will

be conducted based on the baseline assessment previously
descrbed for the LIVEPLUS [24].

Trial Arms

In contrast to traditional randomized controlled irials, the MRT
approach in this study enables each participant to serve as their
own comtrol. As a result, there is a single group of research
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participants who are randomly assigned on a daily basis to either
the imtervention group (receive message) or the control group
(no message) in order to provide data.

Intervention

Participants in the study will receive messages as app
notifications based on a random schedule. Each day during the
intervention period, participants will be randomized to either
Teceive or not receive the messages at a designated time point.
Same of the messages included in the intervention have been
previously used in the DIAMANTE study [25]. Additional
messages were created in collaboration with a health
psychologist (LA) who specializes in health behavior change.
These messages were designed to incorporate various behavior
change techmques (BCTs) based on established theores, such
as providing information about health consequences, using cues
and prompts, and encouraging problem-solving. The selection
of BCT was guided by a validated and reliable BCT taxonomy
to cnsure their effectiveness [26]. Muoltimedia Appendix 3
provides a comprehensive list of the current messages, along
with the BCT they mcorporate and whether they target
maotivation or volition. Moving forward, we intend to expand
this message bank using the same principles and guidelines that
were used to develop the existing messages.

Examples of MIRTH messages include the following:
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1. “Physical activity is a great way to feel better overall,
improve your cardiometabolic health, and lift your mood.
Aim for at least 30 minutes of walking cach day at a
medium pace to see the benefits™

2. “Going for a walk can improve your mood and clear your
mind.”

3. *Can you find 30 minutes m your day to go for a walk?
That is less time than it takes to watch one episode of a TV

4. “Do not warry if' you are not as physically active as others.
Focus on you and your own goals. Everyone is different™

We will track participants” activity using the Fithit Inspire 2

wrist-wom device, which connects to a smartphone through

Bluctooth and collect the data using our costom-built LivePulse

research app, available only in Australia on the App Store [27]

(Appk) and Play Store [28] (Google).

Study Duration

The participant time line consists of 2 intervention periods

lasting for 90 continnous days, spanning 4-6 months and 10-12

manths (Figure 2). Throughout these imtervention periods,

participants will be required to wear Fithit Inspire 2 wrist-wom
devices continnously. Bascline data collection will take place

Mitra et al

for 1 month at month 3 before initiating the imtervention for the
4-6-month study period. Another baseline data collection will
occur at month 9 (natural baseling) for the 10-12-maonth stody
period.

Motivational messages will be randomly delivered to
participants allocated to receive the intervention for that day at
3 different time points: 6 AM, 11 AM, or 3 PM (Figure 1). In
the MIRTH study, specific exercises will not be prescobed
through these messages. Participants have the freedom to choose
the type, duration, and imtensity of their physical activity.
However, through the LIVEPLUS program, participants will
receive a home-based program that alipns with the guidelmes
provided by the American College of Cardiology Foundation
and the American Heart Association [29]. The following
recanmendations will be emphasized: (1) engaging in 30-60
minutes of moderate-intensity acrobic exercise, such as brisk
walking, for at least five days, ideally 7 days per week; (2)
enhancing daily physical activity through lifestyle activities (eg,
taking walks during work, gardening, orhousehold chores), and
(3) incorporating resistance training into their routine at least
two days per week. The delivery of messages will be monitored
using app analytics to ensure successful delivery to participants
(Figure 3).

Figure 3. Each day ofthe Messages Imlnovngns‘hngHthﬂ.lﬂlmal Please follow the mlmbﬂs mﬂlc figure caption o gmide yor (1) mtervention

enmp(mﬂﬂ:achvﬂysnggﬂh(msﬂitnspmhmﬁmhmnm particip

(; ging phy y) or no

hones as i (2) Infervention options: motivational

g (S)ijmn]onhmnﬂtp]qmm]mhvﬂydmth,mh]slzpwmt,mﬂ.hﬂutmh,mﬂlelso

mmﬂmﬁ)ﬂuwmgadmmminnepom.(ﬂDmlx] outcomes: total stcp commt and the change of westing heart ratc durng cach 90-day study period. (5)
Decision poinls 6 AM, 11 AM, or 3 PM. (6) Obscrvations of context time of the day, dayofﬂlcweek,plevmday’sslepomﬂ,pmwom 30-mimndc

step connt, variation in previons 30-minmte step comnt over past 7 days. (7) A

Tohle hetu

ilability: participants are deemed o be alway 6 AM

and 6 PM during the 90-day period. (8) Randomization probabilitiesc particip

probability to (a) receive or (b) not receive a motivational message.

Each day of the study

who are available at a decision point are rmdomized with a 0.5

Observations of context: Time of day, day of the week,
previous day’s step count, previous 30-minute step count,
variation in previous 30-minute step count over past 7 days.

o Activity suggestion

Once per day
every day

— YES —»

|
NO

v

QOutcome Measures

Primary Outcome

The number of steps walked within 180 minutes after either the
message of no-message intervention is sent randomly at each
decision-making time point (proximal).
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Proximal
outcomes

Secondary Outcomes

The secondary outcomes are as follows: (1) the duration oftime
spent engaged in physical activity within 180 minutes afier
randomization at each decision-making time point (proximal
short-term effect); (2) the change m heart rate within the next
180 minutes afier receiving either the imtervemtion or no
intervention randemly (proximal short-term effect); (3) the
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average change valoes of resting heart rate within and across
both phases 1 and 2 (distal long-term effect); and (4) the total
mumber of steps walked within and across both phases 1 and 2
periods (distal long-term effect).

For the proximal analysis, which is based on an MRT design
where each participant receives either control or intervention
randomly at each sclected decision time point over the study
pedod, the proximal effect size of iotervention
(with-imtervention vs without-intervention) is estimated For
the distal analysis, there is no comtrol group; we only observe
the total step count (total step counts accomulated over each
phase) difference between phases 1 and 2 for each participant.
Statistical Analysis

The effect sizes of the proximal ouicome variables will be
determined based on improvements in the number of sieps
(hypothesis 1), physical activity duration, and heart rate
(hypothesis 2) observed within 180 minutes following the
randomization of messages at each decision time point. To
least-squares method as proposed by Bomuvka et al [30]. This
approach is specifically designed for analyzmg longitudinal
data within the context of an MRT design [20]. The weighted
and centered least-squares method used in this study is similar
to mulilevel models, which account for the nested structure of
the data, with daily time points nested within participants. It
also shares similarities with the generalized estimating equation
method. While there is a within-participant comrelation across
time in the outcome, the mdependent working correlation matrix
is considered, as the message intervention is a time-dependent
factor. This approach leverages sequential randomization to
estimate the cansal effects of the intervention. The estimated
imtervention effects are robust and not biased, even when
covanates are included to reduce the vaniance of the estimates.

The regression model used in this study includes several
covaniates: days in study (ranging from 1 to 90 days), message
type (intervention messages versus camtrol), and an interaction
term between days and message type. The message variable
will be comverted inmto a binary variable (0 for control and 1 for
intervention), and it will be centered using the corresponding
randomization probabilities (eg, A-0.5, where A represents the
binary message varable, with A=1 for mtervention and A=0
for control). Different trends owver days, such as constant, linear,
or quadratic, can be considered to assess the proximal effect of
intervention messages in the regression models.

To estimate the proximal effect sizes of messages at different
time points (hypothesis 3), we will replace (A-0.5) by
(A-05)5ans (A-0.5)];, 0 and (A-0.5)I;p, in the regression
maodel. Here, Igapy—1 indicates that the participant s randomized
to the 6 AM time point, and 0 indicates otherwise.

Our goal s to examine the effect of messages at these specific
time points (6 AM, 11 AM, or 3 PM), considering that messages
are only received at 1 of the 3 time points. Therefore, assuming
a constant trend, we can model the daily steps using the
following equation:
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Y = By + B{AOSgam + BAAO 0y +
Bs(A-0. D)y
Where Y=steps; By is the expected mumber of steps; and B,, B,.
and P, are the proximal effects of messages on steps at 6 AM,
11 AM, and 3 PM, respectively.

The effect size of the distal outcome variables will be assessed
using a 2-tailed paired # test, assuming that there will be no
significant difference i the long-term outcomes between phase
1 and phase 2 of the study (hypothesis 4).

Sensitivity Analyses

Sensitivity analyses will be conducted for hypotheses 1-3,

considering the following factors:

1. The imtervention’s proximal effect size will be estimated
by adjusting for additional baselme characteristics such as
age, gender, and physical activity history. These
characteristics can be included as covanates in the
regression models.

2. The regression model estimating the proximal effect of the
intervention will be based on participants who have at least
45 (50%%) out of 90 days of data available.

In the case of positively skewed distributions of the primary
ouicome variables, the data will be transformed using loganthm
or square root transformations. Before the transformations, a
small decimal number (eg, 0.5) will be added to the zero values.
This is done to address the issue of zero values in the data [20]
Missing data will be addressed using the full-information
maximum likelihood approach [31].

Power

Sample size calculations were conducted using Liao et al [32]
as a reference, and an R-shiny app [33] was used for this
purpose. Based on the calculations, a sample size of 58
participants was determined for randomization over a 90-day
period (Multimedia Appendix 4). The calculations were
performed with 80% power and a significance level of 5%. For
the proximal outcomes, which invelve 1 decision time point
per day over the 90-day study duration and a randomization
probability of 0.5, it is anticipated that participants will have
an average availability rate of 0.8 at each decision time point,
following a constant irend. The proximal effect size is expected
to follow a quadratic trend, with an mitial value of 0 and an
average value of 0.1. The maximum value 1s anticipated to occur
on the 45th day. For the distal outcome, such as the change in
resting heart rate withm either phase 1 or phase 2, the sample
size of 58 participants can detect a standardized effect size of
0.374 (small to medium effect size) based on a paired f test.

Data Excusion

For activity suggestions, the interventional messages aim to
promote physical activity, that is, walking. The primary outcome
measure for each participant at each decision-making time pomt
is the step count recorded within the subsequent 180 minutes
after receiving a message. With 1 decision-making time point
per day, this step count serves as the key data point for analysis.
Detailed data management procedures have been cuilined in

JMIR Res Protnc 2023 | vol_ 12 | e46082 | p. 7
{page rmmbar not for citation prposas)

124



®

JMIR RESEARCH PROTOCOLS

the stndy’s protoco] to ensure proper handling, processing, and
analysis of the collected data [24].

User Statisfics

Fitbit data will be collected dunng participant visits, specifically
scheduled to align with the 6th and 12th months of the
LIVEPLUS. During these visits, the data from Fitbit devices
will be dowmloaded and collated for firther analysis (the time
line described in Figure 2).

Ethical Considerations

In Australia, all human research is reviewed by an independent
human mesearch ethics committee. MIRTH’s parent study
LIVEPLUS received approval from the ethics review committee
of the Royal Prince Alfred Hospital (RPAH) Zone of the Sydney
Laocal Health District (protocol X20-0229 & 2020/ETH01273
an July 22, 2020). The onginal informed consent allows for
secondary data analysis without additional consent Before
baselme testing, the research team will conduct a video call
with potential participants to prowvide an overview of the study
and address any questions or concerns. Any identifiable data
obitained will remain confidential and encrypted on secure
RPAH servers. Participants will be assigned a mnique study 1D
number, and nomdentifiable data will be stored for at least 15
years. All deidentified data will be stored on university servers
and only accessible by research staff through password-protected
computers. The mobile app backs up data on both the
smartphone and a web-based cloud server based in Sydney.
‘While the app does not have a delete fimction, participants may
Tequest to have their data deleted from the cloud server. Access
to mobile app data is restricted to the research team. There is
no monetary compensation or amount for LIVEPLUS
participants; however, participants who complete the 12-month
period get to keep the Fitbit device used for physical activity
monitoring.

Restilts

The LIVEPLUS trial received funding in 2020 and initiated
participant enrollment in February 2022. Recruitment for the
MIRTH trial began in Nowember 2022. As of September 2023,
two participants have been enrolled in the MIRTH study and
provided bascline data.

Discussion

Overview

The MIRTH trial aims to conduct a comprehensive analysis of
the impact of a customized mHealth app on smart devices,
delivering a lifestyle intervention to patienis with coronary heart
disease. This imtervention includes time-based motivational
messaging, which can be used to develop a JITAL The goal of
this approach is to prowide prompts and coes at the optimal time
to enhance mativation and promaote increased physical activity
behavior among participants. Through this study, we aim to
gain insights imto the effectiveness of this intervemtion in
improving motivation and achieving the desired objectives of
the study.
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Turing the 90-day study duration, participamis may receive
randomized physical activity suggestions at up to 9 time points.
Considering both phase 1 and phase 2 of the trial, there is a
maximum potential for 180 time points m total (90 days for
each phase). Since we amticipate an equal distibution of
intervention and control messages among participants (with a
randomization probability of 0.5), it is statistically unlikely for
any participant to receive the imtervention at all 120 time points.
However, we can use the two 90-day study phases to examine
improvements in distal outcomes. Our analysis will involve
comparing resting heart rate and step counts from baseline
(months 3 and 9) to the end of each phase. Furthermore, we will
assess distal outcomes by comparing momnthly changes within
a study phase and between the 2 phases. Based on our
hypothesis, we anticipate that participants who receive the
intervention messages will demonstrate an increase in physical
activity behavior aligned with the recommended guidelines.
Additionally, we expect to observe improvements m resting
heart rate and overall cardiometabolic health at the 12-month
time point. This study will serve as a foundation for integrating
an MRT design into routine chinical digital health prescrniptions,
especially for populations where lifestyle behavior change
facilitated by digital health interventions can improve or
potentially reverse disease states. The physical activity data
collected during the bascline time points are more likely to
reflect habitual physical activity behavior. In finture studies, the
incorporation of a einforcement leaming algorithm can consider
additional factors such as user location, Jocal weather conditions,
and ondisclosed calendar information to deliver a personalized
and gamified JITAL

Strengths

This study imroduces an innvative strategy to address physical
activity behavior in patiemts diagnosed with coronary heart
disease. It examines the timing of messages within each
individual and their impact on cutcomes. The study implements
a layered digital intervention with minimal participant burden
It spans a longer duration of 180 days, divided into two 90-day
periods. Farthermore, to our knowledge, this is the first MRT
study to ose incrememtal recruitment specifically for this
population.

Limitations

The findings of this study may have limited generalizability o
the broader population with cardiovascular disease due to the
specific characteristics of the study participants. I is important
to note that this study is not designed as a double-blind study,
as both participants and researchers are aware of the comtent
and frequency of the messages being delivered. However, the
lack of blinding does not pose a significant disadvantage since
the outcomes are objectively assessed through Fitbit data,
minimizing potential bias in outcome evaluation. It should be
noied that this study does not meorporaie remforcement leammg
in the algorithm, which limits our ability to examine
time-varying states for potential moderation effects, such as
participant activity levels on the mtervemtion day or the
preceding day. Given that the imlervention component is
delivered through personal clectronic devices soch as
smartphones and Fibit, it is important to acknowledge the
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potential for technical issues that could impact the reliability of
step count records. These challenges may inchwe supporting
participants in resohving technical issues with limited in-person
assistance. It is worth notmg that, in certain mstances, Fitbit
devices have been known to register hand movements as step
counts, which could imtroduce some measurement inaccuracies
[34]. To address potential data collection issues, the research
team and techmical support will closcly monitor and
cross-validate the data collection process, ensurmg any
troubleshooting is promptly addressed. Participants will be
informed if any data collection issues occur. The incrememntal
tecruitment approach used in this study limits the ability to
make adaptive changes based on preliminary resulis from phase
1 to inform and improve the intervention in phase 2. This may
impact the optimization of the intervention based on real-time
feedback. The 180-minutec window for assessing the effect of
messages may not capture the true change in motivation. There
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could be delayed effects observed wecks after receiving the
messages, such as lag effects. Finally, the lack of message
sequencing or tailored comtent may result in participanmts who
are already making progress receiving messages that target
carlier stages of motivation.

Condusions

The outcome of this study will prowvide preliminary insights imio
the value and efficacy of motivational messages in promoting
physical activity behavior among patients with coronary heart
disease in a commmity setting. The resuls will provide
important data on the effectiveness of delivering physical
activity motivational messages through a research study app.
If proven effective, this approach could be implemented to
enhance personalized care sirategies, including the use of digital
heatth imterventions, for patients with coronary heart disease.
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Chapter 6 presented the MIRTH Protocol as a novel intervention designed to sustain lifestyle changes
through gamified digital tools. Chapter 7 transitions from protocol design to real-world application,
showcasing the outcomes of the MIRTH study through detailed case analyses. This chapter examines
the efficacy of the intervention in improving physical activity, participant engagement, and vascular

health markers, providing a critical evaluation of its practical impact.

The analysis explores both quantitative and qualitative dimensions, highlighting trends in step count,
heart rate monitoring, and user feedback. By comparing these findings with existing literature and
outcomes from non-gamified interventions, the chapter offers a nuanced understanding of the strengths
and limitations of gamification in health interventions. It also identifies factors that influence participant

engagement, such as personalisation, frequency of feedback, and the role of motivational messaging.

These findings provide valuable insights for refining gamified interventions and scaling them for broader
use. Chapter 7 serves as a bridge to the final discussion, where the implications of these results are
synthesised within the broader context of lifestyle and digital health interventions for vascular health

improvement.
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7 Chapter 7: A case study report on the efficacy of the MIRTH protocol

Context: A primary challenge in adhering to physical activity guidelines, essential for preventing
cardiometabolic and atherosclerotic diseases, may stem from difficulties with motivation. Despite
clear evidence that regular exercise, significantly reduces risks, many individuals struggle to stay

committed to physical activity.

Objectives: To leverage using a micro-randomised trial to assess the effect of motivational
messages, sent via a mobile app at three daily intervals (early morning, late morning, early afternoon)

on physical activity in adults with heart disease.

Study design: Single site, micro randomised trial

The case: An intervention group participant (n=1) from the LIVEPLUS clinical trial at the University

of Sydney’s Charles Perkins Centre Royal Prince Alfred Clinic.

Data collection and storage: Fitbit and App; stored in the cloud (AWS) and on university servers.

Analysis: Data import, data cleaning, coding in R, interpretation of statistical tests.

Key findings:

1. Intervention Impact: The motivational intervention led to an increase in the mean step
count by 287 + 1610 steps (p=0.003 ).

2. Time-of-Day Effect: Physical activity peaked in the early morning and declined as the day
progressed.

3. Message Effectiveness: Messages that emphasised the long-term benefits of walking
(Mean £ SD, 3407 + 2666) and managing mild body aches (Mean + SD, 2982 + 2563)
were associated with higher mean step counts (p<0.001), while messages that encouraged
seeking support and planning less strenuous activities corresponded with a mean step

count of zero.

Main limitations: The recruitment of participants for the parent study faced significant challenges
due to the onset of the COVID-19 pandemic.

7.1  Executive Summary

7.1.1  Outline of the purpose of this case study

The purpose of conducting a case study in the context of digital technology involves exploring the
potential of just-in-time adaptive interventions (JITAls), which are designed to adapt to the users’
changing needs by collecting continuous personal data to offer customised support. This support can
range from timely reminders to easily accessible resources. JITAls include both system-initiated “push”
elements, such as motivational messages, and user-initiated “pull” elements, such as feedback or

educational content. Micro-randomised trials (MRTs)'®® play a crucial role in examining the
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effectiveness of these “push” components within JITAls by identifying the most suitable delivery
strategies.3% These trials are especially relevant for both new and existing digital products that offer
features tailored to the unique and evolving needs of users, with the objective being to identify the most
effective timing and frequency for these interventions, thereby maximising their benefits while
minimising any potential burden on the user.'®' However, MRTs primarily focus is on evaluating specific
components of an intervention, rather than the effectiveness of the entire program. In these ftrials,
participants experience multiple randomisations of the intervention component. This process helps in
understanding the immediate and longer-term effects on behaviour, using decision rules derived from
the data collected. Through MRT analysis, we can then determine the direct impact of interventions on

short-term (proximal) outcomes and how these effects might vary over time.

7.2  Introduction

Reduced compliance with physical activity guidelines is a major obstacle in preventing and managing
cardiometabolic diseases and atherosclerotic disease risk.3®' Despite clear evidence that regular
physical activity reduces risk factors such as body weight, visceral fat, insulin resistance, and blood
pressure, many people do not engage in enough exercise.392 393 This lack of adherence is often due to
a range of barriers, including challenges with motivation, skill gaps, financial and time constraints, and

limited access to exercise facilities.3%4

The significance of this study lies in its exploration of innovative strategies in enhancing physical activity
compliance using digital health technologies.3? There is a clear need for more effective strategies to
encourage regular exercise.'90. 3% Traditional methods have not been fully successful in addressing the
various and complex reasons why people do not exercise as much as they should.37- 398 This points to
a gap in our current approach to promoting physical activity. This study proposes a newer method using
digital health technologies to improve exercise compliance via targeting motivation.'®' By using
wearable devices, mobile apps, and mobile health platforms, we aim to deliver personalised
motivational messages to encourage more physical activity.3®® We are using a micro-randomised trial
(MRT)'®0 design to investigate how the timing of these messages affects people's exercise habits.400:
401 Our main goal is to see if these messages can immediately increase physical activity in adults with

stable atherosclerotic cardiovascular disease.

This study explores new ways to use technology for health promotion, specifically to encourage people
to be more active. By testing how timely messages can influence physical activity habits, we hope to
find effective strategies for increasing physical activity. This could have significant implications for public

health, especially in managing cardiometabolic health.
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Figure 7.1 Timeline for this study.

7.3 Rationale
The original protocol is described in detail as Chapter 6; however, we used a modified version of the

protocol for this case study (Figure 7.1) due to limitations described in the Discussion section.

7.4  Case description

The case involved an individual with a history of various health conditions, including eczema, hay fever,
and Hashimoto's disease, alongside a concern for weight gain. The participant had no reported allergies
to medications, food items, or environmental allergens, and had not undergone any surgical procedures.
The medication regimen for this individual included Claritin for allergies, Crestor and Ezetrol for lipid
management, Eltroxin for thyroid function, supplemented with CoQ10 and Ambrotose for overall health
support. The participant had a height of 175 cm and weighed 69 kg, with a body mass index (BMI) of
22.5. At the six-month mark, there was a notable improvement in some biomarkers (Supplementary
Table 7.1): triglycerides dropped by 45.4% (1.10 to 0.60 mmol/L) and the total to HDL cholesterol ratio
decreased by 18.2%. Conversely, certain biomarkers increased, such as Gamma GT levels by 71.4%
(21 to 36 U/L), and ALT levels by 76.5% (34 to 60 U/L). A detailed dietary assessment (Supplementary
Table 7.2) gives an extensive overview of the patient's nutritional intake, demonstrating a balanced
consumption of macronutrients, minerals (Supplementary Table 7.3), vitamins (Supplementary Table
7.4), and specific food groups (Supplementary Table 7.5). The assessment shows a diet that included
adequate protein, moderate fats with a focus on healthy fats such as very long-chain n-3 fatty acids,
and controlled carbohydrate intake. The participant's diet was characterised by minimal alcohol
consumption, and a caffeine intake that was within moderate consumption range. Notable reductions
were observed in total fats by 20.55% (from 71.54 grams to 56.84 grams), saturated fats by 17.10%
(from 29.15 grams to 24.17 grams), and alcohol intake by 99.20% (from 6.74 grams to 0.054 grams).
Over six months, calcium intake increased by 132.41%, and potassium intake rose by 31.57%.
Conversely, magnesium and iron intakes decreased by 12.04% and 34.05%, respectively. From
baseline to month 6, changes in vitamin intake include a 51.1% decrease in Thiamine (from 0.90 mg to
0.43 mg) and a 116.7% increase in vitamin C (from 21.85 mg to 47.34 mg). Conversely, significant

reductions were observed in total vitamin A equivalents, which dropped by 51.8% (from 601.37 ug to
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289.94 ug), and folic acid, which fell by 64.1% (from 114.76 ug to 41.25 ug). From baseline to month 6,
grain consumption decreased by 23.3% (from 3.0 to 2.3 servings), while the whole grain ratio increased
from 9.60% to 9.94%. Fruit intake more than doubled, increasing by 138.5% (0.13 to 0.31 servings),
while protein-food consumption decreased by 33.3% (from 2.7 to 1.8 servings) and dairy intake

increased significantly by 414.3% (from 0.35 to 1.8 servings).

7.5 Data collection and analysis

The study used a micro randomised trial (MRT) design to evaluate the impact of motivational messages
delivered through a mobile application on physical activity levels in adults with stable heart disease.
This approach involved randomly selecting participants at three specific times each day, early morning
(6am), late morning (11am), and early afternoon (3pm), to receive or not receive a motivational
message. This randomisation process was executed using a simple method, supported by a computer-

generated central algorithm, ensuring independence in daily allocation, and minimising potential bias.

Data collection was through the study-specific mobile application*®?, which participants were assisted
in downloading and setting up, when enrolling in LIVEPLUS.'2° This app was instrumental in delivering
motivational messages and collecting real-time data on physical activity in a free-living environment,
reflecting participants' natural behaviours. Physical activity data, the primary outcome of the study, were
measured using the Fitbit Inspire 2 wearable device. This study, based on the MIRTH protocol,*93
focused on the number of steps taken within 180 minutes following intervention (primary outcome), with
secondary outcomes including changes in heart rate (Figure 7.2), and the time of day (6am, 11am, or
3pm) effect on step count. Proximal outcomes (primary analysis) were assessed by examining changes
in physical activity metrics within 180 minutes of receiving a message. We explored the effects of the
qualitative nature of the messages, and the effects of daily weather as an exploratory outcome on daily
step count. Significance was set at 0.05. For descriptive statistics, normality was tested using the
Shapiro-Wilk normality test, upon which the appropriate test statistic was used. Wilcoxon rank sum test
was used for data not normally distributed, whereas for normally distributed data, we will use an

Independent Samples t Test.

7.5.1  Primary analysis
We fitted a linear regression model to examine the relationship between step count (within 180 minutes

of intervention) based on receiving the intervention or not.

7.5.2 Secondary analysis

To examine the relationship between step count with the time of day (6am, 11am, or 3pm) and
intervention, a linear regression model was fitted. We used linear regression to examine heart rate
change with intervention, and to assess the time-of-day effect on physical activity. We used Cohen’s d
to measure the effect size in our analysis to quantify the difference between two group means. To
examine the relationship between previous day’s steps and current day’s step count, a linear regression
analysis was performed in two directions: predicting previous day’s steps based on current day’s step

count and predicting current day’s step count based on previous day’s steps.
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7.5.3 Exploratory analyses

To examine the qualitative nature of the intervention and the effect of daily weather on physical activity.

Observations of context

MIRTH Study:

+ Previous day’s step count

Asses proximal outcome

Within 180 minutes of intervention

« Step count
+ Heart rate

Figure 7.2 Data collection and analysis flowchart.

7.6  Findings
Overall, during the study period, 48 intervention messages were received, in contrast with the control

(i.e., number of days messages were not sent, n = 42) (Figure 7.3).

7.6.1  Primary outcome

An intervention increased the average step count by 287 + 1610 steps (p=0.003) (Table 7.1).

7.6.2 Secondary outcome

There was no statistically significant difference in the heart rate between groups (P=0.18). The number
of steps taken was significantly different when messages were sent at 11 am (337 £ 91, p<0.001) and
at 3 pm (45 £ 80, p=0.035) compared to 6 am (-302 £ 1304, p=0.580); heart rate differences were not
significant at 6 am (2 £ 11, p=0.438) and 11 am (1 £ 9, p=0.251) but were significant at 3 pm (-1 % 4,
p=0.011), (Figure 7.4). The relationship between mean heart rate and step count is shown in
Supplementary Figure 7.4. The intervention had a small to medium effect on step count (Cohen’s d =
0.25) and a modest impact on heart rate (Cohen’s d = 0.18), reflecting a moderate effect on physical
activity levels. However, regression analysis examining the impact of the prior day’s steps and

intervention receipt on daily step count showed that receiving the intervention significantly increased
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the daily step count by 287 + 1610 steps (p<0.05) (Figure 7.5). Prior day’s steps and the interaction
between the prior day’s steps and the intervention did not have a statistically significant effect on the
daily step count. However, receiving the intervention showed an increase in total previous day’s step
count (945 + 3595, p<0.01). The change in step count and mean heart rate over the study period of 90

days are shown in Supplementary Figures 7.2 & 7.3.

The regression analysis for predicting the previous day’s steps from the current day’s step count had a
step count coefficient of 0.328 (SE = 0.239, p = 0.173); and for current day’s step count from the
previous day’s steps, the coefficient was 0.064 (SE = 0.047, p = 0.173).

7.6.3 Exploratory outcome

Messages highlighting the long-term benefits of walking and addressing mild body aches were linked
to higher average step counts (1272 + 1739). In contrast, messages promoting seeking support and
planning less strenuous activities were associated with a lower average step count (647 + 912) (Figure
7.6), both more than not receiving the intervention (558 + 1020) (p<0.05). We report frequency of each
intervention in Figure 7.7. The step counts on clear days were (841 + 1134), while on rainy days (788
* 1261), however the results were not statistically significant (p=0.22) (Figure 7.8). Descriptive daily
weather data over the study period is shown as Supplementary Figure 7.4, with every 1°C increase in

daily temperature leading to a decrease in 72 steps within the intervention interval.

7.7  Discussion

This investigation meticulously explored the impact of a motivational messaging intervention on physical
activity, using step count as the primary outcome and heart rate as secondary. The analysis revealed
a pronounced time-of-day effect, with activity levels peaking at 6 am and declining thereafter. Linear
regression highlighted a positive correlation between heart rate and step count, suggesting that higher
physical activity is associated with increased heart rates. The intervention's effect size on step count
and heart rate, quantified using Cohen's d, was moderate and modest, respectively. These results
highlight the subtle effects of motivational messaging on physical activity, emphasising how the timing
and content of messages can influence the responses of participants. The variability in step counts and
the moderate effect sizes suggest that while the intervention has potential, contextual factors, for

example daily weather, play a significant role in its effectiveness.

In practical terms, this analysis supports the idea that the intervention, as it was applied in this context,
does seem to have a positive effect on increasing physical activity.4%* Although, the data suggests that
the number of steps this participant took on one day did not significantly predict the number of steps
they took the following day, even when they received an intervention message, which contrasts with
the findings from the DIAMANTE university study.4%® This could indicate the intervention's effectiveness
in establishing or reinforcing a pattern of activity, potentially due to motivational reinforcement. While
the intervention shows promise, contextual elements, such as the weather, are influential, pointing to
the necessity for targeted strategies emphasising the significant role of timing and message framing to

optimise intervention effectiveness.

Effectiveness of Motivational Messaging:
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Our study shows that targeted intervention messages can significantly increase physical activity levels,
specifically step count, at certain times of the day. The lack of significant changes in heart rate suggests
that while the intervention promotes more steps, it may not sufficiently increase exercise intensity to
impact heart rate. The findings highlight the importance of considering both the timing and content of
messages to enhance their effectiveness. Additionally, environmental factors such as weather should
be factored into the design of physical activity interventions. Our study showed that motivational
messages can improve physical activity patterns. This is supported by the findings by Wadsworth et
al.,*% where text messaging was used as a tool to promote physical activity among working women.
Their findings indicated that that while in-app messaging did not significantly increase step counts, it
helped maintain physical activity levels, suggesting that motivational messages may be more effective
in sustaining behaviour rather than initiating it. In contrast Figueroa et al.,*” focused on developing
messaging content for a physical activity app, emphasising the importance of tailoring messages to
enhance capability, opportunity, and motivation. This aligns with our study’s emphasis on the influence
of message timing, suggesting that how and when messages are delivered significantly impact their
effectiveness. However, unlike the other studies, we specifically examined the impact of message timing
on physical activity through step count measurement. Our study timed messages sent out at specific
intervals (6 am, 11 am, 3 pm), whereas other studies often use a single daily message or varied timing
without a set schedule. Many previous studies focus on overall physical activity levels without
separating step count and heart rate as distinctly as our study did. Additionally, our methodology
involved a more granular analysis of how the timing of messages influenced user behaviour, whereas

the other studies primarily focused on the content and general effectiveness of the messages.

Influence of Individual and Contextual Factors:

The importance of individual differences, which may impact the effectiveness of interventions, is crucial
as evidenced by Evenson et al.,*%® who found that the association between daily steps and all-cause
mortality varied by age, suggesting that interventions might need to be adjusted based on demographic
factors. Additionally, Piercy et al.,*® discussed the relationship between physical activity and health
outcomes, emphasising that step counts, while useful, must be contextualised within broader physical

activity guidelines and individual health conditions.

The similarities in findings across these studies suggest that motivational messaging can effectively
promote physical activity, particularly when messages are well-timed and tailored. However, differences
in the impact of feedback on step counts and the influence of individual and contextual factors indicate
that there is no one-size-fits-all solution. Variations in study populations, intervention designs, and
outcome measures likely contribute to these differences. While the intervention shows promise, its
effectiveness is contingent on a deep understanding of the target population and the context in which

the intervention is applied.

7.7.1 Limitations
This study's limitations include its duration and deviation from the original protocol due to issues with
recruitment. The reason for a single participant is due to delays in recruitment to the parent LIVEPLUS,

and enrolment of participants to its intervention arm. This delay was largely exacerbated by the COVID-
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19 pandemic situation. Uncontrolled external factors such as work schedules and weather, reliance on
step counts without considering activity intensity or type, could affect results. The study's focus on our
specific population using the study app may affect generalisability. Variations in device usage and app
engagement could also impact intervention effectiveness. Additionally, the duration of the study was
relatively short, which limits our ability to assess the long-term effects of the intervention. Our study
does not touch on the effect of receiving feedback on step counts, which is a form of self-monitoring
(however the parent study LIVEPLUS, does). According to Wadsworth et al.,*% participants received
feedback via pedometers, which did not lead to an increase in mean step counts but did show a
significant difference in self-efficacy scores between the intervention and control groups. This indicates
that while step count feedback might not directly increase physical activity, it can enhance self-efficacy,
which is crucial for long-term behaviour change. This finding is somewhat contrasted by Blair et al.,*'°
who discuss the general recommendations for physical activity and does not specifically address the
immediate feedback from devices such as pedometers. However, it supports the idea that setting
specific step goals can be a motivational tool, suggesting that feedback mechanisms might play a role
in reinforcing these goals.

7.7.2 Recommendations and future directions

Future research should aim for a broader participant base to improve generalisability and enable
detailed subgroup analysis. It should assess the efficacy of specific motivational messages and broaden
physical activity metrics to encompass intensity, frequency, and type, including HRV measurements for
deeper autonomic system insights. Incorporating qualitative feedback will add context to quantitative
data, and considering external factors like weather and social support will clarify the intervention's
impact. Applying findings to public health and individual wellness initiatives will maximise the research's
practical benefits, leading to more effective, personalised activity promotion strategies. Future research
can also consider whether the timing of message delivery affects how effective the messages are and
what the long-term effects are over a 12-month period. Future research should continue to explore how
personalised strategies can optimise the effectiveness of physical activity interventions. Understanding
individual responses will help in developing more effective, targeted interventions. Additionally, studies
should consider contextual factors and daily routines, which can influence the success of interventions.
This consideration will aid in designing adaptable and responsive strategies. For data analysis, future
studies can utilise the weighted and centred least-squares (WCLS) method, which is particularly suited
for the longitudinal and nested structure of MRT data. This method allows for a robust analysis of the
causal effects of the intervention, focusing on immediate (proximal) outcomes. By addressing these
aspects, future research can build on our findings to develop more nuanced and effective physical
activity interventions tailored to individual needs and circumstances. Our study, despite focusing on a
single individual, can provide valuable insights into how tailored interventions might work on a broader
scale. By closely examining the impact of motivational messages on one person's physical activity, we
can identify specific patterns and contextual factors that influence behaviour. This detailed case study
approach can help future research understand how individual differences manifest in response to

interventions.
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7.7.3 Conclusion

Receiving a motivational message led to an increase in step counts, with no significant influence from
the previous day's steps on the current day's step count. Activity levels were highest in the morning and
gradually decreased as the day went on. Messages highlighting long-term benefits and mild ache
management proved effective in boosting step counts. This lays the foundation for developing more
advanced, personalised interventions that cater to individual needs and preferences, contributing to

public health initiatives that promote physical activity and improve overall well-being.
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Table 7.1 Intervention vs Control over study period

Control Intervention Difference P value*

N 42 48
Step count 560 £ 1023 847 £ 1243 287 £ 1610 0.003
Heart rate 638 659 2+12 0.178
Time =6 am

Step count 1882 + 1302 1580 + 74 -302 + 1304 0.580

Heart rate 727 749 2+ 11 0.438
Time =11am

Step count 183 + 64 520 £ 65 337 £ 91 <0.001

Heart rate 647 656 1£9 0.251
Time = 3pm

Step count 17.2 £ 57 61.9 £ 56 45 + 80 0.035

Heart rate 573 56+ 3 -1x4 0.011
Previous day’s step count 7107 £ 2095 8052 £ 2921 945 £ 3595 0.004

* Wilcoxon Rank Sum Test
All data expressed as mean (SD).
Heart rate in bpm (beats per minute).

Step counts are expressed as whole numbers.
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Daily Step Count and Mean Heart Rate Over Time
Overlay of step count and mean heart rate
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Figure 7.3 Time series of daily step count with mean heart rate (over 180 mins following intervention) during the 90-day period.
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Box Plot of Step Counts by Time and Group

Mean values represented by grey dots
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Figure 7.4 Step counts per intervention time point.
Individual measurements are shown as grey dots.
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Relationship between Previous Day Steps and Step Count within 180 min of intervention
Points colored by group (Control vs. Intervention)
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Figure 7.5 Intervention dependant step count compared to previous day’s total step count.
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Average Step Count by Actual Message

Why not ask your loved ones for support to be more active? Their encouragement can help you progress that little bit further
Walking can improve your mood and clear your mind.

Try planning out easier ways to be more active. This could be getting off the bus a few stops early.

Being active doesn’t need to be expensive. A pair of comfortable shoes and a bottle of water is all it takes!

Others will see the changes you are making for your health.

Your loved ones will be proud to see the positive changes in your health over time.

Increasing your activity levels is good for you and those around you!

Place some comfortable shoes in a place that will prompt you to head out for a walk. Imagine the benefits it could bring!
Other people like you are experiencing the benefits of being active. You could too!

Invite a friend or family member to go on a walk with you. Use this active time to catch up.

There will be times when you do not meet your goals. That's ok, just keep moving forward. It is important not to give up.
You are a strong person. Use that strength to reach your activity goal.

You can inspire others by being active yourself.

Haven't been active before? Don't let that hold you back. Start today and feel a sense of achievement!

Keep working towards your activity goals. You will get there!

No message

Actual Message

Increasing activity levels doesn’t need to be hard. Go for a brisk walk to the park, the shops, or a friend's house.

Is something making exercise hard for you? If so, what could you do to overcome the obstacles?

Walking increases your fitness and your chances of living longer.

Going on a long walk can help you to reduce your stress. Give it a try, see how you feel.

Taking part in healthy activities with others can make you feel great. The more you do, the more you will be capable of!
Involve your loved ones in your activities. You can all benefit!

Do not feel bad if you have to start slow. Steady progress is better than no progress. It will pay off!

When feeling down you may not feel like being active. But being active will lift your mood. Give it a go!

Walking can help you to lose weight, improve your blood sugar, and protect your heart.

Having good support is the best way to reach your goals and manage your health. Look for people who give you support, advice, and companionship.
Managing your mild body aches can be hard. Being active can help.

Regular walking can have long term benefits for your health. Why not walk towards feeling your best?

o

1000 2000 3000
Average Step Count

Figure 7.6 Average step count in relation to each message.
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Your loved ones will be proud to see the positive changes in your health over time.

You can inspire others by being active yourself.

Why not ask your loved ones for support to be more active? Their encouragement can help you progress that little bit further
Walking increases your fitness and your chances of living longer.

Walking can improve your mood and clear your mind.

Walking can help you to lose weight, improve your blood sugar, and protect your heart.

Try planning out easier ways to be more active. This could be getting off the bus a few stops early.

Taking part in healthy activities with others can make you feel great. The more you do, the more you will be capable of!
Others will see the changes you are making for your health.

Other people like you are experiencing the benefits of being active. You could too!

Is something making exercise hard for you? If so, what could you do to overcome the obstacles?

Increasing your activity levels is good for you and those around you!

Having good support is the best way to reach your goals and manage your health. Look for people who give you support, advice, and companionship.
Haven't been active before? Don't let that hold you back. Start today and feel a sense of achievement!

Being active doesn’t need to be expensive. A pair of comfortable shoes and a bottle of water is all it takes!

When feeling down you may not feel like being active. But being active will lift your mood. Give it a go!

Regular walking can have long term benefits for your health. Why not walk towards feeling your best?

Place some comfortable shoes in a place that will prompt you to head out for a walk. Imagine the benefits it could bring!
Keep working towards your activity goals. You will get there!

Going on a long walk can help you to reduce your stress. Give it a try, see how you feel.

You are a strong person. Use that strength to reach your activity goal.

Managing your mild body aches can be hard. Being active can help.

Involve your loved ones in your activities. You can all benefit!

Invite a friend or family member to go on a walk with you. Use this active time to catch up.

Increasing activity levels doesn’t need to be hard. Go for a brisk walk to the park, the shops, or a friend's house.

Do not feel bad if you have to start slow. Steady progress is better than no progress. It will pay off!

There will be times when you do not meet your goals. That's ok, just keep moving forward. It is important not to give up.

Figure 7.7 Frequency of intervention.
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Step Count across Different Weather Conditions
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Figure 7.8 Step count across daily weather conditions.
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The case study outcomes in Chapter 7 highlighted the potential of gamified digital health interventions
while also revealing areas for improvement and further research. Chapter 8 synthesises these findings
with insights from the preceding chapters, providing a comprehensive discussion of their implications
for public health, clinical practice, and future research. This chapter reflects on the contributions of the
thesis to the field of vascular health, emphasising the integration of lifestyle and digital interventions as

a promising approach to combating cardiovascular diseases.

Chapter 8 critically evaluates the strengths and limitations of the research, considering methodological
challenges, participant variability, and the scalability of interventions. It also explores the broader
implications of the findings, such as their relevance to policy development, healthcare delivery, and the
design of future studies. By connecting the diverse strands of research, the chapter offers a cohesive

narrative that underscores the thesis’s significance.

Finally, the chapter outlines recommendations for future work, focusing on enhancing intervention
design, leveraging technological advancements, and addressing barriers to implementation. Chapter 8
concludes by reaffirming the thesis’s central argument: that an integrated approach combining lifestyle
modifications and digital health innovations is essential for addressing the growing burden of

cardiovascular diseases.
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8 Chapter 8: Discussion

The concluding chapter of this thesis provides an in-depth discussion of the principal findings, as

illustrated in Figure 8.1. Additionally, it highlights potential avenues for future research that would
expand and enhance the body of work presented in this thesis.

An improved understanding of vascular ageing and digital health intervention strategies

DHI RCT on vascular
function

Key result 1
Significant weight loss was
observed among those with

access to the app, indicating
the potential of digital health
interventions in promoting
weight loss and improving
vascular function.

Key result 2
While there were
improvements in vascular
function, cardiometabolic
markers did not show
significant changes in the
short term, suggesting the
need for longer-duration
studies with more
participants.

Key result 3
The digital platform to
deliver this intense lifestyle
intervention was effective in
individuals with LAP.

Figure 8.1 Summary of thesis outcomes.

Digital health apps on
cardiovascular risk

Key result 1
Apps with gamification
elements led to
improvements in biomarkers
such as HbA1c and body
weight, although there were
no significant changes in
LDL cholesterol and systolic
blood pressure (SBP).

Key result 2
User interest and
engagement, driven by
game elements targeting
intrinsic motivation, were key
factors in the success of
gamified health
interventions.

Key result 3
Gamification enhanced the
overall functionality scores

of the apps, making them
effective tools for managing
cardiometabolic health.

CVD, cardiovascular disease; DHI, digital health intervention; RCT, randomised controlled trial.
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8.1  Summary of key findings
By analysing data from the large prospective UKBB study (Chapter 2) with over 29,000 participants, all
free of cardiovascular diseases at baseline, with ultrasound measurements of CIMT, we found that
higher CIMT is linked to an increased risk of incident CHD, myocardial infarction, and heart failure, but
not stroke, dementia, peripheral vascular disease, or aortic aneurysm. The near-linear dose-response
relationship for CHD and MI highlights CIMT's potential as a predictive marker for these conditions,
especially when combined with the cumulative cardiometabolic risk index (CRBI) score. Notably, CRBI
was a stronger predictor of increased CIMT and the risk of developing CHD and MI than individual risk
factors alone. These findings underscore the importance of maintaining optimal cardiometabolic risk

factor levels to reduce CIMT and subsequent cardiovascular risk.

Preliminary findings from the ongoing LIVEPLUS ftrial, as detailed in Chapter 4, indicate that an
intensive lifestyle intervention, which includes a 5:2 pescovegetarian diet, regular exercise training, and
a stress-reduction mindfulness component, may lead to significant weight loss at 6 months. Early data
indicate that the digital intervention used in this trial effectively aided both participants and researchers
in monitoring and promoting adherence to lifestyle changes, such as tracking compliance with weight
loss and physical activity volume and intensity. These findings underscore the potential of digital health
tools to enhance cardiovascular function. Although significant improvements in vascular function were
observed, the cardiometabolic markers did not yet show significant changes, likely due to the small
number of participants recruited so far and the short duration of the study. We are confident that as we
increase the sample size by recruiting more participants and follow them through the 12-month
intervention, we will be able to draw more definitive conclusions regarding the sustained impact of these

interventions.

These preliminary findings on the effectiveness of digital health technology are bolstered by data
already published. Chapter 5's systematic review on gamification provided compelling evidence that
health applications incorporating game elements led to significant improvements in key biomarkers,
such as body weight and circulating HbA1c levels. However, the review found no significant changes
in LDL-cholesterol and systolic blood pressure. The success of these gamified health interventions was
primarily driven by increased user engagement and sustained interest, which were attributed to the
intrinsic motivation fostered by game elements. This highlights the potential of gamification to
significantly enhance the functionality and effectiveness of health apps in managing cardiometabolic

health, offering a dynamic and engaging approach to health management.

The preliminary results of the micro-randomised trial presented in Chapter 7 suggest the powerful
impact of motivational messages on physical activity levels. These preliminary findings suggest that
messages sent during mid-morning, specifically around 11 am, were most effective in increasing daily
step counts. Moreover, messages that emphasised long-term health benefits and addressed common
concerns such as mild body aches resulted in higher average step counts. This highlights the potential
critical importance of message timing and content in motivating physical activity. Irrespective of the

specific message target, the intervention consistently led to a significant increase in steps compared to
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the control group. These preliminary findings underscore the effectiveness of targeted, timely health

interventions in promoting increased physical activity levels and supporting healthier lifestyles.

Chapter 8 summarises the key findings, implications, and limitations of the studies discussed
throughout this thesis, with a particular emphasis on leveraging digital health interventions for managing
cardiometabolic diseases. The chapter concludes by recommending targeted strategies to enhance the
effectiveness of these digital interventions, particularly through the customisation of exercise programs

for adults experiencing obesity-related cardiometabolic issues.

8.1.1 Lifestyle

Lifestyle interventions are essential in the prevention and management of atherosclerotic CVDs. As
illustrated in Chapter 4, intensive lifestyle changes facilitated through digital platforms was effective in
managing cardiovascular health among LAP individuals, leading to significant weight loss. This weight
reduction is crucial for mitigating CVD risk. Moreover, the improvement in vascular function observed
in a short timeframe, despite not yet reflecting in cardiometabolic markers, indicates the potential long-
term benefits of sustained lifestyle modifications. Chapter 7's findings on motivational messages further
underscore the efficacy of lifestyle interventions. Messages emphasising long-term benefits of walking
and addressing concerns like mild body aches resulted in higher average step counts, demonstrating
that targeted, timely health interventions can effectively promote healthier habits. These lifestyle
changes, reinforced through digital platforms and motivational messaging, align with public health
strategies aiming to reduce the incidence of major cardiovascular events through behaviour change.
Additionally, Chapter 2’s analysis of the UK Biobank cohort showed that higher CIMT values were
strongly associated with increased risk of CHD and myocardial infarction, emphasising the critical role
of lifestyle management in mitigating these risks. The findings from Chapter 2 on CIMT highlight the
foundational role of vascular markers in predicting CVD risk. This builds on the causal inferences made
possible through the controlled interventions discussed in Chapter 4, where lifestyle changes were

systematically assessed for their impact on vascular function and cardiometabolic health.

8.1.2 Digital Health

Digital health solutions offer promising avenues for enhancing patient outcomes in cardiovascular risk
management. Chapter 4's findings on the effectiveness of intensive lifestyle interventions via digital
platforms in LAP individuals illustrate the feasibility and success of these interventions in real-world
settings. These platforms facilitated significant weight loss, a crucial factor in reducing CVD risk.
Furthermore, Chapter 5's systematic review on gamification reveals that incorporating game elements
into health apps significantly improves biomarkers such as HbA1c and body weight. Gamification
enhances user interest and engagement, critical for sustained app use. The success of these digital
interventions underscores the importance of leveraging technology to deliver personalised and
engaging health management strategies. Chapter 7’s exploration of motivational messages through
mobile technology confirms that well-timed and targeted digital interventions may promote physical
activity and healthier lifestyles. These preliminary data suggest that mid-morning messages were
particularly effective, indicating the importance of optimal timing in public health initiatives to maximise

engagement and behaviour change. Digital nudges, tailored to individual needs and sent at strategic
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times, have shown to significantly increase daily activity levels, promoting a more active and healthier
lifestyle. The results in Chapter 5 emphasise the potential of gamification to enhance user engagement
and adherence, as further explored in Chapter 7 using the MIRTH protocol. These findings suggest
that digital interventions could complement traditional strategies, addressing adherence challenges

noted in Chapters 3 and 4.

8.1.3  Vascular Function

Vascular function is a critical indicator of cardiovascular health, with clinical tools such as CIMT
providing valuable insights into the risk of CHD and MI. Chapter 2 highlights the significant association
between higher CIMT and increased incidence of CHD and MI, suggesting that CIMT serves as a
predictive clinical tool for major cardiovascular events. This finding underscores the importance of
comprehensive cardiometabolic risk management to prevent CVDs, reinforcing the need for early
interventions in at-risk individuals. The UK Biobank study, involving 29,292 participants, revealed
significant variances in CIMT across different demographic and lifestyle factors. For instance, each
additional year of age was associated with a 6.05 ym increase in CIMT, while being male contributed
toa 13.02 ym higher CIMT compared to females. The cumulative burden of cardiometabolic risk factors,
quantified by the CRBI score, was strongly associated with higher CIMT, highlighting the multifaceted
nature of vascular health. Furthermore, Chapter 4’s findings on the improvement of vascular function
through intensive lifestyle interventions support the potential benefits of sustained lifestyle changes.
Despite a minor increase in CIMT suggesting dietary interventions alone may not suffice, the
comprehensive analysis of lifestyle, demographic, and cardiometabolic factors in Chapter 2 contributes
to a deeper understanding of vascular aging processes. These findings collectively highlight the critical
role of vascular function monitoring and comprehensive risk management in the early detection and

prevention of cardiovascular diseases.

8.1  Broader implications for clinical care
The findings from this thesis show the significant clinical implications of monitoring CIMT as a predictive
tool for major cardiovascular events. The association between higher CIMT and increased incidence of
CHD and Ml suggests that regular CIMT assessments can enable early identification and intervention
for at-risk individuals. This aligns with the broader clinical practice of comprehensive risk management,
highlighting the necessity of addressing multiple cardiometabolic risk factors simultaneously. For
example, maintaining a healthy diet can improve LDL cholesterol, glucose and blood pressure levels,
while regular exercise can enhance insulin sensitivity, which are crucial for cardiovascular health. The
CRBI score's robust predictive power for future cardiovascular events emphasises the need for a
multifaceted approach in clinical care, distinct from existing tools such as the ASCVD Risk Estimator,*'!
which does not incorporate CIMT measurements. The current Australian guidelines also do not include
CIMT,*12 yet this thesis suggest its potential value. The association between CIMT and modifiable
lifestyle behaviours, as highlighted in Chapter 2, underscores the critical role of addressing behavioural
risk factors early in clinical care to mitigate the progression of atherosclerosis. Furthermore, the

LIVEPLUS Protocol demonstrated that a structured, intensive lifestyle program could be implemented
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in real-world clinical settings, offering a scalable approach to improve vascular outcomes across diverse

patient populations

Furthermore, the results of this thesis show the feasibility of using digital platforms for cardiovascular
management in specific patient cohorts. The improvements in vascular function observed in Chapter 2
suggest that digital health interventions could contribute towards reducing CVD risk and plaque burden,
although further research with longer durations and larger sample size is required to confirm these
findings. Chapter 5 specifically examined whether gamification could enhance weight loss, finding that
health apps incorporating game elements indeed may lead to improved biomarkers such as HbA1c and
body weight. These findings indicate that gamification may effectively increase user engagement and
motivation, crucial for sustained health behaviour changes. Apps utilising gamification thus hold
significant promise for health and weight loss interventions, aligning with Australian government policies

to empower individuals with health information and promote self-management.

Additionally, the research underscores the efficacy of targeted, timely health interventions in promoting
healthier lifestyles. Motivational messages that address individual motivations and concerns, such as
long-term benefits and mild body aches, have been shown to be particularly effective in increasing
physical activity levels, as confirmed by Chapter 5's findings on intrinsic motivation. This thesis
contributes to the growing body of evidence suggesting that optimal timing, such as mid-morning
messages, can enhance the efficacy of public health interventions. However, more extensive studies
are needed to understand the mechanisms behind health messaging effectiveness across diverse
demographics and to evaluate the long-term impacts on sustained behaviour change. These insights
are crucial for developing more effective public health strategies and interventions that can adapt to the

needs of varied populations, ultimately improving cardiovascular health outcomes on a broader scale.

8.2 Limitations
Despite the valuable insights provided by this thesis, several limitations must be acknowledged. First,

the study design of the UKBB, which involves CIMT measurements and their correlation with
cardiometabolic risk factors, limits our ability to establish causation. While strong associations were
observed, causality cannot be definitively determined. The inherent limitations of observational studies,
such as residual confounding and reverse causality, remain significant despite statistical adjustments.
Factors such as unmeasured behavioural or genetic influences may bias the observed associations
between lifestyle factors and cardiometabolic outcomes. CIMT, while a useful predictor of
cardiovascular risk, may not fully capture the complexity of atherosclerotic disease progression, as it
serves as a surrogate marker with varying predictive accuracy based on population and measurement
techniques. To establish causal relationships between CIMT, CRBI scores, and cardiovascular events,
Mendelian randomisation are required. Second, the UK Biobank study population may not be fully
representative of the broader population. Its cohort, predominantly comprising healthier and more
health-conscious individuals, introduces a potential selection bias that could limit the generalisability of
the findings. Furthermore, the demographic homogeneity of this cohort, especially regarding ethnicity,
may not reflect the diverse populations encountered in clinical practice. The overrepresentation of

health-conscious individuals within the UK Biobank cohort introduces healthy volunteer bias, which
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could skew findings and limit applicability to less health-engaged populations. The lack of inclusion of
individuals from rural areas, socioeconomically disadvantaged groups, or varying healthcare access
settings reduces the generalisability of the findings, particularly for underserved populations. Chapters
2, 3, and 4 highlight critical limitations, including the observational nature of some data, the small sample
size in intervention studies, and the relatively short duration of follow-up. These factors limit the ability
to draw definitive conclusions, although observed trends provide valuable insights into potential

mechanisms and effects.

The digital health interventions examined in Chapter 4, although promising, were tested over relatively
short durations and involved a small sample size. As a result, the long-term sustainability and
generalisability of these interventions remain uncertain, highlighting the need for further research with
extended follow-up periods and more diverse populations. The relatively short duration of follow-up
across several interventions, ranging from weeks to months, may not reflect the long-term sustainability
or health outcomes of the strategies evaluated. For interventions such as gamification and motivational
messaging, the absence of longitudinal data means that the persistence of observed behavioural
changes remains uncertain. Chapter 5's analysis of gamification in health apps also faces limitations
due to the heterogeneity among the included studies, the variability in app designs, and the potential
for publication bias. While the meta-analysis provided comprehensive insights, it revealed considerable
variability in outcome measures, which could impact the reliability and applicability of the findings. The
systematic reviews, particularly those assessing gamification, faced methodological limitations due to
substantial heterogeneity in study designs, app functionalities, and evaluation criteria, which challenge
the interpretation of summary results. Positive outcomes were observed; however, the short follow-up
periods may not capture the long-term effects or sustainability of these benefits. Additionally, the
effectiveness of digital health interventions and gamification strategies may not be uniform across all
demographics. Factors such as age, digital literacy, and socioeconomic status could influence
engagement and outcomes. The effectiveness of digital health interventions is contingent on user
proficiency with technology, yet variability in digital literacy, especially among older adults or individuals
from low socioeconomic backgrounds, could impact engagement and outcomes. To address these
issues, further research is needed to explore how these variables affect the efficacy of digital health
tools. Larger and longer-term randomised controlled trials are essential to confirm the effectiveness and

durability of these interventions.

The motivational messaging intervention assessed in Chapter 7 demonstrated positive effects on
physical activity; however, the study did not explore the intensity or quality of the activity, which are
important factors in cardiovascular health. The timing and content of messages showed efficacy, but
the mechanisms underlying these effects, and their long-term sustainability were not fully elucidated.
The study also faced limitations in sample size and demographic diversity, which may impact the
generalisability of the findings to broader populations. The underlying mechanisms driving the observed
effects of motivational messaging and gamification strategies remain poorly understood, necessitating

further research to clarify psychological and behavioural pathways.
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Another limitation is the reliance on self-reported data for certain lifestyle factors, such as physical
activity and dietary habits. Self-reported data can be prone to inaccuracies and biases, potentially
affecting the reliability of the findings. Outcome measures such as self-reported physical activity or
dietary patterns are inherently prone to recall bias and social desirability bias, potentially overestimating
adherence or underreporting undesirable behaviours. Objective measurements, such as wearable
device data, were not consistently used across studies, limiting the accuracy of assessments and
comparability of findings. This can lead to over- or underestimation of the true effects of the
interventions. Objective measures, such as wearable fitness trackers and dietary logs, would provide
more accurate assessments. Additionally, while the CRBI score proved to be a strong predictor of
cardiovascular events, its applicability across different ethnicities and populations needs further
validation, given that the study primarily included participants from the UK Biobank. Lastly, the current
Australian guidelines for CVD management do not include CIMT as a standard assessment tool, limiting
the immediate clinical application of the thesis findings within the existing healthcare framework.
Integrating CIMT and digital health strategies into routine clinical practice would require significant
changes in clinical guidelines, training, and resource allocation. The integration of CIMT assessments
and digital health interventions into routine clinical practice faces significant logistical and economic
barriers, including the need for practitioner training, resource allocation, and updates to clinical
guidelines. Current healthcare policies may not fully support the adoption of advanced digital tools or

the inclusion of surrogate markers such as CIMT, further complicating clinical translation.

While the research presented in this thesis advances our understanding of cardiovascular risk
management, the limitations related to study design, population diversity, measurement techniques,
and the need for longer-term and larger-scale studies must be considered when interpreting the findings
and their broader implications for clinical practice. Addressing these limitations will be crucial in
advancing our understanding of cardiometabolic diseases and refining digital health interventions to

maximise their benefit for individuals with or at risk of such conditions.

8.3  Future directions
Building on the findings of this thesis, several future research directions are proposed to advance the
understanding and management of atherosclerotic CVD and CHD. Firstly, there is a need for Mendelian
randomisation studies and randomised clinical trials to establish causal relationships between CIMT,
CRBI scores, and cardiovascular events. Such studies will offer critical insights into the progression of
atherosclerosis and the long-term effects of various interventions on cardiovascular outcomes.
Additionally, future research should strive to include participants from diverse ethnic backgrounds and
socioeconomic statuses to ensure that findings are generalisable to the broader population. This
approach will help in understanding how different demographic factors influence cardiovascular health

and the effectiveness of interventions.

To validate the findings related to digital health interventions and gamification, future research should
focus on longer-duration studies with larger sample sizes. Large-scale, randomised controlled trials are
needed to assess the long-term impacts of digital health platforms and gamification strategies on

cardiovascular health, determining the sustainability of observed benefits. Incorporating objective
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measures, such as wearable fitness trackers, continuous glucose monitors, and detailed dietary logs,
can improve the accuracy of data on physical activity, dietary habits, and other lifestyle factors, reducing
reliance on self-reported data. Additionally, research should explore the integration of these digital tools
into routine clinical practice to enhance patient outcomes. Future studies should also aim to optimise
digital health interventions by personalising content and leveraging advanced technologies like artificial
intelligence and machine learning to tailor interventions in real-time and support behaviour change more

effectively.

Further research is needed to understand the mechanisms behind the effectiveness of motivational and
health messaging strategies. Investigating how various demographic groups respond to different
message contents, timings, and delivery methods will help maximise engagement and behaviour
change across diverse populations. Additionally, studying the psychological and behavioural
mechanisms driving these responses will aid in developing more targeted public health interventions.
Research should also explore how factors like age, digital literacy, and socioeconomic status influence
engagement with digital health tools and the effectiveness of these interventions.

Future research should focus on comparative effectiveness studies to evaluate CIMT against
established risk assessment methods like the ASCVD risk calculator, determining its added value in
routine cardiovascular risk evaluation. Additionally, it is crucial to develop and assess multi-faceted
approaches to cardiometabolic health, exploring how lifestyle modifications, pharmacological
treatments, and digital health tools can synergistically reduce cardiovascular risk and enhance health
outcomes. Interdisciplinary research integrating cardiology, behavioural science, digital health, and
public health will be essential for creating comprehensive strategies for CVD prevention and
management. Collaborative efforts among researchers, healthcare providers, and policymakers are
needed to translate findings into practical, widely implemented interventions that reduce cardiovascular
disease burden. Finally, research should emphasise integrating these insights into clinical practice and
public health policies. Scaling up evidence-based interventions at the policy level will be vital for
improving population health and developing more effective, personalised, and sustainable strategies

for cardiovascular disease prevention and management.

8.4  Final recommendations
Based on the findings of this thesis, we suggest integrating CIMT into routine clinical practice in high-
risk individuals due to its strong predictive value for CHD and heart failure. Moreover, combining CIMT
measurements with traditional risk assessment tools may enhance the identification of high-risk
individuals and support early intervention. Comprehensive risk management should include lifestyle
modifications, pharmacological treatments, and continuous monitoring of cardiometabolic indicators.
The effectiveness of digital health interventions demonstrated in this thesis suggests they should be
considered for lifestyle changes, weight management, and cardiovascular health. Health apps with
gamification elements can improve user engagement and outcomes, and collaboration between

developers and healthcare providers is essential for creating effective gamified tools. Effective health
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messaging should be well-timed and content-specific to enhance public health initiatives. Targeted
messages addressing individual motivations can promote healthier behaviours. Future research should
include diverse populations to ensure recommendations are inclusive and applicable across different
demographics. Long-term studies are needed to confirm the sustained benefits of short-term
interventions. Public health campaigns should raise awareness about cardiovascular risk assessment
and lifestyle modifications, empowering individuals to manage their health effectively. Implementing
these recommendations will improve cardiovascular disease prevention and management, leading to

better health outcomes and reduced cardiovascular events.

8.5 Conclusions
This thesis highlights CIMT's crucial role as a predictive tool for atherosclerotic cardiovascular diseases
(CVDs), demonstrating its strong link to coronary heart disease (CHD) and myocardial infarction. It
emphasises the need to incorporate CIMT into routine clinical practice, complemented by
comprehensive risk management strategies for high-risk individuals that address the cumulative burden
of cardiometabolic risk factors. The research also indicates that digital health platforms can be effective
for weight loss and improving vascular function, though more long-term studies are required.
Additionally, gamification in health apps significantly boosts user engagement and improves biomarkers
such as HbA1c¢ and body weight. Targeted motivational messages were shown to effectively encourage
physical activity and healthier lifestyle choices. By addressing these limitations in future research, this
body of work provides a framework for advancing both scientific understanding and practical

implementation of lifestyle interventions in cardiometabolic health.
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Flow of participants through study.
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Supplementary Figure 2.1. Flow diagram of participants in this study.
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by Sex
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Ridge Plot of Carotid intima-media thickness (CIMT) by Cardiometabolic-risk
biomarker index (CRBI) score

Total population per score category shown to the right of the plot

Optimal CIMT cutoff 900pm (ESC)

>3

>2 & =3

>1 & =2

Cardiometabolic-risk biomarker index (CRBI) score

5661
=0 & =1 “ ’W
2253
0
500 600 700 800 960 1000

Carotid intima-media thickness (CIMT) (pm)

Supplementary Figure 2.4. Carotid intima-media thickness values per CRBI score in our study population.
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Supplementary Figure 2.5. Directed acyclic graph (DAG) demonstrating variables for the cardiometabolic-risk biomarker index (CRBI) from UK biobank
biomarkers, and its association with vascular ageing via carotid intima-media thickness (CIMT).

In this Directed acyclic graph (DAG), the Cardiometabolic-risk biomarker index (CRBI) score is calculated based on the certain biomarker values from the UK
Biobank. The CRBI score is used to measure health status, which is then associated with vascular ageing. Vascular ageing is assessed by carotid intima-
media thickness (CIMT).

Other covariates such as age, sex, diet, socio-economic status, physical activity, smoking, alcohol use, and ‘body weight’ are also included in the DAG as
additional nodes that may have direct or indirect effects on vascular ageing. Outcome and exposures are in different coloured bubbles.

CHD, coronary heart disease; M|, myocardial infarction; HF, heart failure
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Supplementary Table 2.1. STROBE statement.

STROBE Statement—Checklist of items that should be included in reports of cohort studies

:im Recommendation Location in manuscript

(a) Indicate the study’s design with a commonly used term in the title or the abstract Section 2.1.2

Title and abstract 1 (b) Provide in the abstract an informative and balanced summary of what was done and .
Sections 2.1.2 & 2.1.3

what was found
Introduction
Background/rationale 2 Explain the scientific background and rationale for the investigation being reported Section 2.2
Objectives 3 State specific objectives, including any prespecified hypotheses Section 2.2
Methods
Study design 4 Present key elements of study design early in the paper Section 2.3.1
Setting 5 Describe the setting, locations, and rglevant dates, including periods of recruitment, Section 2.3.1

exposure, follow-up, and data collection

(a) Give the eligibility criteria, and the sources and methods of selection of
- participants .
Participants 6 (b) For matched studies, give matching criteria and number of exposed and Supplementary Figure 2.1
unexposed

Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, and effect Supplementary Table 2.2

modifiers. Give diagnostic criteria, if applicable

Data sources/

For each variable of interest, give sources of data and details of methods of assessment
8* (measurement). Describe comparability of assessment methods if there is more than one

Supplementary Table 2.2

measurement

group
Bias 9 Describe any efforts to address potential sources of bias NA
Study size 10 Explain how the study size was arrived at Section 2.4.1




Quantitative Explain how quantitative variables were handled in the analyses. If applicable, describe .
) 11 . : Section 2.3.6
variables which groupings were chosen and why
(a) Describe all statistical methods, including those used to control for confounding Section 2.3.6
(b) Describe any methods used to examine subgroups and interactions NA
Statistical methods 12 (c) Explain how missing data were addressed Section 2.3.4 (last three
sentences)
(d) If applicable, describe analytical methods taking account of sampling strategy NA
(e) Describe any sensitivity analyses NA
Results
(a) Report numbers of individuals at each stage of study—e.g. numbers potentially
eligible, examined for eligibility, confirmed eligible, included in the study, completing Section 2.4.1
o follow-up, and analysed
Participants 13*
(b) Give reasons for non-participation at each stage Supplementary Figure 2.1
(c) Consider use of a flow diagram Supplementary Figure 2.1
(a) Give characteristics of study participants (e.g. demographic, clinical, social) and Table 2.1
Descriptive data 14* information on exposures and potential confounders |
(b) Indicate number of participants with missing data for each variable of interest NA
Outcome data 15*  Report numbers of outcome events or summary measures Section 2.4.2 to Section 2.4.5
(a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates and their
precision (e.g., 95% confidence interval). Make clear which confounders were adjusted for Table 2.1
and why they were included
Main results 16 (b) Report category boundaries when continuous variables were categorized Table 2.1
(c) If relevant, consider translating estimates of relative risk into absolute risk for a NA

meaningful time period.
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Other analyses

17

Report other analyses done—e.g. analyses of subgroups and interactions, and sensitivity

Table 2.2, Table 2.3, and

analyses Figure 2.3
Discussion
Key results 18 Summarise key results with reference to study objectives Section 2.5
Limitations 19 'DISCUS'S 'I|m|tatI|ons of the stgdy, ltaklng into acgount sources of pf)ten'tlal bias or Section 2.5
imprecision. Discuss both direction and magnitude of any potential bias
. Give a cautious overall interpretation of results considering objectives, limitations, .
Interpretation 20 L o . . Section 2.5
multiplicity of analyses, results from similar studies, and other relevant evidence
Generalisability 21 Discuss the generalisability (external validity) of the study results Section 2.5
Other information
Funding 29 Give the source of funding and the role of the funders for the present study and, if NA

applicable, for the original study on which the present article is based

*Give information separately for exposed and unexposed groups.
Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and published examples of transparent reporting. The STROBE checklist is best used in conjunction with this
article (freely available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the STROBE
Initiative is available at www.strobe-statement.org.
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Supplementary Table 2.2. Covariates, units, type, definitions, normal values, and UK Biobank field codes (if applicable).

Variable

Units

Type

Definition

Healthy levels

UK Biobank field code(s)

Age

years

Exposure

This is a derived variable based on date of birth and date of
attending assessment centre and refers to the age of the
participant on the day they attended an Assessment Centre,
truncated to whole year part.

34

Sex

Exposure

Female/Male

31

Carotid intima media
thickness (CIMT)

pm

Outcome

Ultrasound measurement of the two innermost layers of the
arterial wall, where atherosclerotic damage begins before plaque
occurrence.*'? It is a marker of subclinical atherosclerosis.*'*
IMT values of more than 0.9 mm may be attributed to
asymptomatic vascular damage; European Society of Cardiology
(ESC).22

<0.9mm (ESC)

22672, 22675, 22678, 22681,
22671, 22674, 22677, 22680,
22670, 22673, 22676, 22679

Sleep duration

hours

Exposure

About how many hours sleep do you get in every 24 hours
(including naps)? If the time you spend sleeping varies a lot, give
the average time for a 24-hour day in the last 4 weeks

NA

1160

Physical activity score

NA

Exposure

The physical activity score was calculated using participants’ self-
reported answers to questions from the International Physical
Activity Questionnaire (IPAQ)*'S.

NA

864, 874, 884, 894, 904, 914,

Waist circumference

cm

Exposure

Waist circumference refers to the measurement taken around the
abdomen at the level of the natural waist, typically just above the
hip bones. It is used as a simple anthropometric indicator to
assess central obesity and the distribution of body fat. Waist
circumference measurement provides valuable information about
the amount of fat stored in the abdominal region, which is
associated with an increased risk of various health conditions,
including cardiovascular diseases, type 2 diabetes, and metabolic
syndrome.*16

94-102 cm for M
80-88 cm for F

Hip circumference

cm

Exposure

Hip circumference refers to the measurement taken around the
widest part of the hips and buttocks. This anthropometric
measurement is valuable for evaluating body composition and fat
distribution. Hip circumference is often used in conjunction with
waist circumference to calculate the waist-to-hip ratio, which
provides insights into the distribution of body fat and its potential
health implications.*'”

49

Waist-hip ratio (WHR)

Exposure

Different patterns of fat distribution, as indicated by variations in
waist-to-hip ratio, can be associated with varying levels of health

*<0.5418

48, 49
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Variable Units Type Definition Healthy levels UK Biobank field code(s)
risks, particularly in relation to cardiovascular and metabolic
health.*"”
ACE touchscreen question “About how often do you drink
. Categorical alcohol?”
Alcohol intake frequency (single) Exposure “Daily or almost daily”, “Three or four times a week”, “Once or 1558
twice a week”, “Less often”, and “Never”
Smoking status Categorical Exposure “0=Never”, “1=Previous”, “2=Current” 20116
Use of cholesterol
s Exposure
medication
Use of blood pressure E
o Xposure
medication
Use of diabetes
L Exposure
medication
Diet Various Exposure Fruits and vegetables (servings/day) Various. See tables above
Vitamin intake Y/N Exposure Essential nutrients vital for bodily functions
Mineral intake YN Exposure Inorganic substances required for a range of physiological
processes
Townsend 0-5 Exposure Deprivation index measuring material deprivation in a population - 189
BMI Exposure Weight / (height)? 18.5-249 21001
Blood pressure mmHg Exposure Force exerted by circulating blood on the walls of blood vessels ?%G/go mrr:HHg and 4079, 4080
Sedentary time hours Exposure quathn of inactivity or minimal physmal movement: .C.alculated 1070, 1080, 1090
using time spent watching TV, using computer, and driving.
Any bodily movement produced by skeletal muscles requiring
energy expenditure.
Physical activity Categorical Score of 2 means: high level of physical activity See way above
Score of 1 means: moderate level of physical activity
Score of 0 means: low level of physical activity
Body weight kg Exposure Total mass of a person, often used as an indicator of health 21002
WBC x 10%cells/L  Exposure White Blood Cells, a key component of the body's immune system 4 to 11 x 10% cells/L 30000
CRP mg/L Exposure C-reactive Protein, a marker of inflammation in the body <10 mg/L 30710
IGF-1 nmol/L Exposure Insulin-like Growth Factor 1, a hormone important for growth and 13-195 30770
development
Cholesterol mmol/L Exposure A waxy substance found in blpod, essential for building cells but <5 mmol/L 30690
high levels can lead to health issues.
Triglycerides mmol/L Exposure A type of fat found in the blood, used for energy or stored in the <1.7 mmol/L 30870

body.
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Variable Units Type Definition Healthy levels UK Biobank field code(s)
High-Density Lipoprotein, often referred to as 'good' cholesterol, >immollL for M

HDL mmol/L Exposure which helps remove other forms of cholesterol from the >1.2mmol/L for F * 30760
bloodstream )

HbA1C mmol/mol Exposure Haemoglobin A1c, a measure of average blood glucose levels 20-42 mmol/mol 30750
over the past 2 to 3 months

TC:HDL ratio ) Exposure The ratio of total cholesterol to high-density lipoprotein, used as Below 6 30690, 30760

an indicator of heart disease risk

Medication females (cholesterol, blood pressure, diabetes, or take

Medication females 6153
exogenous hormones)

Medication males Medication males (cholesterol, blood pressure or diabetes) 6177

LDL 30780

*For Men: A WHR of 0.9 or less is considered low risk, 0.9 to 0.99 is moderate risk, and 1.0 or higher is high risk.
For Women: A WHR of 0.8 or less is considered low risk, 0.81 to 0.84 is moderate risk, and 0.85 or higher is high risk.
A normal CIMT is generally less than 0.9 mm, 0.9 mm to 1.0 mm may indicate a moderate risk of cardiovascular disease, and greater than 1.0 mm is often considered a sign of increased risk.
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Supplementary Table 2.3. Food groups (used for diet score creation).

Food groups

Consisting of

Unit/frequency of intake

Vegetable group Cooked vegetables' + Salad/raw vegetables heaped tablespoons/day (1 tablespoon = 14.175 grams)
Fruit group Fresh fruit + Dried fruit pieces/day
Unprocessed red meat Beef+lamb/mutton + pork intake 0 Never

group

1 Less than once a week
2 Once a week

3 2-4 times a week

4 5-6 times a week

5 Once or more daily

Fish group

Oily + non-oily intake scores

0 Never

1 Less than once a week
2 Once a week

3 2-4 times a week

4 5-6 times a week

5 Once or more daily

Processed meat group

ACE touchscreen question “How often do you eat
processed meats (such as bacon, ham, sausages,
meat pies, kebabs, burgers, chicken nuggets)?”

0 Never

1 Less than once a week
2 Once a week

3 2-4 times a week

4 5-6 times a week

5 Once or more daily

TExcluding potatoes
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Supplementary Table 2.4. Diet score calculations based on food groups from FFQ.

Diet score calculations based on food groups as shown here:

Fruits 2 3 servings/day (A standard serve is about 150g, 350kJ)

Vegetables 2 3 servings/day (A standard serve is about 75g, 100-350kJ)

> 2 servings/week, including once a week of oily fish (A standard serve is 500-600kJ, 100g cooked fish fillet,

Fish about 115g raw, or one small can of fish)

Processed meats < 1 serving/week

< 2 servings/week (A standard serve is 500-600kJ, 65g cooked red meats such as beef, lamb/mutton, pork

Red meat (lamb/beef/pork) (about 90-100g raw)

In developing the food groups for diet score calculations, we used specific criteria based on the UK Biobank's Food Frequency Questionnaire (FFQ) reporting methodology. Each food group was
meticulously defined to ensure comprehensive dietary assessment.
The diet score calculations were based on the following food groups:

For fruits, the criteria stipulated a consumption of three or more servings per day, with a standard serving being approximately 150 grams, equivalent to 350 kilojoules. Similarly, the vegetable
group required an intake of three or more servings per day, where each standard serving was about 75 grams, providing 100 to 350 kilojoules. The vegetable group consisted of both cooked
vegetables and raw salad vegetables, measured in heaped tablespoons per day, with each tablespoon equating to approximately 14.175 grams.

The fish group was categorised based on the consumption of two or more servings per week, including at least one serving of oily fish. A standard serving for fish was defined as 100 grams of
cooked fish fillet, approximately 115 grams when raw, or one small can of fish, contributing 500 to 600 kilojoules. Intake frequencies for fish were scored from 0 (never) to 5 (once or more
daily).

Processed meat consumption was limited to less than one serving per week, with intake frequencies also scored from 0 (never) to 5 (once or more daily) based on the response to the ACE
touchscreen question regarding the consumption of processed meats, such as bacon, ham, sausages, meat pies, kebabs, burgers, and chicken nuggets.

For unprocessed red meat, including lamb, beef, and pork, the criteria stipulated a consumption of less than two servings per week. Each standard serving of red meat was set at 65 grams of
cooked meat, roughly equivalent to 90 to 100 grams when raw, and provided 500 to 600 kilojoules. Intake frequencies for red meat were similarly scored from 0 (never) to 5 (once or more
daily).

Therefore, the diet score ranged from 1 to 4, with an individual having a score of either 1, 2, 3, or 4, corresponding to poor, fair, healthy, or optimal, respectively.

Detailed explanation:

Diet score 1 (Poor): This category indicates a diet that fails to meet any of the recommended criteria. It suggests low consumption of fruits and vegetables, inadequate fish intake, and high
consumption of processed and red meats.

Diet score 2 (Fair): This score reflects adherence to one of the dietary guidelines. For example, the individual might be consuming adequate amounts of fruits or vegetables, or their fish intake
is sufficient, but other aspects of the diet are not aligned with the recommendations.

Diet score 3 (Healthy): This score suggests adherence to two of the dietary guidelines. For instance, the individual might have a good intake of both fruits and vegetables but may not meet the
criteria for fish, processed meats, or red meat consumption.

Diet score 4 (Optimal): This category indicates a well-balanced diet that adheres to most or all the guidelines. It suggests a diet rich in fruits and vegetables, adequate fish consumption, and limited
intake of processed and red meats.
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Supplementary Table 2.5. Diet groups based on dietary consumption.

Diet groups Consisting of Unit/frequency of
intake

Vegan Consumption of fruits, vegetables, grains and cereals, Consumed/not
legumes and beans, nuts, and seeds but not dairy consumed
products, eggs, fish, meat, poultry, and spreads

Vegetarians Consumption of dairy products and eggs but not fish, Consumed/not
poultry, or red meat, i.e. lacto-ovo vegetarian); consumed

Fish eaters Consumption of dairy products, eggs, and fish but not Consumed/not
poultry or red meat consumed

White meat Consumption of dairy products, eggs, fish, and poultry Consumed/not

. but not red meat consumed

(Fish + poultry)

Meat eaters Consumption of dairy products, eggs, fish, poultry, and Consumed/not
red meat consumed
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Supplementary Table 2.6. Cardiometabolic-risk biomarker index (CRBI).

Cardiometabolic Optimal (0) Intermediate (1) Poor (2)

biomarker index

HbA <5.7% AND not taking 5.7% t0 6.4% OR <5.7% AND >6.5%
1 diabetes medication taking diabetes medication

TC:HDLr <3.5 AND not taking lipid 3.5 t0 <5 OR <3.5 AND taking >5

lowering medication

lipid lowering medication.

SBP <120 AND DBP <80
AND not taking BP-

Blood pressure . S
lowering medication

SBP 120-139 OR DBP 80-89
OR SBP <120 AND DBP < 80
AND taking BP-lowering
medication

SBP 2140 OR DBP 2
90
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Supplementary Table 2.7. Cardiometabolic-risk biomarker index (CRBI) score.

Optimal Intermediate Poor
HbA1c 0 1 2
TC:HDLr 0 1 2
DBP 0 0.5 1
SBP 0 0.5 1
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Supplementary Table 2.8. ICD-10 codes for outcomes and UK Biobank data fields.

ICD-10 codes

UK Biobank data fields for:

Date first reported

Source of report

= Coronary Heart Disease 125 131306 131307
3o . - 131298, 131300, 131299, 131301,
§ % Myocardial Infarction 121, 122, 123 131302 131303
B % Heart Failure 150 131354 131355
© Aortic Aneurysm 171 131382 131383
Ef’"phe’a' Vascular 173 131386 131387
isease
Stroke (Ischaemic) 163 42008 42009
Alzheimer’s disease G30 131036 131037
©
"g A81.0, F0OO, FO1, FO2,
£ . F03, F05, G30, G31.0,
g Dementia (all cause) G31.1, G31.8, and 42018 42019

167.3

*Non-fatal; Date first reported = Date for diagnosis; Source of report = Source of diagnosis

Coronary Heart Disease (Acute Coronary Syndrome - ACS): ICD-10 code: 125.1 (Chronic ischemic heart disease, which includes atherosclerotic cardiovascular disease,
atherosclerotic heart disease, and coronary (artery) atherosclerosis).*'®

Myocardial Infarction (MI): 121, 122, 123: ICD-10 code: 121 (Acute myocardial infarction).4'® 420

Heart Failure: ICD-10 code: (150).'

Aortic Aneurysm: ICD-10 code: 171 (Aortic aneurysm and dissection
Peripheral Vascular Disease: ICD-10 code: 173.4%
Stroke (Ischaemic): ICD-10 code: 163 (Cerebral infarction
Dementia: ICD-10 code: FO3 (Unspecified dementia) or more specific codes depending on type; FOO (Dementia in Alzheimer’s disease), FO1 (Vascular dementia), F02
(Dementia in other diseases classified elsewhere), FO3 (Unspecified dementia), FO5 (delirium superimposed on dementia) or G30 (Alzheimer's disease), G31
(Circumscribed brain atrophy), G31.1 (Senile degeneration of brain), 167.3 (Progressive vascular leukoencephalopathy).*? 42

)422

)419, 420
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Supplementary Table 2.9. Multicollinearity for linear regression between CMIT and all factors.

GVIF Df GVIF~(1/(2*Df))
Age 1.153711 1 1.074109558
Sex 1.456256 1 1.206754414
Ethnicity 1.038024 1 1.018834603
C-reactive protein 1.036352 1 1.018013854
Townsend 1.044192 1 1.021857061
Sleep category 1.013347 2 1.003320078
IPAQ 1.030149 2 1.007453411
Diet score 1.047552 3 1.007772646
CRBI score 1.304812 1 1.142283815
Smoke score 1.070884 2 1.017268484
Alcohol intake 1.104901 4 1.012547579
Body weight 1.487498 1 1.219630372
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Supplementary Table 2.10. Association of CRBI score and individual biomarkers with CIMT.

CRBI score Blood pressure TC:HDL ratio HbA1c
Levels B (95% ClI) P-value B (95% ClI) P-value B (95% ClI) P-value B (95% ClI) P-value
Optimal - ; - - - ; ; -
10.37 0.73 8.186 4.91(1.17,
Low (5.00,15.74) <0001 55 672) OB (534 1103 <0001 ges)  0-010
19.89 6.52 16.68 9.92 (-3.04,
Moderate 1,63 9515) <0001 46 1258) 0035 (4309 202g) <0-001 2088 0134
. 3247 20.18 28.02 11.23 (-4.03.
High 26.98,37.97) 9001 4505 2515 <0001 o596 3307) <0001 26.09) 0191
Very 44.38 37.50 34.53 12.85 (-5.52.
high (38.25,5051) 9001 3594 4206) <0001 2699 4207) <0001 3123 0170

Analyses adjusted for age, sex, ethnicity, C-reactive protein, Townsend deprivation index, sleep duration, physical activity
derived from IPAQ, dietary consumption, CIMT, smoking, alcohol consumption, and body weight.
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Appendix B
Supplementary material for Chapter 4

Supplementary Table of Contents for Chapter 4

Supplementary Figure 4.1 Screenshot from “Carotid Analyzer for Research 6” software used for data

analysis.

Supplementary Figure 4.2 Meijer’s Carotid Arc

Supplementary Figure 4.3 Impact analysis of intervention.
Supplementary Figure 4.4 Scatter plot for PWV vs. Weight Change.

Supplementary Table 4.1 Individual health conditions and medication history.

Supplementary Table 4.2 Impact of body weight (£5% & >5%) on outcome measures.

Supplementary Table 4.3 Impact of weight loss on body composition and biomarkers.

Supplementary Table 4.4 Correlation of weight change on outcome measures.
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Supplementary Figure 4.1 Screenshot from “Carotid Analyzer for Research 6” software used for data

analysis.

The dashed green line/box shows the ROI (region of interest) within which the software identifies the intima and media layers to
perform the semi-automated analysis. 150 denotes 150° angle (towards the right side of the neck, the angle at which we place
the probe, as shown in Figure 1.10 in Chapter 1).

198



Supplementary Figure 4.2 Meijer’s Carotid Arc
Used for standardising specific angles during probe placement ensuring consistent scans of both the left and right carotid
arteries.*?
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Pulse Wave Velocity

Impact Analysis of Intervention: Change Values
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Supplementary Figure 4.3 Impact analysis of intervention.
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Change in PWV vs. Change in Weight

Change in PWV (m/s)

0 5 10 7 15
Change in Weight (kg)
Supplementary Figure 4.4 Scatter plot for PWV vs. Weight Change.
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Supplementary Table 4.1 Individual health conditions and medication history.

Baseline Month 6 .
Changes in
Record Age Group Sex Conditions Medications Conditions Medications Medications
ID
Mild sleep apnoea,
Arthritis, clinical depression, . constipation, TIA in Crestor 20mg/day, Enalapril Crestor dosage
LP-1 72 Intervention Male knee operations, appendix Cre§t_or shiesfeley, EnlzEr gt 2y 2010, knee and hip 5mg/day, Aspirin 100mg/day, increased,
; - Aspirin 100mg/day . ) : . ) ;
removal, weight fluctuation pain, non-recent Circadian (occasionally) Circadian added
depression
Mild sleep apnoea, knee
LP-2 70 Control Male operations, car accident, atrial  None reported Same knee problems Aspirin 100mg/day Aspirin introduced
ablation, hernia operation
Metformin 1mg/day, Simvastatin Metformin 1mg/day, Simvastatin
LP-3 60 Intervention  Male Neck pain 20mg/day, Aspirin 100mg/day, No changes 20mg/day, Aspirin 100mg/day, No changes
Proflavanol C100 Proflavanol C100
Borderline sleep apnoea, . -
. knee operation, stroke, heart e 8 N ESET 40mg,.Natr|I|x No new conditions Idaprex 8, Atorvastatin 40mg, Zircol -
LP-4 50 Intervention  Male . . 2.5mg, Zircol 20mg, Doxycycline . Natrilix stopped
PFO device surgery, weight 50mg reported 20mg, Doxycycline 50mg
loss
Mild ‘slee:p SRRCSa alloLs Phenergan, Clopidogrel 75mg/day, Worsened sleep, basal Crestor 2.5mg/day, antihistamines
medical issues including : A
; Crestor 2.5mg/every second day, cell carcinoma, (Zyrtec/Fenugen), Ventolin, Increased use of
asthma, hay fever, skin ) L .
LP-5 67 Control Female Ezetrol 10mg/day, Norvasc 5mg/day, abnormal pap smear, Clopidogrel 75mg/day, Ezetrol antihistamines
cancer, left bundle branch A . .
) : Ventolin, vitamins, Melatonin, broken metacarpals, 10mg/day, Norvasc 5mg/day, and Ventolin
block, major depression, T ved ol fascilti S
anxiety emazepam resolved plantar fasciitis  vitamins
Eczema. hay fever Claritin, Crestor 10mg, Ezetrol 10mg, Claritin, Crestor 10mg, Ezetrol
LP-6 52 Intervention Female L ytever, = Eltroxin 25mg, CoQ10 300mg, No updates 10mg, Eltroxin 25mg, CoQ10 No changes
Hashimoto's, weight gain
Ambrotose 300mg, Ambrotose
Bowe! !nfectlon, eczema, Pradaxa 150mg, Sevikar 20/5, - Pradaxa 1§Omg, Sevikar 20/5, Added Vitamin
. hepatitis, melanoma, ) No new conditions Rosuvastatin 10mg, Sotalol HCL : o
LP-7 73 Intervention Female . . Rosuvastatin 10mg, Sotalol HCL . . . - - Calcium, Vitamin
surgeries, osteoporosis, reported 80mg, Vitamin Calcium, Vitamin D3,
. . 80mg D3, Fosamax Plus
weight gain Fosamax Plus
Childhood asthma, dermatitis, = Capra 1500mg 2x/day, Tegretol No changes since Capra 1500mg 2x/day, Tegretol
LP-8 43 Control Male fatty liver, orthopaedic 200mg 2x/day, Atorvastatin 9 200mg 2x/day, Atorvastatin No changes
. a2 month 1 a0
surgeries 40mg/day, Vitamin D 40mg/day, Vitamin D
Ezetimibe/Rosuvastatin 10mg;40mg Knee iniu Ezetimibe/Rosuvastatin 10mg;40mg
LP-9 62 Control Male Previous melanoma 1x/day, Sevikar HCT 40/10/12.5 half ) jury, . 1x/day, Sevikar HCT 40/10/12.5 No changes
circumstantial anxiety
tablet half tablet
Moderate sleep apnoea Prog_ou_t L0 3X/da¥‘ i . .
LP-10 54 Intervention Male childhood hypothyroidism, S RSN ESHED Mg No specific conditions No specific medications reported e T

L5S1 microdiscectomy

1x/day, Cartia low dose Aspirin

100mg, Apo-Candesartan 8mg 1x/day

reported

were changes

Intervention group consisting of App access and following a 5:2 pescatarian diet; Control group consisting of No app access and following American Heart Association dietary guidelines.
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Supplementary Table 4.2 Impact of body weight (£5% & >5%) on outcome measures.

Weight loss <5% (N=5)

Weight loss >5% (N=5)

P value:

Pre Post p valuet Pre Post p valuet
Age 62.60 +6.23 - - 58.00 + 13.70 - - -
Sex 4M, 1F - - 3M, 2F - - -
BMI 29.08 +5.33 28.60 +5.23 0.1 28.10 £ 4.01 25.27 + 3.51 0.06 <0.01**
Flow mediated dilation
FMD index (%) 5.59 + 3.89 8.35+7.11 0.48 6.68 + 3.00 7.10 £ 5.09 0.80 0.67
Carotid IMT
Carotid IMTwmean 0.54 £ 0.28 0.73+0.12 0.18 0.68 £0.17 0.78 £ 0.22 0.09 0.88
Carotid IMTwmax 0.70 £0.36 0.96 £0.18 0.11 0.91+0.24 0.96 £ 0.27 0.34 0.41
Pulse wave analysis
Aortic augmentation (mmHg) 6.80 + 3.86 7.80 £ 3.96 0.15 8.13+6.69 947 +7.25 0.59 0.83
Augmentation index (%) 16.00 £ 14.37  20.07 £9.26 0.79 18.07 £ 11.44 19.40£7.80 1.00 0.71
Pulse wave velocity (N=8)
PWV (m/s) 7.29 +0.82 8.29+0.98 0.07 7.90+0.92 7.49 + 0.89 0.34 0.08
Pulse transit time (ms) 69.25+10.84 66.67 +£6.92 0.37 65.42+14.84 72.34+14.85 0.18 0.20

Values are Mean + SD
+ Wilcoxon rank test

1 Adjusted for baseline value for ANCOVA

* p<0.05

** p<0.01

p value = within group

P value = between group

IMT = intima media thickness; FMD = flow mediated dilation; PWV = pulse wave velocity; SEVR = sub endocardial viability ratio; Carotid IMT reported from Far wall measurements for more accuracy
of results as per literature. M = male, F = female.
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Supplementary Table 4.3 Impact of weight loss on body composition and biomarkers.

Weight loss 5% (N=5) Weight loss >5% (N=5)

P value:
Pre Post p valuet Pre Post p valuet

Age 62.60 +6.23 - - 58.00 + 13.70 - - -
Sex 4M, 1F - - 3M, 2F - - -
Weight (kg) 85.02 +20.73 83.71 +20.68 0.1 89.56 +21.08 80.38+£17.76 0.06 <0.01*
BMI (kg/m?2) 29.08 +5.33 28.60 +5.23 0.1 28.10 £ 4.01 25.27 + 3.51 0.06 <0.01**
Waist to Hip ratio 0.96 + 0.09 0.90 £ 0.06 0.11 0.89 + 0.09 0.85+0.11 0.36 0.98
Fasting glucose (mmol/L) 6.00 + 1.29 5.90 + 1.52 0.27 5.20+0.16 5.16 £ 0.25 0.79 0.46
HbA1c (%) 5.25+0.30 5.45 + 0.54 0.42 5.42 £ 0.08 5.43+0.15 1.00 0.39
HbA1c (mmol/L) 36.60 + 4.98 35.33+7.09 1.00 36.00 +1.22 36.00 + 2.00 1.00 0.85
Total Chol to HDL-C ratio 252+1.04 2.65+0.93 0.79 2.68+0.29 2.50 £ 0.50 0.42 0.40
SBP (mmHg) 116.90 £ 9.63  120.13 £ 4.77 1.00 13:;3"2%* 1222"221 1.00 0.94
DBP (mmHg) 74.00 £ 5.49 77.63 +£5.11 0.20 77.50 £ 9.53 74.90 £ 6.90 0.79 0.38
White cell count (x10°/L) 4.98 +0.95 4.45+0.70 0.36 5.62+1.24 5.55+0.92 0.79 0.23
Neutrophil (x10%/L) 292 +0.77 245+ 0.76 0.20 3.40+£0.90 3.58 + 0.62 1.00 0.18
Cholesterol (mmol/L) 4.36 +1.93 4.85+1.93 0.85 3.90+0.33 3.70 £ 0.50 0.58 0.44
Triglycerides (mmol/L) 0.92+0.24 0.98+0.17 0.79 1.20 £ 0.31 0.98 + 0.52 0.20 0.51
HDL-C (mmol/L) 1.77 £ 0.61 1.86 + 0.60 1.00 146 +£0.12 1.53 £0.33 0.58 0.97
LDL-C (mmol/L) 2.24 £ 1.59 2.65+ 1.63 1.00 1.88 £ 0.36 1.75+0.39 0.85 0.39
Non-HDL-C (mmol/L) 260+ 1.75 3.00+1.74 1.00 244 +0.34 218 £0.53 0.57 0.35

Values are Mean + SD

+ Wilcoxon rank test

+ Adjusted for baseline value for ANCOVA
* p<0.05

** p<0.01

p value = within group

P value = between group

BMI = body mass index; Chol = cholesterol; DBP = diastolic blood pressure; HbA1c = haemoglobin A1c; HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol; SBP

= systolic blood pressure. M = male, F = female.



Supplementary Table 4.4 Correlation of weight change on outcome measures.

o) p value
Flow mediated dilation
FMD index (%) -0.12¢ 0.73
Carotid IMT
Carotid IMTmean 0.04 0.92
Carotid IMTwmax -0.524 0.13
Pulse wave analysis
Aortic augmentation (mmHg) 0.20+ 0.57
Augmentation index (%) -0.124 0.74
SEVR -0.17+ 0.67
Pulse wave velocity (N=8)
PWV (m/s) -0.73¢ 0.04*
Pulse transit time (ms) 0.63+ 0.10

+Pearson's product-moment correlation

+Spearman's rank correlation

* p<0.05

** p<0.01

IMT = intima media thickness; FMD = flow mediated dilation; PWV = pulse wave velocity; SEVR = sub endocardial viability ratio;
Carotid IMT reported from Far wall measurements for more accuracy of results as per literature.
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Gamiflication - further explained

The growing significance of digital interventions in healthcare is highlighted by their expanding clinical validation in
diagnostics, their transformative effect on drug discovery and the personalisation of digital therapeutics through artificial
intelligence. Gamified digital platforms also hold promise for enhancing adherence to lifestyle changes and reducing
CVD risk. These developments align with the World Health Organisation’s guidelines on leveraging digital health
interventions to strengthen health systems.'.2 In the context of this review, gamification is defined as the integration of
game-design elements—such as points, rewands, and challenges—into non-game healthcare settings. This foorm of
digital health intervention aims to motivate and engage individuals in adopting healthier behaviours and enhancing

treatment compliance.?

In cardiovascular care, gamification has been employed to mprove health behaviour and offers potential benefits for
physical health and mental well-being * Gamification elements shape both the structure of a game and the engagement
of its players. These elements include: game mechanics (i.e., the rules and procedures that govern how the game
operates), game dynamics (i.e., the behaviours that emerge from these mechanics, such as competition), objectives
(i.e., the goals that players strive to achieve), challenges and rewards (i.e., mechanisms that guide player progress and
motivation), feedback mechanisms (i.e.,, systems that update players on their performance), progression (i.e.,
adjustments to the difficulty level as players advance), interactivity (i.e., the ways players interact with the game
environment), namative elements (i.e., story layers that, though not always present, can enhance the experience),
aesthetics (i.e, visual and auditory aspects that enrich user experience}, and social features (i_e., capabiities for player-
toplayer interaction). Collectively, these elements contribute to a game’s design and its psychological impact on
players.® Gamification has significantly influenced various fields, including healthcare, education, and business.
Originating in digital media, the concept of "gamification” has evolved to distinguish itself from serious games, which
have a longer history and are intended for non-entertainment purposes. While serious games provide immersive
experiences through game mechanics and rules, gamification focuses on modifying user behaviour through game-like
experiences. Common gamification strategies incdude point systems, badges, leaderboards, and social network
integration to boost engagement and interaction. While many studies have evaluated the impact of digital health
technologies on CVD outcomes, often focusing on text-messaging programs, research specifically addressing the
effectiveness of gamified smariphone apps for CVD risk populations remains limited. Existing reviews tend to focus on
general digital interventions, often overlooking the unique aspects and potential benefits of gamification.

Several smartphone apps are available for managing CVD, including My Cardiac Coach™, Smart Blood Pressure
(Smart BP), and CardioSmart® Heart Explorer. My Cardiac Coach™, a free app developed by the American Heart
Association, provides a personalised recovery toolkit for heart attack survivors.5 Despite growing interest in the potential
applications of gamification for behavioural change and treatment adherence in healthcare, there is currently a lack of
condusive evidence regarding the efficacy of its core elements.” This uncertainty highlights the need for further research
to pinpoint the most effective uses and potential limitations of gamification in healthcare and beyond. Gamification has
the potential to improve outcomes such as body weight, blood pressure, and glycated haemoglobin (HbA1c) by
leveraging psychological principles that drive engagement and motivation. Incorporating game-like elements —such as
points, badges, leaderboards, and challenges— into healthcare apps may encourage individuals to maintain healthy
behaviours, including regular exercise, proper diet, and medication adherence. These elements provide immediate
positive reinforcement for completing health-related tasks, making the process of lifestyle modification more rewarding.
Additionally, they can foster a sense of competition and achievement, which may enhance long-term engagement with
the app. This sustained interaction may lead to better monitoring and self-management, ultimately resulting in more

significant and lasting improvements in key health metrics like body weight, blood pressure, and HbA1c levels.
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Textbox 1. Some popular apps used as/in digital health interventions.

1.

nAwN

o

MyFitnessPal®: Used for tracking diet and exercise, this app aims to help users lose weight or maintain a healthy
lifestyle.

Headspace®: A mindfulness and meditation app designed to improve mental well-being.

Fitbit'® 11: While primarily a fitness tracker, it also provides insights into sleep patterns and other health metrics.
Calm": Focuses on stress reduction and mental welkbeing through meditation and sleep stories.

Omada Health'>: A comprehensive program that provides personal health coaching to manage conditions like
diabetes and hypertension.

Smoke Free'd: Designed to help users quit smoking, offering craving management tips and health improvement
indicators.

Noom'® Combines calorie tracking with behaviour change strategies to help users lose weight and improve their
health.

MySugr's: A diabetes management app that helps users keep track of their blood sugar levels, medication, and carb
intake.

Apple Health'": A comprehensive app that consolidates various health data points such as physical activity, nutrition,
measured biomarkers, and sleep for an overarching view of one’s wellbeing.
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Gamification in healthcare: theoretical pros and cons

Gamification in healthcare refers to the application of game design elements such as scoring,
competition, and achievement badges to non-game contexts like healthcare management, medical
training, and patient engagement. Itis an approach that aims to make healthcare more engaging,
efficient, and effective.1?

Pros

Increased Engagement The element of fun and competition often results in higher levels of engagement
among both healthcare providers and patients.

Behavioural Change: Gamification can motivate patients to adhere to treatment plans, take medication on
time, or follow a healthy lifeshyle, thus improving health outcomes.

Data Collection: The use of gamified apps and platforms often comes with the added advantage of data
collection, which can provide valuable insights into patient behaviour and treatment efficacy.

Education and Training: Gamified simulations can provide healthcare workers with a risk-free environment
to practice procedures, improve their skills, and even familiarise themselves with new medical technology.

Stress Reduction: Light-hearted games and activities can ease the stress and anxiety often associated
with healthcare environments.

CostEfficiency: In the long term, better patient compliance and engagement could lead to less frequent
hospital visits, thus reducing healthcare costs.

Accessibility: Digital gamification platforms can make healthcare services and information accessible to
people who might otherwise have geographical or logistical constraints.

Peer Support: Some gamified platforms offer social features, allowing users to share experiences, tips, and
encouragement, thereby fostering a sense of community and support.

Cons

Not One-Size-Fits-All: What motivates one person might not motivate another; thus, the gamification model
needs to be flexble enough to cater to individual differences.

Data Privacy Concemns: With digital platforms collecting health data, there are legitimate concems over the
security and privacy of this sensitive information.

Oweremphasis on Rewards: There is a risk that users may become focused solely on earning rewards
rather than the actual health benefits, which could lead to unintended negative behaviours.

Cost of Implementation: The initial cost of developing a gamified platform can be high, requiring a long-
term investment before benefits are realised.

User Dropout Engagement rates might decline over time if users find the gamified elements monotonous
or unchallenging.

Accessibiity Issues: Those who are not tech-savvy, particularly the elderly, might find it difficult to engage
with gamified digital platforms.

Quality Assurance: The efficacy of gamified healthcare interventions isn't always well-studied, due toa
lack of a universal rubric, which could lead to the implementation of ineffective or even harmful elements.

Distraction Risk: In a medical training setting, the fun aspects of gamification could potentially distract from
the gravity and seriousness of healthcare work.
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Supplementary Methods

Full search strategy

This study evaluates the impact of gamified versus traditional smariphone app-based approaches on cardiovascular
health, specifically aiming to determine whether gamification enhances behavioural changes and improves app
retention. Cardiovascular diseases (CVDs) are the leading cause of global mortality, responsible for approximately 17.9
million deaths annually. These include conditions such as coronary heart disease, cerebrovascular disease, and
rheumatic heart disease. Individuals at risk for CVD often present with elevated blood pressure, glucose, and lipid levels,
as well as overweight or obesity. Digital health technologies are increasingly being integrated into modem medicine to
manage these risk factors, with smartphone apps playing a significant role due to their widespread use.

This systematic review focuses on evaluating smartphone apps that utlise gamification techniques, such as virtual
points or badges, to promote healthy behavioural changes and improve cardiometabolic health in populations with or at
risk of CVD. The review will include adults with CVD or those at risk with atleast one risk factor (e_g., high blood pressure,
high cholesteral, elevated waist circumference, reduced HDL-C, elevated fasting glucose) and exclude individuals under
18 or over 80 years of age, as well as those without a CVD diagnosis or risk profile.

The study will assess mobie apps that incorporate gamification elements, such as reward points or achievement
badges, in comparison to standard mobile apps without these features and usual care without smariphone app
involvement. Only Randomised Controlled Trals (RCTs) wil be induded to evaluate differences between the
intervention and contrd groups. The scope is limited to studies involving smartphone or mobie apps within the context
of CVD, excluding games played on computers or gaming consoles.

The primary outcomes wil involve describing gamification techniques (e.g., points, badges, leaderboards, performance
graphs, namative joumeys, virtual avatars) and measuring changes in health indicators (such as body weight, systdlic
blood pressure, LDL cholesterol, and HbA1c) between groups. Gamification techniques wil be qualitatively
characterised, while changes in health indicators will be reported as mean differences with 95% confidence intervals.
Additional outcomes will include changes in health behaviour stages (precontemplation, contemplation, preparation,
action, maintenance), including activity tracking and self-assessment of behaviour change, as well as changes in app
retention rates, assessed by daily engagement time and interaction with in-app components. Exploratory outcomes will
be qualitatively characterised, and statistically significant differences between intervention and control groups wil be
described qualitatively.

Data extraction

Tilles and abstracts were independently screened by two reviewers (SM and SC, CMK, or TW), with full-text articles of
potentially eligible studies reviewed in duplicate to confim eligbility. Covidence was used to manage blinding and
resolve conflicts, ensuring that reviewers were unaware of each other's decisions. The study selection process adhered
to PRISMA guidelines and was illustrated in a PRISMA flow diagram, detailing the steps of identification, screening, and
inclusion of studies_ If articles lacked sufficient information to determine eligibility, additional details were sought from
companion articles or by contacting the authors. Studies for which further information could not be obtained were
excluded. All research data were securely stored on Microsoft OneDrive, an encrypted and password-protected
repository used by the University of Sydney. In the event of disagreements between individual assessments, a thind
reviewer mediated to reach a resolution. If consensus could not be achieved, unresolved conflicts were escalated toNL
or LF for final resolution. The quality assessment and data extraction for included studies were conducted by two
independent reviewers. The risk of bias for each study was evaluated using the Cochrane Risk of Bias Assessment Tool
2 0 (RoB 2). This tool assesses five domains of risk: selection bias, performance bias, atfrition bias, detection bias, and

reporting bias. RoB 2, recommended for assessing bias in andomised trials included in Cochrane Reviews, is structured
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into specific domains addressing various aspects of trial design, conduct, and reporting. Each domain includes a series
of signalling questions designed to gather information relevant to risk of bias. An algorithm then generates a proposed
judgment regarding the risk of bias for each domain, with possible outcomes of "Low’, 'High®, or "Some concems’.

Strategy for data synthesis

A data extraction form will be created to characterise studies based on participants’ dinical status, study ams,
intervention duration, intervention frequency, intervention intensity, controls, and a description of the gamification
intervention. The impact of the gamification intervention wil be determined by comparing the mean difference in
outcomes between the intervention and control groups. The meta-analyses wil be performed using R software and the
“metafor” package. Multiple meta-analyses wil be conducted to assess the overall effect of gamification on primary
outcomes (LDL, systolic blood pressure, and HbA1c), with subsequent forest plots generated. Heterogeneity will be
tested using a chi-square test of the Q statistic, and the degree of heterogeneity wil be evaluated using the I2 statistic
(considered as: ~25% low, ~50% moderate, ~75% high). A sensitivity analysis wil also be conducted in the meta-
analysis to assess the effect of each study. Funnel plots will be examined for asymmetry to detect potential publication
bias. A statistically significant difference will be considered if the p-value is less than 0.05. For meta-analyses, we will
limit study durations to 8 weeks for CVD outcomes including body weight, systdlic blood pressure, LDL, and HbA1c. For
studies examining the effect of intervention on HbA1c, only those with a study duration of at least 12 weeks wil be
included to allow for detection of changes in HbA1c. In cases where information is missing, we wil attempt to back-
calculate required values from other reported data or contact authors to obtain missing information. If we are unable to
obtain the necessary information, those papers will be excluded from our final analyses.

Qualitative analysis

Evaluating Apps Using the MARS

The Mobile Application Rating Scale (MARS)™, a widely recognised tool, used for the comprehensive evaluation of
mobie health apps.?.21 It scrutinises the quality of an app across four pivotal dimensions: engagement, functionality,
aesthetics, and information quality. Each dimension, along with the overall app qudlity, is rated on a scale from 1
(signifying inadequacy) to 5 (signifying excellence). In detaid, MARS consists of an app quality rating scale (sections A-
D), an app subjective quality scale (section E), and an app-specific scale (section F). The app quality rating scale
assesses various dimensions of app quality, including engagement (section A), functionality (section B), aesthetics
(section C), and information (section D). The 19 items of the scale were rated on a 5-point scale from inadequate to
excellent. Sections A to D have an intemal consistency of a=90 and an interrater reliability intraclass correlation
coeflicient of 0.79. The app subjective quality scale has 4 items with different rating scales that assess whether one
would recommend apps to others, how many times apps may be used for a 12-month period, whether one would pay
for apps, and overall star ratings. The app-specific scale has 6 items that assess the perceived impact of apps on the
user's awareness, knowledge, attitudes, intention to change, help-seeking behaviours, and actual behaviour change.
MARS has been validated and proven to possess good reliability and objectivity.Z> 2 It is a valuable instrument that
enhances transparency about the quality of mobile health apps among healthcare stakeholders?* and patients.25

Collection of App Technical and Descriptive Information

The App Classification section of the MARS'® was completed for each mobile app evaluated. Two reviewers (SM and
PH) downloaded and evaluated avaiable apps from the AppStore, on an iPhone. MARS was first trialled on one app,
to achieve consensus with the ratings before proceeding with the others. We will perform a correlation analysis to assess
the strength and direction of the relationship between the different MARS dimensions and subjective ratings to study
how they contribute to the overall quality and user perception of various apps.
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App Quality Evaluation

Two raters (SM and PH) with training in using the MARS"™ independently evaluated the six apps (Supplementary Table
5.5). This involved downloading, registering if necessary, and using each app for at least 20 minutes, reviewing
information about the apps on the App store, and then completing both the app quality rating scale and the app subjective
quality scale. Individual app scores of SM and PH for the app quality rating scale and the app subjective quality scale
were manually entered into separate Excel spreadsheets. Scores were averaged overdll for each dimension of the app
quality rating scale and items of the app subjective quality scale.

Supplementary Results

Indlusion and exclusion criteria of studies

The included studies focused on a diverse range of health conditions and interventions, adhering various inclusion and
exclusion criteria (Supplementary Table 5.19). Generally, inclusion criteria emphasised specific age ranges, diagnosed
medical conditions such as hypertension, diabetes, obesity, or cardiovascular diseases, and the ability to use mobile
devices or applications. Some studies also required participants to have certain lifestyle risk factors or to be fluent in
specific languages. Exclusion criteria commonly aimed to eliminate participants with severe comorbidities, cognitive or
physical impaiments, recent participation in similar studies, or conditions that would interfere with the study's
requirements. These exclusions often induded severe psychiatric disorders, pregnancy, recent significant medical
events, and inability to use the required technology or adhere to the study protocol. Overall, the criteria were designed
to ensure participant safety, reliable data collection, and adherence to study protocols.

Medication usage

Variations in participants’ medication usage were observed across multiple studies (Supplementary Table 5.11). One
study? specifically excluded participants who had experienced a cardiovascular event within the six months leading up
to recruitment. In contrast, another study? exclusively focused on patients already receiving anti-hypertensive
medications. Yet another study? set forth exclusion criteria that encompassed individuals using medications for sleep
aid or weight management. Moreover, medication adherence presented as a noteworthy variable in several
investigations. For instance, in one study?®, the intervention group initially demonstrated higher medication adherence
compared to the control group. By the sixth month, both groups showed improvements in medication adherence, adding
complexity to the namative around treatment outcomes by making it more difficult to attribute changes in outcomes to
intervention instead of change in medication. In a different study®, the three-month mark indicated a slight decrease in
medication usage within the intervention group, whereas usage increased in the control group. By the twelfth month,
however, both groups exhibited elevated levels of medication usage, indicating a longitudinal shift in treatment
modalities. The rigor of medication protocols also varied. In one specific study®!, all participants had previously been
prescribed anti-diabetic medications, and there was no change in medication regimens throughout the intervention
period. Other studies®™ 3 set exclusion criteria based on medication type; for example, two studies disqualified
participants if they were on medications that could affect weight. Another study™® provided a more granular view of
medication adjustments. At the study's commencement, patients were taking beta-blockers, 55 were on
antihypertensives, 96 were prescribed statins, and 75 were using acetylsalicylic acid and platelet inhibitors. Throughout
the follow-up period, various adjustments to medication dosages were observed, further emphasising the fluidity and
individuality of medication management strategies.

It is worth noting that ten studies®* did not report any information related to medication usage (Supplementary Table
5.10).
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Gamification

A considerable number of studies have focused on ‘Rules/goals’ and ‘Assessment’ attributes with 182630, 32-35, 37, 22, 4450
and 15%. 78, -3, 381, 752 ofydies respectively, indicating their significance in gamification research. However, other
attributes such as ‘Controf’, ‘Game fiction’, ‘Goals’, and ‘Immersion’ have been less frequently studied, suggesting
potential gaps in the research landscape. In terms of game elements, ‘Feedback’ was the most researched element
with 20 studies26-28. 31-34. 3740, 4496, 833 indicating its importance in gamified systems for user engagement and learning
outcomes. The second most commonly studied game element is ‘Progress (task-related ) with 18 studies?5 2934 340, 42,
5, 4150, 2. B guggesting that tracking and displaying progress is another key factor in gamification. Elements like
‘Challenge’, ‘Competition’, ‘Difficulty adjustment’, ‘Goal setting’, and ‘Rewards’ are studied but not as extensively. This
variety indicates a broad interest in different game elements but may also suggest that these areas are not as deeply
explored. ‘Social interaction’® and ‘Follow-up™' have only one study each, which could point to an under-researched
area in the gamification field. Overall, the focus on ‘Rules/Goals’ and ‘Assessment’ attributes, and ‘Feedback’ and
‘Progress (task-related)’ game elements suggests that researchers are primarily interested in the mechanics that directly
affect user perfoormance and engagement (Supplementary Table 5.7). The distrbution of game elements across
different game attributes is shown in Supplementary Table 5.8. Game atiributes and game elements are described in
the dendrogram (Supplementary Figure 5.2), which visualises the hierarchical clustering of game elements based on

their association with different game attributes.

App Technical and Descriptive Information

A total of 9 apps (Supplementary Table 5.20) were found to still be available on the App Store and were free to
download. Of which two apps?’ required participant login to access in-app content, and one app® was in Gemman,
therefore the remaining six apps® % 10.47. 48 which were in English, were evaluated using the MARS. We evaluated
two apps from Duncan ef &/, 2020 However, only four apps®. 40.47. % were found to stil be available on the Play Store.
The updated version numbers and exact production dates were avaiable for all six apps. We evaluated these app in
July of 2023 and found most apps to have been updated between 2019 and 2023. At the time of download, all apps
were affliated with commercial developers, as opposed to not-for-profit organisations. All apps were rated by app users,
with an overall mean rating of 4.6 out of 5 stars (SD 0.4). Lose it*2 Had a rating of 4.6 as rated by 9842 users on the
AppStore. Two apps? * tamgeted all age groups, with four apps?® ®.47.48 targeting both adolescents, young adults, and
adults. Three appsi2 ®.48 had in-app purchases available for certain upgrades. Although the six apps were similar in
their focus towards behaviour change, they each differed on their primary focus. Two apps® % had multiple components
allowing users to improve health behaviours, incduding losing weight, and one app* was for medication management.
All apps allowed for goal setting and provided feedback, with two apps32 ¥ providing further tips and skills training. The
technical and descriptive information for each app, including content focus, theoretical background, and therapeutic
strategies, are listed in Supplementary Table 5.21.
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Supplementary Table 5.1 PICOS description.

PICOS criteria  Description

Adulis living in the community setting aged 218 years with a current or previous
CVD diagnosis or at risk of CVD.
Risk factors are defined as 5497:
Overweight: BMI = 25
High blood pressure (systolic 2130mmHg; diastolic = 80mmHg) =
Blood lipid %°: TC = 200mg/dL; or LDL = 100mg/dL; or TG > 150mg/dL
Glycated haemoglobin (HbA1c) = 5.7% 5
Metabolic syndrome (if > 3 met) 61
0O Waist circumference: > 40 inches (men) or > 35 inches (women)
0 Blood pressure over 130/85 mmHg
O TGz 150 mg/dL
0 Fasting HOL < 40 mg/dL (men) or 50 mg/dL (women}
Fasting blood sugar = 100 mg/dL

Population

o o o I

Intervention Gamified smartphone apps.

Comparison Standard smariphone apps. Other controls including usual care.

Cardiovascular health including body weight, systolic blood pressure, LDL, and

Outcome HbA1c. Individual behaviour change.

Study design Randomised Controlled Trials (RCTs) = 8 weeks.

BM I, body mass ndex; CVD, cardivascular disease; HbA1¢, glycated haemoglobin; HDL, high-densiy lipoproten cholesterol; LDL, low-density

The keywords and their associated search temns are as follows:

u}

u}

For “"cardiovascular disease,” the search terms ncluded {cardibvascular) OR {cadiovascular dsease) OR {cardiovascular abnomaliies) OR
{vascular diseases) OR fheart dsease) OR {coronary heart disease) OR {coonary artery disease) OR {myocardial nfarction).

The search termms for “cardiovascular dsease nsk factors™ were {plasma lipids) OR {cholesterol) OR @{nglycendes) OR {hypelipidaemia) OR
{blood pressure) OR ¢high blood pressure) OR fhypertension) OR {fasting glucose) OR {HbA1c) OR {Type 2 Diabetes) OR {overweight) OR
{obesity).

For "applied game design,” the relevant search termns were {gamification) OR {mobie health gamification) OR {game theory) OR {game
techniques) OR {game elemenis) OR {computer game) OR {video game) OR {exergame) OR {game leamng) OR {applied game design) OR
{gameplay) OR {game app).

For "mobie application,” the search temms ncluded {app) OR {application) OR {program OR programme)} OR {software) OR {phone application)
OR {mobie application) OR {mobie software).
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Supplementary Table 5.2 Search strategies per database.

MEDLINE EMBASE CENTRAL Scopus CINAHL PsycINFO
# Searches {Results) Searches (Resulls) Searches {Resulls) Scarches {Resulis) Searches (Resulls) Secarches {Resulis)
1 exp Candiovascular exp Candiovascular exp Candiovascular {{{ MTLE-ABS-KEY {MH “Cardiovascular exp Candiovascular
Abnormalities/ {201307) Abnormalities/ (220529) Abnormaliies/ (2591) { cardiovascular* Abnormaliies+") Abnormalities/ {0)
2 exp Candiovascular Discases/  exp Candiovascular Diseases/ exp Candiovascular Diseases/  OR "Hearl Diseas™ OR {MH "Cardiovascular exp Candiovascular Discases/
{2463916) {4453334) {108780) Discases+") {0)
3 exp Candiovascular Infections/  exp CandiovascularInfections/  exp Cardiovascular Infections/  "Myocardial Infarction™ ) ) “Cardiovascular Infecions” exp Candiovascular Infeclions/
23743) {52209) (133) @
4 Cardiovascular System/ cardiovascular system/ Cardiovascular System/ (702) AND { "Mobile™ app™ {MH "Cardiovascular exp Candiovascular System/
{33946) {164593) Syslem+") {10381)
5 Cardiovascular*.mp. (5897917)  Cardiovascular"mp. {1099109) Cardiovascular”.mp. {78955) OR gamificat” Cardiovascular® Candiovascular'mp. (38230)
6 exp Hearl Diseases/ (1154801) exp Heart Diseases/ (2002589) exp Hearl Diseases/ (52989) OR “digital app™ {MH "Heart Diseases+") OR exp Heart Diseases/ (0)
"Heart Disease™
7 Heart Diseas".mp. {247934) Heart Diseas”.mp. {436475) Hearl Diseas".mp. (23739) OR "Video game™ {MH "Coronary Discase+") Heart Diseas”.mp. (11305)
8 exp Coronary Disease/ exp Coronary Disease/ exp Coronary Disease/ (13800) OR "Compuler game™ Coronary” diseas” exp Heart Disorders/! {(14772)
{221479) {344594)
9 Coronary Arlery Disease/ coronary artery disease/ Coronary Arlery Discase/ OR "Game Theor™ {MH "Myocardial Infarclion+") exp Candiovascular Disorders/
{64903) {202796) {6595) OR "Myocardal Infarction™ {64075)
10 Coronary" diseas”.mp. Coronary” diseas" mp. (28203) Coronary” diseas".mp. {13596) OR "game leam™ S1O0RS20RS30RS40R Heart Diseas”.mp. (11305)
{139778) S50R S60R S7TOR SBOR
59
11 exp Myocardial Infarciion/ exp Myocandial Infarction/ exp Myocardial Infarction/ OR "Game design™ {MH "Mobile Applications”) exp Coronary Disease/ {0)
{178932) {405449) {10918)
12 Myocardial Infarction® mp. Myocandial Infarction™.mp. Myocardial Infarction™.mp. OR "Game app™ Mohbile app™ Coronary Artery Disease/ {0)
{254432) {312743) {32630)
13 iorZor3ordorSor6or7a 1orZor3dordorSor6or7or 1oZ2or3or4orSor6or7or OR "Game play” Digital app™ Coronary” diseas™ mp. (3476)
Bor9or10oriiori2 Bor9or10or11or12 Bor9or10or1iori2
{2781929) {4772123) {187878)
14 plasma Bpid™.mp. (13915) plasma Bpid”mp. {18237) plasma Bpid”.mp. (2816) OR "Mobile health gamif™ “Gamification™ exp Myocanrdial Infarctions/
{2931)
15 exp Cholesteralf (162507) exp Choleslerolf (334904) exp Cholesterol/ {10268) OR exergame™ OR {MH "Video Games+") OR Myocardial Infarcion™ mp.
"Video game™ {5426)
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“Hypetbpid™™

MEDLINE EMBASE CENTRAL Scopus CINAHL PsycINFO
# Searches {Results) Searches (Resulls) Searches {Resulls) Searches {Resulis) Searches (Resulis) Secarches (Resulis)
16 Cholesterol”.mp. (297326) Chdlesterol” mp. (463820) Cholesterd” mp. (39131) smarighone” OR “computer game™ 1or2or3ord4orSor6or7or
Bor9or10orilor12ori3
or 14 or 15 {96520)
17 exp Triglycerides! or exp Trglycenides/ or exp Triglycerides' or “Cell* phone™ OR "Game Thear™ Hyperfipid®.mp. {1408)
Triglycenide™ mp. (151519) Triglyceride® mp. {(256194) Triglyceride™ mp. {23457)
18 Hyperlipid" mp. {49383) Hyperlipid".mp. {93826) Hyperfipid*.mp. (6680) smarighone™ ) ) "Game leam™ exp Hypertension/ (7486)
19 exp Hypertension/ (293148) exp Hypertension/ (792982) exp Hyperiension/ (18186) AND { TITLE-ABS-KEY Applied game design™ hypertension™.mp. {18922)
20 hypertension™.mp. (506207) hyperiension™.mp. (960732) hyperiension™.mp. (65247) { "ptasma Bpid™ OR “Game play™ Fasting glucose.mp. {1006)
cholesterol”
21 Fasling glucose mp. (17886) Fasting glucose.mp. {31344) Fasiing glhuicose.mp. (4892) OR friglyceride™ OR "Game app™ Blood Ghucose/ {1237)
22 Blood Glucosef {167865) Blood Glucosef {213069) Blood Glucosef (16252) hyperfipid* OR Gamificaion” N3 mobile® blood glucose.mp. (6676)
23 blood glucose mp. {206360) blood glucose mp. (135281) blood glucose mp. {31469) hyperiension” OR Mobile health gamification™ Glycaled Hemoglobin A/ or
HbA1C.mp. (1874)
24 Glycated Hemoglobin Af or Glycaied Hemoglobin Af or Glycated Hemoglobin A/ or “fasling glucose™ OR exergame” exp Diabeles Meliilus, Type 2/
HbA1C.mp. {57302) HbA1C mp. {97906) HBA1C.mp. (21577) )
25 exp Diabeles Melitus, Type 2/  exp Diabetes Melitus, Type 2/  exp Diabeles Melllus, Type 2/ "blood glucose™ OR {MH "Smariphone®) or Type 2 Diabet” mp. or T2D.tw.
{139119) {273095) {18084) smariphone™ or T2DM tw. {7906)
26 Type 2 Diabet"mp. or T2Diw.  Type 2 Diabel"mp.or T2Diw.  Type 2 Diabel"mp. or T2Diw.  hbalc OR "Glycosylated {MH "Cellular Phone+") OR Overweight mp. or Overweight/
or T2DM iw. (145538) or T2DM tw. (229377} or T2DM iw. {38579) Hemoglobin A" "Cell” phone™ {16649)
27 Overweightmp. or Overweight/  Overweighimp. or Overweighl!  Overweighimp. or Overweight!  OR "Type 2 Diabel™ {{Mobile” or phone" or smart exp Obesity/ (25479)
{78546) {255399) {18258) phone™ cell phone™) N3 "gam”
app™)
28 exp Obesily/ (221595) exp Obesity/ (556921) exp Obesily/ (14251) OR t2d OR 2dm OR S11ORS12ZORS1I30RS14  Cbes".mp. (46316)
OR 515 OR 516 OR $17 OR
518 OR 519 OR 520 OR 51
OR 522 OR 523 OR 524 OR
525 0R 526 OR 527
29 Obes"mp. (375790) Obes" mp. (624122) Obes".mp. (46910) overweight” OR obes" ) ) ) "plasma Bpid™ plasma Bpid".mp. (283)
30 14or15or16or17or18or19 14 or1Sor16or17or18ar19 14or15or16or17or 18 or 19 {MH "Choleslerob") OR exp Cholesterdlf (2256)
a20orZor2Z2or23or2dor or20or21or22or2Z3or2dor or2or2ior22or23or24 or “Cholesterol”
25 or26or27 or28 or 29 2526 or27or280r 29 250r26 or 27 or28 or 29
{1424744) {2313886) {191964)
3 Mobile Applicalions/ {7253) mobile application/ {13681) Mobile Applications/ {730) {MH "Tiglycerides™) OR Cholesterol”.mp. {9058)
“Triglyceride™
32 Mobile app™.mp. {10934) Mobile app™.mp. (15275) Mobile app™.mp. {2763) {MH "Hyperfipidemia+") OR exp Triglycerides/ or

Tiglyceride™.mp. {3542)
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MEDLINE EMBASE CENTRAL Scopus CINAHL PsycINFO
# Searches {Results) Searches (Resulls) Searches {Resulls) Searches {Resulis) Searches (Resulis) Secarches (Resulis)
33 Gamification”.mp. {729) Gamification*.mp. (793) Gamificalion”.mp. (200) {MH "Hyperiension+") OR 7or18or19or200r21 or
"Hypestension™ Zo2Boa2doa2sor2bor
2Z7or28 or29or 30 or 31 or
32 (84150)
34 Video Games/ {(5844) video game/ {4135) Video Games/ (717) "Fasiing glucose" exp Mobile Appiications/
{1122)
35 Video game".mp. {7659) Video game”mp. (7220) Video game".mp. {1866) {MH "Blood Glucose™) OR Maobile app" mp. (2635)
"Blood Glucose”
35 compuler game®.mp. {1338) compuier game".mp. (1867) computer game™ mp. (527) {MH "Blood Glucose™) OR Gamificalion™.mp. (710)
"Blood Glucose™
37 Game Theory/ {(3416) game/ (7360) Game Theory/ (30) {MH "Hemoglobin A, compuler game*.mp. (8826)
Glycosylated™) OR "HbA 1C”
38 Game Theor".mg. (4708) Game Theor".mp. (2633) Game Thear".mp. {(41) {MH "Diabetes Mellus, Type exp Game Theory/ (3363)
)
39 Game leamn™.mp. {20) Game leam™mp. (21) Game leam”™.mp. {18) Type 2 Diabete™ Game Theor™.mp. {(5211)
40 Applied game design".mp. (1) Applied game design*mp. {2) Applied game design*.mp. (0) AB{T2DORT2DM )ORTI Game leam™.mp. (89)
{T2DORT2DM )
4 Game play".mp. (1568) Game play".mp. (1800) Game play".mp. (340) “Overweight™ {Gamificalion” adj3
mabile*).mp. (11)
42 Game app".mp. {164) Game app™.mp. (188) Game app".mp. {63) {MH "Obesity+") OR "Obesity™  Mobile gamification".mp. (3)
43 {Gamification” adj3 {Gamification” adj3 {Gamificalion” adj3 S290R S30 OR 531 ORS32  exergame”.mp. {294)
mobie™)mp. (14) mobie™).mp. {13) mobile™).mp. {6) OR 533 OR 534 OR S35 OR
536 OR 537 OR 538 OR 539
OR 540 OR 541 OR 542
44 Mobile health gamificalion”.mp.  Mobile health gamificaion”mp.  Mobile health gamification™.mp. S10 AND 528 AND 543 exp Smariphones/ (1888)
[l {0) {0)
45 exergame”.mp. {593) exergame”.mg. (608) exergame”.mp. (311) Cell* phone™.mp. (3152)
46 Smariphone/ (5488) smariphone/ (15685) Smariphone/ {(447) smariphone”.mp. {4823)
47 Coll* phone™.mp. {11192) Cell* phone™ mp. {5938) Cell* phone™ mp. {1432) {(Mobile" or phone" or smart
phone” cell phone™) adj3
"gam™ app™) mp. (20)
48 smariphone™ mp. (15169) smariphone™ mp. {22368) smartphone™ mp. (4271) HMor35or36or 37 or38 or
Vor40oa4iod2orddor
44 or 45 or 46 or 47 (24021)
49 {{Mobile” or phone”™ or smart {{Mobile™ or phone™ or smart {{Mobile™ or phone™ or smart 16 and 33 and 48 (79)
phone” cell phone™) adi3 "gam™ phone” cell phone™) adj3 "gam™ phone™ cell phone™) adj3 "gam™
app™).mp. (18) app™").mp. {18) app™)\mp. {11)
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MEDLINE

CENTRAL Scopus

CINAHL

PsyciNFO

Searches (Resulis)

Searches (Resulls)

Searches {Resulis) Searches {Resulis)

Searches (Resulis)

Searches (Resulis)

51

NoraBorIMoa3bSa3b
or37or38or39or40or41or
2ord43or44 ord5or 46 or 47
or 48 or 49 {45516)

13 and 30 and 50 {566)

MoRor3dor3Mor3Sor3ds
or37o3or3%or40ordor
2o 43or44or4Sor46 or 47
or 48 or 49 {55298)

13 and 30 and 50 {1337)

MoarRor3B3or3dor3cSor3db
or37or38or39or40or41 or
42or43 or 44 or45or 46 or 47
or 48 or 49 (3949)

13 and 30 and 50 (326)
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Supplementary Table 5.3 Studies excluded at stage 2 with reasons.

Author, year Journal Volume Title Exclusion reason
{issuejpages
Abu-EFNoor ef al, 20217 European Joumal of Cardiovascular 20 (5):42B-435 Impact Of A Mobile Phone App On Adherence To Treaiment Regimens Among No rdlevant ouicomes
Nursing Hyperiensive Patienis: A Randomised Chinical Trial Study
Adams ef al,, 20185 Health Psychology 37 {9):650-860 Medilalion Smariphone Application Effects On Prehypertensive Adulls' Blood Wiong comparator
Pressure: Dose-Response Feasibility Trial
Adhikary ef al , 2020%* Joumal of the American College of 75 {11):3583 Effeciiveness Of Digilal Therapeutics To Improve Blood Pressure Control Among Not a manuscript
Candiology Patients With Hyperitension And Diabeles In India
Aschbrenner ef al, 2019° Schizophrenia Bulletin 45 (Suppl. 2).5135 Randomized Trial Of A Lifestyle Inlervention For Young Adulls With Serious Menial Not a manuscript
Iiness In Communily Menial Healh Cenlers
Bender ef al,, 2017% JMIR diabetes 2{2):e30 A Feasible And Efficacious Mobile-Phone Based Lifestyle Intervenfion For Flipino Wiong intervention
Americans With Type 2 Diabeles: Randomized Controlled Trial
Block f al., 2016 Health informatics jounal 22 {4):897-910 Effects Of An Evidence-Based Compulerized Virtual Clinician COn Low-Densily Wiong intervention
Lipoprotein And Non-High-Density Lipoprotein Cholesterol In Adulis Without
Cardiovascular Disease: The Interaclive Choleslerol Advisory Tool
Caro ef af, 2018% NURE Investigacion 15 (92):45139 Ulilizacion De Una Aplicacion Movil Para El Fomento De La Adherencia Terapéutica Not in English
En La Hipertension Arterial En Atencion Primasia
Chandler et af., 2019* Intemational Jounal of Environmental 16 {7):1226 Impact Of A Culturally Tallored Mhealth Medication Regimen Self-Management Wirong intervention
Research and Public Heakh Program Upon Blood Pressure Among Hypertensive Hispanic Adulis
Chandler et af,, 2020 Int J Environ Res Public Health 17 {6) Impact Of 12-Month Smariphone Breathing Meditation Program Upon Systolic Blood Wiong study design
Pressure Among Non-Medicaled Stage 1 Hypertensive Adulls
Cho ef af, 2020™ Joumal of medical Intemet research 22 (10):e17435 Effect Of Smariphone-Based Lifestyle Coaching App On Community-Dwelling Wirong intervention
Populafion With Moderate Metabolic Abnormaliies: Randomized Conirolled Trial
Choi efal, 20187 FASEB Joumal 2{1) Improving Cardiac Funclion And Body Composition Through Incenfive-Based Not a manuscript
Smariphone Application In Sedentary Overweight Adulls
Confreras ef al., 20193 Cument Medical Research & Opinion 35{1)167-173 Specific Hyperiension Smariphone Application To Improve Medication Adherence In Wirong intervention
Hypertension: A Clusler-Randomized Trial
DeKluiver ef al, 2019™* European Heart Joumal 40 {Suppl. 1):1217 A European Randomised Controlled Trial For M-Health Guided Cardiac Rehabillation ~ Not a manuscript
In The Elderly; Resulls Of The EU-Care RCT Study
Dorsch et al., 20197 Hypertension 74 {(Suppl. 1) A Randomized Conirolled Trial Evaluating A Novel Just-In-Time Contextual Mobile Not a manuscript
Appiication Intervention To Reduce Sodium Intake In Hypertension: The Low Salt 4
Life Tria
Dorsch ef al, 20207 JMIR mhealth and uhealth 8 {B).e16696 The Effects Of A Novel Comtextual Jusi-in-Time Mobile Application Intervention On No additional data fo
Sodium Intake In Adulis With Hypertension: Resulls From The Lowsall4iife Pilot Study  exiract
Du ef al, 20177 European Heart Joumal 38 (Suppl 1):60 Ehelp China. A Randomised Trial Evaluating The Effect Of A Smart Phone-Based Not a manuscript
Patient Support Tool On Treatment Duration In Patients Prescribed Rosuvasiatin In
China
Eastwood et af.. 20147 Circulation 130:A19005 Staying Connected: A CVD Risk Inlervention For Young Black Women Not a manuscript
Eisenhauer ef af, 20217 BMC Public Health 2 {1):1568 Mobile Health Assisted Self-Moniloring Is Acceptable For Supporting Weight Loss In Wrong comparator
Rural Men: A Pragmatic Randomized Conirolled Feasibility Trial
Fakenhain ef al, 20217 Obesily (Siver Spring, Md.) 29 {10):1606 Keylo App And Device Versus WW App On Weight Loss And Metabolic Risk In Adulls  Wrong comparator
With Overweight Or Obesily: A Randomized Tiial
Fenton of af, 2021% Nutrients 13N Efficacy Of A Mulli-Component M-Health Diet, Physical Activilty, And Sleep No relevant outcomes
Intervention On Dietary Intake In Adulis With Overweight And Obesily: A Randomised
Confrolled Tial
Foley ef al, 2016™ Contemporary cinical frials 48:44166 Track A Randomized Controlled Trial Of A Digiial Health Obesity Treatment No additional data fo
Inlervention For Medically Vulnerable Primary Care Patients extract
Frias ef al., 2017% Joumal of Medical Intemet Research 19 (7):42005 Effeciveness Of Digilal Medicines To Improve Clinical Cutcomes In Patients With Wiong intervention
Unconirolled Hypertension And Type 2 Diabeles: Prospective, Open-Label, Clusier-
Randomized Pilot Clnical Trial
Ghezeleh et al, 20187 Contemporary nurse 54 {45050):362-373 Comparing The Effects Of Education Using Telephone Follow-Up And Smariphone- Wirong intervention

Based Social Networking Follow-Up On Self-Management Behaviors Among Patients
With Hypertension



Author, year Journal Vohmne Title Exchusion reason
{Issue)pages
Ghose ef af, 20215 Forthcoming at MIS Quarierly, NYU NA Empowering Patienis Using Smart Mobile Health Platforms: Evidence From A No rdlevant ouicomes
Stem School of Business Randomized Feld Experiment
Forthcoming
Gl et af, 2013% Joumal of Diabeles 5 {Suppl. 1):80 A Randomized Clinical Trial Of Mhealth Supported Exercise Intervention In Patients Not a manuscript
With Metabdlic Syndrome
Guo etal, 2017® American Joumal of Medicine 130 {12):1388 Mobile Health Technology For Airial Fibrilation Management Integraling Decision No rdlevant ouicomes
Suppord, Educalion, And Patient Involvement: Maf App Trial
Haufe ef al., 2020% Frontiers in Psychiatry 11:562 Employers With Melabolic Syndrome And Increased Depression/Anxiely Severily No rdlevant ouicomes
Profit Most From Structured Exercise Intervention For Work Ability And Cuality OF Life
Indraraina ef al, 2021% European Heart Joumal 42 (Suppl. 1):3083 A Randomised Control Trial Of Tele Clinical Care-A Smariphone-App Based Model Of  Not a manuscript
Care For Heart Failure And Acute Coronary Syndromes
lonov f al, 2021 Blood Pressure 30 {1):20-30 Value-Based Approach To Blood Pressure Telemoniloring And Remote Counselingin -~ Wirong intervention
Hyperlensive Patients
Johnslon ef al, 2016% American Heart Joumal 178:85-94 Effects Of Inleractive Patient Smariphone Support App On Drug Adherence And Wiong comparator
Lifestyle Changes In Myocardial Infarclion Palients: A Randomized Study
Kario et al., 20219 European heart joumnal 42{40x4111-412 Efficacy Of A Digilal Therapeutics Sysiem In The Management Of Essential No additional data o
Hyperiension: The HERB-DH1 Pivotal Tidal exiract
Khunti ef af., 2021%2 Health Technology Assessment 25 {77)iH189 Behavioural Inmterventions To Promote Physical Activily In A Multiethnic Population At Wirong intervention
High Risk Of Diabeles: PROPELS Three-Arm RCT
Kim et al, 2019 European Joumnal of Preverlive 26 {Suppl. 1):596 Appiication For Cardiac SelHmprovement (ANSIM), A Randomized Controlled Trial: 9-  Not a manuscript
Cardiology Month Chinical Oulcame
Kirwan et al, 2013* Joumal of medical Intemet research 15 {11):e235 Diabeles Self-Management Smariphone Application For Adulls With Type 1 Diabeles:  Wrong population
Randomized Controlled Trial
Krackhardt et af, 2019% Joumal of the American College of 74 {(13):B542 TCT-549 The "Me & My Heart" {Emocial) Shudy: A Randomized Evaluation Of A New Not a manuscript
Cardiology Smariphone-Based Support Tool To Increase Therapy Adherence Of ACS Palients
Lee et al, 2017 Joumal of Korean Academy of 47 {6):796-769 The Effects Of Smarl Program For Patients ¥Who Underwent Percutaneous Coronary Not in English
Nursing Intervention {SP-PCl) On Discase-Related Knowledge, Health Behavior, And Qually
Of Life: A Non-Randomized Controlled Trial
Lee et al, 20197 Circulation 139 (Suppl 1) The Weight Loss By Using The Smariphone Application For People With Metabolic Not a manuscript
Abnomalities: A Randomized Conirolled Trial
Lee et al, 2020 Intemational Joumal of Hypertension 2020:8275945 Addition Of The Electronic Educafional Material To Doctor's Face-To-Face Education Wirong intervention
Has No Additive Effects On Hyperiension Conirol: A Randomized Single Biind Study
Lewey ef al., 20219 Joumal of the American College of 77 {18):3059 Effecliveness Of A Digital Health intervention To Improve Physical Activity Among Not a manuscript
Cardiology Posiparium Women With sive Disorders Cf Pregnancy
Li etal, 2019™ Intemational Joumnal of Environmental 16 (21):4058 A Wechai-Based Self-Management Intervention For Community Middle-Aged And Wiong intervention
Research and Public Heakh Elderly Adults With Hypertension In Guangzhou, China: A Clusler-Randomized
Controlled Tial
Li et &l 2020' Joumal of Medical Intemet Research 22 {12).e19452 Mobile Health App With Social Media 1o Support SelfManagement for Patients With No relevant outcomes
Chronic Kidney Disease: Prospeciive Randomized Controlled Study
Li et al., 2021% JMIR mHeakh and uHealth 10 {2):e32251 The Effects On Adherence Of A Mobille Applicaion-Based Se-Management Digital Wirong intervention
Therapeutics Among Coronary Heart Disease Patients: Pilot Randomized Conirolled
Trial
Lin et al, 2018™ JMIR mHeakh and uHealth 6(10):e10471 The Associalion Between Engagement and Weight Loss Through Personal Coaching No relevant outcomes
and Cell Phone Interventions in Young Adulis: Randomized Controlled Trial
Liu et al, 2015™* Intemational jounal of environmerdal 12 (12):15993-6004 Mobile Phone-Based Lifesiyle Intervention For Reducing Overall Cardiovascular Wirong intervention
research and public health Disease Risk In Guangzhou, China: A Pilot Study
Liu ef al, 2019" Stud Health Technol Inform 26417121713 Smariphone-Based Self-Empowerment App On Secondary Prevention Of Patients Wiong intervention
With Cardiovascular Disease
Martin &f al, 2015' Joumal of the American Heart 4{11):2002239 Mactive: A Randomized Chnical Trial Of An Aulbbmated Mhealth Intervention For Study duration < 8 weeks
Association Physical Activity Promotion
Martinez-Rodriguez &f al, Sensors 22 (3) New App-Based Dictary And Lifeslyle Intervention On Weight Loss And Wiong intervention
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Author, year Journal Vohmne Title Exchusion reason
{Issue)pages
McGilicuddy ef al, 2015'® Progress in fransplantation {(AEso 25 (3y217-223 Suslainability Of Inprovements In Medication Adherence Through A Mobile Health Wiong intervention
Viejo, Calif.) Intervention
Mendelson ef al., 2014™ Sleep 37 (11):1863-70 CPAP Treaiment Supporied By Telemedicine Does Nol Improve Blood Pressure In Wiong intervention
High Cardiovascular Risk OSA Palients: A Randomized, Controlled Trial
Morawski ef af, 2017 Circulation: Cardiovascular Quality 10 (Suppl. 3) The Accuracy Of Self-Reported Blood Pressure In The Medication Adherence Not a manuscript
and Ouicomes Improvement Suppart App For Engagement-Blood Pressure (Medisafe-BP) Trial
Morawski ef af, 2018™ JAMA Intemal Medicine 178 {6):802-B09 Assodation Of A Smariphone Application With Medicalion Adherence And Blood Wiong intervention
Pressure Control: The Medisafe-BP Randomized Clinical Trial
Muralidharan ef al, 2021 Digital health 7-20662076211039032 Change In Candiometabolic Risk Faclors Among Asian Indian Adulls Recruiled In A Wiong intervention
Mhealth-Based Diabeles Prevention Trial
Murphy ef al., 2019'° Heart Lung and Circulation 28 (Suppl. 4):5373- Suboplimal Secondary Prevention Post Acule Coronary Syndromes: Insighls From Not a manuscript
5374 The SMART-REHAB Trial
Murphy ef al,, 2019™ Heart Lung and Circulation 2B {Suppl. 4):5367 Impact Of Gender On Meeling Secondary Prevention Targets And Depression Post Not a manuscript
Acule Coronary Syndromes: Insights From The SMART-REHAB Tiial
Ni ef al,, 2022 Joumal of medical Intemet research 24 (3)eZ7202 An Mhealth Intervention To Improve Medication Adherence And Health Ouicomes Wirong intervention
Among Pafients With Coronary Hearl Disease: Randomized Contirdlied Trial
Nickdas ef al., 2021"* Joumal of general intemal medicine 36 {Suppl. 1):3178 Feasibility Of An Mhealth Posiparium Lifestyle Inlervention For Women With Not a manuscript
Cardiometabolic Risk Pre-And Mid-Covid: The Fit After Baby Pllot Randomized
Controlled Tial
Norton et al., 2015" Alzheimer's and Dementia 11 {7) Suppl 1:P246 Improvements Cver Six Months In Siress Management, Diet Quality, And Moderate Not a manuscript
Physical Activity Are Associated With Changes In Biomarkers Of Vascular Health And
Inflammation: The Gray Matters Study
Oddsson ef &, 2017™ Diabeles 66 {Suppl. 1)A42 Effects Of A Gamified Mobile Application To Support A Lifestyle-Change Program In Not a manuscript
Adults: A Controlled Pilot
Patel efal, 2017 JAMA Intemn Med 177 {11):1586-1593 Effect Of A Game-Based Inlervenfion Designed To Enhance Social Incentives To Wiong intervention
Increase Physical Aclivity Among Families: The BE AT Randomized Chinical Trial
Payne Riches ef af, 20211 JMIR mHeakh and uHealth 9{10):e26233 A Mobille Health Salt Reduction Intervention For People With Hyperiension: Resulls Of  Study duration < 8 weeks
A Feasibiity Randomized Controlled Trial
Persell et al, 2019 Circulation 140 (Suppl. 1) Home Blood Pressure Monitoring Plus A Mobile Phone-Based Hypertension Health Not a manuscript
Coaching App Or A Blood Pressure Tracking App: A Randomized Conirolled Chinical
Trial
Peirelia et al, 2014'2 BMC Public Health 14 (1):1082 Mobile Health, Exercise And Metabolic Risk: A Randomized Conirolled Trial Wirong intervention
Prendergast of al, 2020'2* Joumal of the National Medical 112 {5):516-517 Prelininary Data From A Randomized Controlled Trial For A Hyperiension Educalion Not a manuscript
Assodation And Empowemment Intervention {TOUCHED) In An Urban, Academic Emergency
Depariment: Oppostunities In The Era Of COVID-19
Redfem ef al, 2020"* npj Digital Medicine 3{1)117 A Digilal Health Infervention For Cardiovascular Disease Management In Primary Care  Wirong intervention
{CONNECT) Randomized Controlled Tial
Riches et af., 2020'> Joumal of Human Hypertension 34 {Suppl. 1):15-16 Salt Swap: A Feasibility Randomised Controlled Trial Of A Behaviowral Inlervention To  Not a manuscript
Reduce Salt Infake Among People With Raised Blood Pressure
Sankaran et al, 2019'® JMIR mHeakh and uHealth 7 {4):e10874 Evaluating the Impact of the HeartHab App on Motivafion, Physical Activity. Qualily of  No additional data fo
Life, and Risk Faclors of Coronary Artery Disease Patients: Multidisciplinary Crossover  extract
Study
Sanio ef af. 2018'% European Heart Joumnal 39 {Suppl. 1):226 Medication Reminder Apps To Improve Medication Adherence In Coronary Heart Not a manuscript
Disease Pafients (Medapp-CHD). A Randomised Clinical Trial
Santo ef al,, 2019'® Medical Sciences 7 {6)68 Evaluating Reach, Acceplability, Ulility, and Engagement with An App-Based No additional data fo
Intervention 1o Improve Medication Adherence in Patients with Coronary Heart exiract
Disease in the MedApp-CHD Study: A Mixed-Methods Evalualion
Sarfo ef af, 2018'@ Siroke 49 {1):236-239 PINGS {Phone-Based Intervention Under Nurse Guidance After Stroke) Inferim Wiong intervention
Resulls Of A Pilot Randomized Conirolled Trial
Sarfo et al, 2019'® Intemational Joumnal of Sircke 14 {6):630-638 Phone-Based Interveniion For Blood Pressure Conirol Among Ghanaian Stroke Wiong intervention
Survivors: A Pilot Randomized Controlled Trial
Sears ef af, 2021™ Circulation 144{ Suppl. 1) One Drop Digital App And Coaching Improves Lifestyle Risks, Glycemic Control And Wrong population

Psychological Wellbeing In People With Hyperiension And Type 2 Diabetes
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Author, year Journal Vohmne Title Exchusion reason
{Issue)pages
Sepulveda ef al, 2019'= Joumal of Hypertension 37 (Suppl. 1)e224- Transmedia Psychoeducational Program To Improve Phammacological Adherence To Not a manuscript
e2a5 Antihyperiensive Treaiment Among Elderly People
Sim efal, 2020' Obesily Reviews 21 {(Suppl. 1) A Smariphone Application For Medicalion Adherence In Palients Wih Obesily-Relaled  Not a manuscript
Chronic Condifions
Sil ef &, 2016™* The Lancet 388 (SPEC 1SS 1).64 A Smariphone-Based Exercise Adherence Intesvention For People With Melabolic Not a manuscript
Syndrome: A Feasibility Pilot Study
Song et al., 2020™ Joumal of Cardiovascular 13 {4):659-667 Effect Of Smariphone-Based Telemonilored Exercise Rehabilitation Among Patients Wiong intervention
Translational Research With Coronary Heart Disease
Sowell et al, 2021™ Cument Developments in Nulrition 5{Suppl. 2):183-183 Impact Of Weight Matiers And Use Of App-Based Technology On Changes In Eating Not a manuscript
Behavior In Aflican Americans
Sieinberg ef al, 2020"™7 JMIR Mhealth Uheatth 8{12).e17536 Feasibility Of A Digial Healh Interveniion To Improve Diet Quality Among Women Wirong intervention
With High Blood Pressure: Randomized Conirolled Feasibilily Trial
Siill ef af, 2020'> Patient Preference and Adherence 14:2301-2313 A Communily And Technology-Based Approach For Hyperiension Self-Management Wirong intervention
{Coachman) To Improve Blood Pressure Conirdl In Afiican Americans: Resulls From A
Pilot Shudy
Stuckey ef al., 2013 Diabetes 62 {Suppl. 1):A629 Health Supported Exercise Intervention In Patients With Metabolic Syndrome: A Not a manuscript
Randomized Chnical Trial
Stuckey ef al., 2013"° Circulation 128 (22) Suppl. 1 Does Prescriplive Exercise With Moblle Health Tracking Improve Self-Efficacy And Not a manuscript
Health Status In Individuals With Metabolic Syndrome?
Stuckey ef al, 2013™ Circulation 128 (22) Suppl. 1 Does A Prescriptive Exercise Program With Mobile Health Tracking Improve Candio- Not a manuscript
Meiabolic Risk Faclors To A Greater Extent Than Exercise Prescripiion Alone?
Su et af, 20212 The journal of nursing research: JNR 29 {6).e176 Effeciiveness Of A Nurse-Led Web-Based Health Management In Preventing YWomen Wirong intervention
With Gestational Diabetes From Developing Melabolic Syndrome
Sunil Kumar ef al., 2020™3 Diabetes and Metabalic Syndrome: 14 (5):1327-1332 An Android Smariphone-Based Randomized Intervention Improves The Quality Of Life  No relevant outcomes
Chinical Research and Reviews In Patients With Type 2 Diabeles In Mysore, Kamaiaka, India
Thatthong et al. 2020' Joumal of Public Health 2B {4):437-443 Innovative Tool For Health Promotion For Al-Risk Thai People With Hyperiension Wirong intervention
Thursion et af, 2020™¢ JACCP Joumal of the American 3{1)149 Assessing The Use Of A Novel Mobile Applicalion To Improve Blood Pressure And Not a manuscript
College of Chinical Pharmacy Medication Adherence In Patienis The Hypertension
Tian ef af, 2015™° Circulation 132 (9):815-824 A Cluster-Randomized, Conirolled Trial Of A Simpiified Muliifaceled Management Wiong intervention
Program For Individuals At High Cardiovascular Risk {Simcard Trial) In Rural Tibet,
China, And Haryana, India
Torkabad ef al, 2020™ Joumal of Nursing & Midwifery 7 {(4):219-225 Effeciveness Of Smariphone-Based Medication Reminder Applicalion On Medication  Wrong intervention
Sciences Adherence Of Palients With Essential Hyperiension: A Clinical Trial Study
Toro-Ramos ef al., 2017 Metabolic Syndrome and Related 15 (9):465-473 Effeciveness Of A Smariphone Application For The Management Of Melabolic Wiong study design
Disonders Syndrome Components Focusing On Weight Loss: A Preliminary Study
Treskes ef al, 2020 JAMA network open 3 {4):e202165 Effect Of Smariphone-Enabled Health Monitoring Devices Vs Regular Follow-Up On Wirong intervention
Blood Pressure Control Among Palients After Myocardial Infarction: A Randomized
Chinical Trial
VanHom et af, 2018™ American Joumal of Preventive £5 (5):603-614 Diclary Approaches To Slop Hyperlension Diet And Aclivity To Limit Geslalional Wiong intervention
Medicine Weight: Matemal Cffspring Metabolics Family Intervention Tiial, A Technology
Enhanced Randomized Trial
widmer ef al, 2017™" American Heart Joumal 188:65-72 Digital Health Intervention During Cardiac Rehabilitation: A Randomized Controlled Wirong intervention
Trial
Wungrath ef al, 2021 Intemational Joumnal of 13 {1):5805-5812 The Effect Of Nutrilional Education Using Line Applicalion In Conjunction With Tele- Wiong study design
Phamaceutical Research Counseling On Nuiritional Knowledge And Behavior Among The Elderly With Chronic
Diseases
Yadav et al, 2021 LC Heart and Vasculature 35:100832 “‘Rouiine’” Versus ‘Smart Phone Applicalion Based — Intense” Follow Up Of Patlients Wiong intervention
With Acule Coronary Syndrome Undergoing Percutaneous Coronary Intervention:
Impact On Clinical Ouicomes And Patient Satisfaction
Yan ef al, 2021 PLoS Medicine 18 {4) Effeciiveness Of A Prinary Care-Based integrated Mobile Health Intervention For Wiong population
Stroke Management In Rural China (SINEMA): A Cluster-Randomized Conirolled Trial
Yang etal, 2018™° Joumal of Obsletrics & Gynaecology 44 (7):1228-1234 Medical Nulriion Treatment Of Women With Gestational Diabetes Meliitus By A Wiong study design

Research

Telemedicine Syslem Based On Smariphones
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Author, year Journal Vohmne Title Exchusion reason
{issuejpages
Yudi efal, 2017" Heart Lung and Circulation 26 (Suppl. 2).5349 Smariphone-Based, Early Cardiac Rehabililation In Patients With Acule Coronary Not a manuscript
Syndromes [Smari-Rehab Trial]: A Randomised Controlled Trial
Zhang et al., 2020™ Intemal & Emergency Medicine 15 (2):241-250 Cost-Effecliveness Analysis Of Different Hypertension Management Siralegies In A No rdlevant ouicomes
Community Setiing
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Supplementary Table 5.4 Ongoing clinical trials which met the eligibility criteria.

Author, Country Trial Recruitment Sihudy ams Population mHealth descripion Siudy design; Intervention
year regisiration sialus {largetsample  condilion duration;
number size) Length of follow up
Inlervention Comparison
Bergeref  United NCT03329079 Acihive, not {1) MT+ {40) Male, aged Experimential am will receive a3-  Comparison group will receive the 6 months, Randomized, Parallel
af, 2017 Siates recruiting 40-69 with month MT+ intervention using the basic version of the mobile phone Assignment
{2) MT {40) BMI=28 kgin?  premium mobile phone app version  app only. Masking: None {Open Label)
with social comparison group,
behaviour change text messaging,
and daily self-weighing via Wi-Fi
scale.
Ho efal, Hong Kong NCTO4875780 Recruiling {1) Experimental Pre-diabeles 16-week core program consisting Parlicipants in the conirol group 12-month Parallel Assignment 3-
2021 {o4) of 16 online weekly inleractive will be invited 1o have an annual am randomised controlled fial
lessons on diet and physical review and blood test at baseline,
{2) Aclive activity for weight loss. Afier the 4 and 12 months and received
Comparator {94) completion of the core program, general ifestyle advice from a
{3) Wail-ist participant can proceed 1o the 36- registered nurse at a community
conirol (94) week post-core phase. The post- chinic.
core program provides 8 monthly
lessons focusing on maintaining
Wfestyle habits and weight loss.
Fukuoka United NCT03969056 Unknown {1) Artificial Hypertension The intervention provides Parficipants in this group receive a  Allocation:
etal, States status Intcligence (Al)  (SBP130- participants with an automated and  standardised and fixed 10,000 Randomised
2020 Activity (20) 180mmHg, personalised dailly siep goal daily steps goal intervention. Interventional Model:
oifand DBP intervention involving a Parallel Assignment
{2) 10,000 steps  BO-100mmHg) sophisticaled aclivity analytics Masking:
{20) algorithm using advanced siatistics None {Open Label)
and machine leaming. Primary Purpose:
Treaiment

SPBP, systolic blood pressure; DBP,
not been verified within the past 2 years.

status, A study on ClinicalTrials.gov whose last known status was recnating; not yet recnating; or active, not recruiting but that has passed its completion date, and the status has
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Supplementary Table 5.5 Studies grouped by diseasefcondition.

DiseasefCondition Author, year
CAD Broers et al., 2020%; Yudi ef af, 20201
CKD Li ef al., 202148
cvD Li ef al., 202148
CVD risk Bennett ef al,, 2018%; Gonzalez-Sanchez ef al, 2019%; Hepka ef al, 2020°2; Lunde ef al, 2020;
Santo ef al, 2019"; Tekkesin ef al., 2021*; Vaz ef al, 202172, Yun ef af , 2000
HF Broers af al, 20004
Bozorgi ef al, 2021¥; Broers et al, 2020%; Dorsch ef al, 2020%; Echeazama ef al., 2021%*; Gong
HTN ef al, 2020™; Kario f al, 2021%; Logan ef al., 201253, Manigault ef af., 202077, Persell ef al.,
2020 Yun ef al , 2020°; Zha et af, 20204
Metabolic syndrome Haufe ef al, 2019%; Wong ef af., 202142
Obese Bennett ef al, 2018%; Duncan ef al, 2020°%; Hochsmann ef al, 2019°); Vaz ef af, 20212
Overweight Duncan et al, 2020%: Hochsmann ef al, 201931; Vaz ef al, 202152
Alonso-Dominguez et af., 2019°; Gunawardena et al, 2018%; Himarsdétlr ef al, 20214;
T2DM Hachsmann ef al., 2019%; Li ef al., 2021%; Logan ef al, 2012%3; Oh ef al, 2022%; Yun ef af,
2020%: Zhai & Yu, 2000
CADL, coronary artery disease; CKD, chionsc kidney CVD, car ular HF, heart fadure; HTN, hypertension; T2DM, type 2 diabetes melitus
For the purpose of giouping, we pooled the following under CYD risk- ASCVD nisk score =7 5%, candiac rehabilitation pati hyperc ia, diagnosis of CHD,
prediabetes, and stroke.
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Supplementary Table 5.6 Number of studies reporting each disease/condition.

Disease/Condition Number of Studies Perceniage of Tolal Studies [%) Cumulative Percentage (%)
HTN 11 262 262
T2DM 9 214 478
CVD risk 8 19 667
Cbese 4 95 762
Cverweight 3 71 833
CAD 2 48 881
Metabolic syndrome 2 48 929
HF 1 24 952
CcvD 1 24 9786
CKD 1 24 100

CADL, coronary artery disease; CKD, chionsc kidney

For the purpose of grouping, we pooled the following under CVD riskc ASCVD risk score >7_5%, candiac rehabilitation p

prediabetes, and stroke.

VI3, can

HF, heart fadure; HTN, hypertension; T2DM, type 2 diabetes melitus

, hypert

of CHD,
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Supplementary Table 5.7 Number of studies grouped by game attributes & game elements.

Game Attribute Number of Studies
Action language 3
Assessment 15
Contral 2
Game fiction 1
Immersion 1
No information 1
Rules/goals 19

Game Element Used
Challenge 3
Competition 2
Difficulty adjustment 2
Feedback 20
Follow-up
Goal setting 2
Progress (task-related) 18
Rewards 2
Social interaction 1
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Supplementary Table 5.8 Distribution of game elements across different game atiributes.

Game element

Game Follow- Goal Progress (task-
attribute Challenge Feedback up satting related)
Action 0 3 0 0 0
language

Assessment 1 6 1 0 6
Control 0 1
Rules/goals ] 1 8
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Supplementary Table 5.9 Game attributes and game elements of included studies.

Gamification details
ShudyiTitle  Author, Year Game Game element Ouicome measures Leaming focus Behaviour change
atiribute used implemented (if any)
EMID Study  Alonso- Assessment  Feedback Change in 1otal score of the Habit/behaviour change by means of displaying Self-moniloring.
Dominguez ef Mediteranean. Diet Adherence nuiritional deviations in terms of both diet Feedback.
al, 20195 Screener {(MEDAS) questionnalre. composition and the number of caloties, with the
Total score of the Diet Quakity Index. aim of encouraging a change of habits.
Track Bennettefal, Rules/goals Feedback Daily entering of an oukcome {weight). Weight loss related behaviour change goals. Social cognitive theory {Foley paper)
2018% Assessment  Progress - IOTA - interaclive obesily treaiment
related) approach.
{Taken from sister sludy
10.1016/_cct 201603006
hifps-/fwww. jmir.ongf2013/11/e2444)
- Bozomgi ef ai, Rules/goals Progress (fask- Adherence to antihyperiensive Healthy diet {DASH and low-sak diet) and weight Feedback
20243 related) medication, and adherence tothe DASH  loss plans. Goal selting
Feedback diel, reduced sodium and fat intake, Knowledge-based information on the nature,
regular blood pressure moniloring, control, and reaiment of the disease.
physical activity. Moilivational and supportive programs for smoking
cessation.
Do Broers ef al, Rules/goals  Feedback Usability and acceptance Improve steps and healthy meals. Feedback
CHANGE2 2020 Difficulty adjusiment  Salisfaciion Self-moniloring
- Dorsch ef ai, Rules/goals  Challenge Change in urinary sodium Impioving confidence in following a low-sodium Goal setting
20207 Action Feedback diet. Action planning
language i.e., To decrease sall inlake The Theory of Planned Behaviour, self-
reqgulation, and mindful decision making
are the theories used in the intervention
1o ilicit a behavioural change.
Taken from sister study: 10.2196/11282
Move, Eat Duncan efal, Assessment Feedback Daily mimrtes of moderate-to-vigorous Weight and target behaviours focus on physical Educafion
and Sleep 2020 Rules/qgoals intensity physical activity, steps, activity, diel, and sleep Goal selting
study resistance fraining, Light Intensity Action planning
Activity {mins.d), Dally Sitling Time Providing feedback
{mins.d), Sedentary Time {mins.d); and Progress comparison
the number of food goals achieved, Self-moniloring
energy intake {kilojoules/day); bed
- Echeazamaef Rules/qgoals - Self-measured BP Good BP measurement practice: Howfo measure  Educafion
at, 20214 related) BP comectly, when to measure. Feedback
Feedback Planned behaviour
- Gong etal, Rules/qoals - SBP and DBP NR Goal selting
2020 related) % Controlled blood pressure Feedback
Medication adherence (questionnaire)
EVIDENTI Gonzalez- Rules/goals  Progress (fask- Adherence in logging food Changing CV risk factors. Goal seliing
study Sanchez et related) Mediterranean diet complance. Prompt self-monitoring
2019® Increase physical activity.
The ABCD Gunawardena Rules/goals  Feedback App usage Improving overall diabeles seif care/management.  Self-moniloring
trial atal, 2018%
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Gamification details

ShudyiTitle  Author, Year Game Game element Ouicome measures Leaming focus Behaviour change
atiribute used implemented {if any)
Haufe et al., Rules/goals Adherence General facts on exercise, healtthy nutrilion, and Goal seliing
2019% mental health. Action planning
SidekickHea  Himarsdotiir Rules/goals  Goal setling Awards healthy behaviours with Help people increase their frequency of heatth Goal setting
Ith et al, 2020 Assessment  Progress (lask- accumulaled health points (which can behaviours through goal setiing, self-monitoring, Action planning
related) result in waler donations o UNICEF). and the completion of health-related tasks.
c -
- Hochsmann ef Assessment Feedback Physical aclivity fime (sleps/day). Improving Physical Activity Behaviour Action planning/goal setling
al, 2019™ Control Progress (fask- Time spent in-game training. Feedback/rewards
Game fiction related) The CALO-RE taxonomy
Immersion
Swipe out Ifejika ef al., Assessment  Feedback Weight loss Changing dietary patlemns posl-siroke for weight Goal setting
Stroke 20207 Rules/Goals Challenges Self-management sirategies loss. Action planning
Progress (fask- Health behaviours
related)
- Kario et af., NA N/A Mean change from baseline 1o 24 weeks  Lifestyle modification {improve management of Action planning
2021 in SBP. hypertension) . Self-moniloring
Reduce blood pressure
- Lietfal, Rules/goals Feedback Medication adherence over 12 months. Medication adherence Goal setting, reminders, selF-monioring,
2021% Assessment  Progress - action planning, feedback, gamification.
related)
Rewards
- Logan et al, Not enough Progress - Change in BP measurements BP measuement Prompt self-monitoring of (BP)
2012 information related)
Feedback
- Lunde et al, Assessment  Progress - Examine whether individualized follow- Improving exercise habils. Self-moniloring
20207 Rules/goals  related) up with an app for one-year post-cardiac  Improving self-perceived goal achievement. Specific goal setiing
Feedback rehabilitation could improve VO peak. Action planning
- Manigault of Rules/goals  Feedback Boih infervention and conirol group: Medicalion adherence Agreed behavioural coniract
al, 2020™ Logging BP Goal selfing
- Chetal, Action Feedback Change in HbA1c Smariphone app gathered and transfermed dataon  Goal selfing; aclion planning; prompt
2022% lanquage Progress (fask- the parlicipant’s Efestyle and provided feedback, self-monitoring; compare progress
Assessment  related) health, and drug information, and reminders of
their medication schedule.
Smart Perscll ef al., Goals Progress (lask- Self Boost selfconfidence and improve selfmoniloring  Aclion planning
Hyperiensio 2020 Action related) - full adherence 1o antihypertensive (adherence). Goal seliing
n Control language Feedback medications
Study Assessment - sleep duration
- physical activity
Self-efficacy score
- Confidence in using home monitor
- Confidence in controling BP
MedApp- Santo of af, Assessment  Progress (lask- Medication adherence Not sure this applies in this case Goal seliing
CHD 2019% Confrol related) Interactive medication logging feature.
Feedback
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Gamification details

ShudyiTitle  Author, Year Game Game element Ouicome measures Leaming focus Behaviour change
atiribute used implemented {if any)
- Tekkesin af Assessment  Follow-up 1-year ASCVD nisk score Reminders, self-moniloring
at, 20214
- Vazefal, Assessment  Challenge Change in weight measurement To enhance behaviour modification with the goal Goal seliing
201 Competition of Increasing energy expendilure and reducing Action planning
Difficulty adjusiment energy inlake. Prompt self-monitoring
Feedback The intervention was designed o objectivelytfrack  Reinforcement
Progress (task- physical aclivity, weight, and diet as automatically  Social connectivity
related) and seamlessly as possible.
Rewards
- Wong ef al., Rules/goals Progress (fask- Self-input of body weight, blood Improve Efestyle behaviowr, diel, and exercise Healh belief model
201 related) pressure, {optional blood glucose and
ipid levels), goal setling capacity.
SMART- Yudi et af, Assessment  Feedback Change in six-minute wak distance Improve cardiac education and knowledge Reminders, self-monitoring,
REHAB 2020% Rules/goals Progress (fask- encouragement, feedback, education.
related)
Goal setiing
- Yun et af, Assessment  Feedback Percentage of subjects that met the Habit change Action planning
2020% Rules/goals  Progress ({task- tanget clnical indicators (HbA1c <7.0%,
related) SBP<140 mmHg in clinic, or LDL
cholesterol <130 mg/dL).
- Zhaefal, NA N/A Blood pressure measurement Self-moniloring BP measurements Self-moniloring
2020% Blood pressure monitoring and managemennt Feedback; Goal setiing
- Zhai & Yu, NA N/A Change in HbA1c Diabetes self-management Prompt self-monitoring
2020 Unclear

232



Supplementary Table 5.10 Summary of behavioural change interventions.

Author, year Tracked behaviour Change in dict Change in physical aclivily Reporbed effectivencss
ArsODaT9USZ  Diel, Physical Acivly  Improved adherence fo Medierrancan diet.  Heart-healthy waks m";m g adharence o diet and
Bennett ef af, " - - Increased moderate 1o vigorous physical Effective in promoling moderate 1o vigorous
2018% Diet, Physical Activity Improved adherence 1o Meditermanean diet. ity physical aciivily and diet adt .
Bozorgi et al, Diet, Physical Acti Significant adherence to dietary Increased levels of moderate and vigorous Effective in promoling adherence to dietary
2021 yskcal AcMly o commendations. physical activily. and physical activity recommendations.
Broers efal, 2020  Diel, Physical Activly  Improved dietary habils. Increased physical aclivity levels. .E"e"""?;'p'h“"'."""l g Cistary habits and
Dorsch ef af., 20207 None Not specified Not specified Insufficient daia
Duncan ef af, Diet, Physical Acti Improved diet quality and reduced energy Increased physical aclivity levels and Effective in improving diet quality, reducing
20207 ysical Ay niare. adherence lo resistance training quidelines. _ energy intake, and increasing physkcal activity.
Eoheszamactal.  None Not targeted Not targeted Insufficient data
Gong ef al, 2020® None Not fargeted Not targeted Insufficient daia
Gonzalez-Sanchez . ! Significant improvements in adherence to I Effective in Inproving adherence o
efal, 2019 Diet, Physical Activity Medil ean diet. Increased levels of physical aclivily. Mednenanean diet and increasing physical
%;l:gm’dma etaf, Diet, Physical Activit Irrpmvded glyc::nmc con?'ol;'ﬁ- suggesting Encouraged regular physical activity. mh;npwhg gycaemic control and
_ - - Parlicipants were provided with healthy food  Significant increase in physical aclivity Eﬂechvempmmdmgheallhy[ooddm
Haufe of al, 2019 Diel, Physical Acthvity choices and diclary counseliing. levdls. and increasing physical activity levels.
Himarsdottir ef af., Diet, Physical Acti Nufrition goals and tips to promote healthy Goals and recommendations to increase Effective in promoling healthy eating habits
20217 Y Y eatling habits. physical aclivity. and increasing physical activity.
goéf;'ﬂnmnetal. Physical Activit Not add i ilgrllican‘llmreasmthiyphyscalamty ;ﬁ:c‘hvemmcreaﬂlgdaiyphyﬂcdamty
. " - - Included dietary counseliing for better Promoted physical activity through a Effective in promoling dietary and physical
Ifejia et af,, 20207 Diel, Physical Activly management of siroke recovery. structured program. activity changes.
_ _ - - Improved dietary habils and adherence 1o Increased physical aclivity levels and Effective in improving diefary habils and
Kario ef al., 2021 Diel, Physical Activly DASH diet. adherence o exercise recommendalions. increasing physical activity
R - - - Significant improvement in diel quality and Enhanced physical aclivity through tallored Effective in improving diet quality and
Liefal, 2021% Diel, Physical Activity adherence. exeicise plans. increasing physical activity.
Logan ef al,, 2012 Diet, Physical Activi Flealﬂlymmmdmsel-cale :‘mqubdr;gfjlarmyﬂcalamlyand Effective in promoling healthy diet and BP
Lunde ef al, 20007 Diet, Physical Activit Enhanced dmhmils Thmugh Lr:pmvedmyﬂcd activity through guided greclwem enMncmg dietary habits and
Manigault of al, Diet, Physical Activi Dietary habits improved with struclured Physical activity improved with tallored Eﬂechvemmmvmgdleialyhab!hald
mmetalyhaﬁh d adh to : ore. IkI.‘E“I’ﬁat:ll\.ve dielary habils and
_ N - an erence - B n mpm\mg an
Oh et af, 2022 Diet, Physical Activily recommendations. Increased physical aclivily levels increasing physical activily.
Persellatal, 2020°  Diel, Physical Activly  Promoled healthier dielary cheices. Encouraged regular physical activity ;gm@;;ml oig hoatihier dictary chokces
Samio efal, 2019°  Diel, Physical Activily ~ Significant improvements in diet quality. Increased levels of physical aciivity Eﬂe"""e;'p'h“"“""'l g d| "*‘I quality and
;’ggﬁsiletd. Diet, Physical Activi Encouraged healihier eating habils. Promoted physical activi ;Jmarég;;encwmgmheamereamgmmu
Vaz efal, 201% Diet, Physical Activit J_Mherenc-em diel recommendations Encouraged regular physical activit grec:llvem _n!pmvmg ad:na'm_ce: diet and
Wong efal, 20212  Diel, Physical Activly  Promoled healthier diefary chaices. Promoted reqular physical activity ;;Jm"r;g;:lp“"“l g Do inier dictary cholces
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Author, year Tracked behaviour Change in dict Change in physical aclivily Reporbed effectivencss
Yudiefal,2020°  Physical Activity Nol addressed Sigrifcant improvementin exercise Effective in improving exercise capacily.
Yun efal, 2020  None Not targeted Not targeted Insufficient data
Zh _ = - _ - - - o Effective in improving diet quality and

a ef al, 2020%* Diet, Physical Activity Significant improvements in diet quality. Encouraged reqular physical activity o ing physical activity.
7hai 8 Yu, 2020'*  Diel, Physical Activly  Improved diefary management. Improved physical activity levels me > nprowing detary management
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Supplementary Table 5.11 Baseline and post-intervention medication usage.

Author, year Baseline Medication Post-intervention Medication P-value or Effect Size
Alonso-Dominguez &f af, 2019 Various antihypertensive, antidiabetic meds etc. No change Mostly > 0.05
Bennett ef i, 2018% NI NI NA

Bozorgi et af., 2021 NI NI NA

Broers ef af., 2020 Antiplatelet, Statins, B-Blockers etc. in both groups NR Mixed p-values
Dorsch ef af, 2020”7 Anthypertensive medications NI NA

Duncan ef al., 2020” NI NI NA

Echeazama et al, 20214 NI NI NA

Gong ef al., 2020 Mean antihypertensive medication 1.86-1.89 Improved adherence in intervention group p=0.004
Gonzalez-Sanchez ef al, 2019®  Various antihypertensive, antidiabetic meds efc. Slight change in % Mostly > 0.05
Gunawardena ef al,, 2018* 0-1 medications, 2-4 oral meds, Insulin in both groups  NA NA

Haufe ef al, 2019 Various antihypertensive, antidiabetic meds efc. NI NA

Hilmarsdottir ef af., 20214 6.1+2 6 meds in intervention group NI NA

Hochsmann efal., 2019% Various antihypertensive, antidiabetic meds etc. NR NA

Ifejikca et af,, 20207 Diabetes, hypertension, or hypeilipidaemia meds NR NA
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Supplementary Table 5.12 Approach to medication.

Author, year

Approach to Medication

Alonso-Dominguez ef al,
2019%

Participants continued current medication regimens.

Bennett ef al, 2018%

Excluded participants based on certain medications and recent cardiovascular events.

Broers ef al, 20204

Provided statistics on types of medications used (e.g., Antiplatelet, Statins, B-Blockers, etc.).

Gong ef al., 2020%°

Focused on medication adherence; reported that the intervention group had higher medication adherence than the control group.

Gonzalez-Sanchez ef af.,
2019%

Examined changes in medication usage over time; noted a statistically significant increase in the control group.

Gunawardena ef al., 2018*

Medications adjusted as per standard diabetes care guidelines.

Duncan ef al,, 2020%

Excluded individuals using medication for sleep or weight management.

Hochsmann efal., 20197

Participants continued current anti-diabetic medication regimens.

Ifcjika ef af, 20207

Excluded individuals using weight loss medications in the past 6 months.

Logan ef al,, 20125

Medications adjusted by the patients’ primary care physician.

Lunde ef al., 2020

Detailled statistics on medication types and adjustments (e.g., beta-blockers, antihypertensive medication, statins, efc.).

Yudi etal, 2020

Medication list reviewed through an app to ensure evidence-based phamacotherapy has been prescribed.

Yun et al.,, 2020%

Control group encouraged to continue their usual care and routine medications.

Zha ef af, 2020

Mentioned HTN medications.

Others>*

No information or not reported regarding medication.
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Supplementary Table 5.13 Detailed risk of bias assessment of included studies.
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Y. yes

SC, some concems,

ROB, nisk of bias;

PN, probably no; PY, probably yes,

N, no information

N. no; NA, not applicable;

L. low,

H, high



Supplementary Table 5.14 Primary and secondary outcomes of included studies.

Author, year Primary Ouicomes Secondary Oulcomes
Alonso- Change in fotal score of the Meditermanean Diet Adherence Screener {MEDAS) Total score of the Diet Quality Index (D) questionnaire.
Dominguez ef queslionnaire. Chinical variables.
al, 20195
Bennelt ef al., The primary oulcome was 12-month weight change. Secondary outcomes included > 5% weight loss, waist cicumference, blood pressure,
2018% fasting Bpids, glucose, and HbA1c over 12 months.
Bozorgi ef af., Adherence 1o hypertensive drug use. Chinical and behavioural outcomes, such as adherence 1o the DASH diet, reduced sodium
2011 and fat intake, reqular blood pressure monitoring, physical activily, and predisposing.
enabling, and reinforcing factors in adherence 1o freaiment.
Broers ef af, Lifestyle [Time Frame: 0-6 months]. Usability, acceplance, salisfaclion with intesvention / fools [Time Frame: 3 months].
2020t The Health Promoling Lifestyle Questionnaire {HPLP-I) will be administered 1o evaluale Unified Theory of Acceptance and Use of Technology (UTAUTZ2) questionnaire will be
whether patients’ subjeclive perceplion of Bfeslyle change has changed. used 1o assess the usability, acceplance, and satisfaction of the care porial.
Behavioural flexibility [Time Frame: 6 months]. Cost-effeciveness [Time Frame: 6 months).
Whether the patients’ behavioural flexibility (having a bigger behavioural repertoire which Whether the intervention arm will be cost-effective as compared 1o the care as usual will
makes il easier to perform allemative behaviours) has increased and thus whether be evaluated using the EQ-5D questionnaire. It could be expected that the intesrvention
behaviour change (a.sconcephlaised by Do Something Different program) has occumed am will experience a lower disease burden and be less lkely to use addifional health care
will be assessed using purpose designed questions by the Do Something Different TesOUNces.
program.
Quakity of ife [Time Frame: 6 months].
Changes in quality of lfe will be assessed using the WHOQOL-Bref quesionnaire.
As this is a widely used instrument it will allow the inlegralion of data from different
pariners.
Dorsch et al, Change in the 24-hour urinary sodium excrelion eslimaled from spot wine by using the Change in the sodium intake measured by the food frequency questionnaire (FFCQ), the
20207 Kawasaki equation, which was analysed using unpaired two-sided t fesis. 24-hour urinary sodium excrefion, blood pressure levels, and the selfreporied confidence
in following a low-sodium diel.
Duncan ef al., Body weight (kg) Weekly minutes of moderale- and vigorous-intensily physical aciivity.
20207 Height {cm) Weekly frequency of resistance fraining
Waist cicumference Daily sitting time
HbA1c Daily energy intake and dielary quality
Sleep quality
Insomnia symptom severity
Sleep fiming
Echeazama et Behavioural oulcome. None
al., 2021 Knowledge and skills about BP checking.
Effeciiveness of TensioBot with regands 1o the BP checking in-sile.
Satisfaclion survey about app.
Gong ef al., mepinﬂymllcansofmicilicamm'esysmicumd pressure (SBP) and diastoic ~ The Modified Marisky Scale 8 (MMS-8), which was comprised of 8 questions, was used 1o
2020%° blood pressure {(DBP) changes in all measure medicalion adherence.
The mean SBP and DBP at the baseline and end of this irial were calculated from the first
and last 3 days’ BP respeciively.
The other oulcome was the change in perceniage of parlicipants in the 2 groups with
controlled blood pressure.
Gonzalez- Medilemanean diet complance [Time Frame: 1 year]. Increase physical aciivilty [Time Frame: 1 year].
Sanchez ef af, Measurement by Medilemanean diet questionary from PREDIMED siudy. Measurement by acceleromeler and evaluate bay counts/minute.
2019% The main resull was the effect on CVRFs and CVR at 3 and 12months of postinlervention  Ligids, ghucose, insulinemia and HbA1, information regarding drugs used for hypertension
follow-up in the IG compared to the CG. and hyperfipidaemia.
Gunawardena Effeciveness of the smart phone-based diabetes management application, SGM on Effect of SGM on blood glucose levels, Bpid profile and occumence and progression of
ef al, 2018% overall control of diabeles meliitus. complicalions such as dyslipidaemia, nephropathy, neuropathy, and micro-vascular
Improvement of glycaemic control as detemined by HbA 1c. complications by following biochemical and physical investigations.
Number of haimful blood glucose fuctuations according 10 pre-determined criteria usinga  Lipid panel (Choem:u HDL Cholesterol, LDL Cholesteral, Triglycerides).
queslionnaire. Fasting blood ghlucose.

At baseline and every 12 weeks for a total of 52 weeks.]

Comprehensive Metabolic panel (Akaline phosphalase, ALT, AST, Blood urea nilrogen,
Potassium, Sodium, Calcilum, Chiofide, Creatinine, Albumin, Total prolein).
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Author, year Primary Ouicomes Secondary Outcomes
Wrine for micro albumin.
Foot examination (for foot ulcers, callus formation, fungal infection)
Dilated eye examination.
Haufe ef al., Change in melabolic syndrome Z score following a 6-month exercise intervention in the Work abilly, exercise capacily, health-relaled qualily of ife, body composition, and
2019% exercise group compared with the waiting-list control group. adherence 1o the intervention.
Himarsdotlir &  HbA1c HRQoL
al, 20H1%
Hochsmann ef Change from baseline daily physical activily at 24 weeks [Time Frame: Baseline and 24 Adherence o the intervention [Tme Frame: 24 weeks] Measured as usage log entries
al, 2019% wecks] Measured as siaps per day. {intervention group) and self-reporied exercise log entries {coniral groug).
Ifejika et af, Reduced tolal body weight. Compliance with the weight loss intervention, improvement in depression, and, if
20207 abnomal, nomalisation of systolic blood pressure, serum low-density Bpoprotein value,
proportion of iotal haemoglobin, and propartion of serum coagulation factor VRl
Kario etal, Mean change from baseline 1o 24 weeks in 24-hour systolic BP (SBP) measured by Mean change in 24-hr SBP by ABPM at 16 weeks [Evaluated at bolh 16 and 24 weeks].
2021%® ambulatory blood pressure monitoting (ABPM). Mean changes by ABPM in 24-hwr DBP.
Mean changes by ABPM in daytinelrighﬂine SBP and DBP.
Mean changes by ABPM in pulse pressul
Mean changes in home awake SBP and DBP
Mean changes in office SBP and DBP.
Mean changes in weight, BMI, and waist ciccumference.
Smariphone app-related variables (app usage rale, progress of app educational programs,
elc).
Any adverse events including devicerelaled adverse events.
Lietal, 2021% The primary oulcome was overall medication adherence rate, defined as: number of The secondary outcomes were changes in clinical outcomes {HbA1c, total cholesterol,
dosage wnits taken/ {(number of dosage unils prescribed per day > number of HDL-C, LDL-C, tiglycerides, FBG/NFBG, creafinine, TFT, syslolic and diasldlic blood
days belween iwo visils) for each individual, measured a months 1. 2. 3, 6, 9and 12 pressure and weight) at baseline, months 3, 6, 9 and 12.
Logan ef ai, Change in mean daylime ambulatory systolic BP. Changes in 7 days of home BP readings, psychological questionnaire responses, and
2012% prescribed antihyperiensive medications.
Lunde ef al., Difference in VO, peak. Change in Quality of Life [Time Frame: Change from baseline 1o 12 months].
2020% Change in Maximal oxygen consumpiion [Time Frame: Change from baseline to 12 Hearl-Qualily of Life {HeartQol ) will be used o assess quality oflife.
months]. Change in Qualily of Life.
Physical capacity will be evaluated with maximal oxygen consumption. Euro Quality of ife quesfionnaire {EQ-5D).
Cardiorespiralory filness test on a treadmill with a standardised ramp-protocol. Change in Health Literacy.
Direct measurement of oxygen consumplion. European Health Literacy Survey questionnaire {(HLS-EU-Q47).
Type D personality [Time Frame: Baseline].
Siandard assessment of Negalive Affectivily, Social Inhibiion, and Type D personalily
{DS14).
Change in Endurance Filness [Time Frame: Change from baseline to 12 months].
Time 1o exhaustion, incline and speed at the troadmill test.
Other Pre-specified Quicome Measures
Chang in Blood pressure [Time Frame: Change from baseline to 12 months].
Systolic and diastolic blood pressure, measured manually in resiing sitling position before
treadmill fest.
Change in Exercise habits [Time Frame: Change from baseline 10 12 months].
The patients will be asked weekly exercise for the last year.
Manigault ef af, The primary oulcomes were median CMG and systolic and diastolic BP at the 3-month The secondary outcome was the proporiion of subjects with uncontrolled blood pressure at
2020% visit. the 3-month follow-up visit.
Medicalion adherence [Time Frame: 6 momths]. As a secondary oulcome, the impact of the intervention on the ability of patients to meet
Blood pressure [Time Frame: 6 months]. their target BP was invesligated.
Oh etal, 2022%  Body fat App usage:
BP = The inpul rates of food intake and exercise to the smariphone app.
Blood ghucose = The input mie of medicine intake.
Persell et al, Systolic blood pressure (mmHg) at 6 months {(adjusted for baseline systolic blood Diastolic blood pressure {mmHg) at 6 months (adjusted for baseline diastolic biood
2020% pressure). pressure).

Proportion with controlled blood pressure at 6 months (defined as BP <14%/<90 mmHg).
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Author, year

Primary Ouicomes

Secondary Outcomes

Medication adherence, measured as 4-day recall of antihypertensive medications.
Number of antihyperiensive agents used at 6 months.

Number of antihyperiensive medication changes {increases or substitution) at 6 months.
Number of health system contacls (telephone, office, or mychart encounters) at 6months —
derived from electronic health record {EHR).

Frequency of home blood pressure measurements per month — derived from HBMD
device.

Proportion of months where a home blood pressure reading is oblained — derived from
HBMD device.

Self-efficacy to monitor and conirol high blood pressure.

Weight at 6 months {lbs).

Diet quality score.

Selfreported physical activity.

Selfreported sleep duration.

Santo et af,
2019%

The primary oulcome was medicaion adherence measwured by the 8-item Morisky
Medication Adherence Scale {MMAS-8) at 3 months.

Secondary outcomes included systolic and diasiolic blood pressure {BP), total and low-
density Bpoprotein {LDL) cholesterol, number of pills missed in the last 7 days and
medication knowledge.

Tekkesin ef af,

20214

Atherosclerotic cardiovascular disease (ASCVD) fisk score of individual patiens at 12
months that is adjusied to baseline ASCVD nisk score. [Time Frame: 12 morths]
Patients with ASCVD risk score of 7.5 % are considered to have a high risk for 10-year
atherosclerotic cardiovascular diseases.

Smoke abstinence [Time Frame: 12 months]

Cessation of smoking habits including non-nicotine and electronic cigarettes during past 4
weeks will be measured at 12 months.

Improvement in high sensilive C reactive protein levels (hs-CRP) {mg/L) (hs-CRP value at
12 months that is adjusied to baseline value) [Time Frame: 12 months].

Improvement in quaklity of ife [Time Frame: 12 months].

Quakity of ife will be evaluated by filing World Health Organisation Quality of Life
questionnaire. Minimum score is 122 77 and maximum score is 387.69 with higher values
are considered as betier qualily of Bfe.

Peak oxygen consumplion value at 12 months that is adjusied 1o baseline value [Time
Frame: 12 months].

Peak VO, will be evalualed by cardio-pulmonary exercise testing.

Major adverse candiovascular events [ Time Frame: 12 months].

Occumence of death, myocardial infarclion, Sinoke, cardiovascular he

Systolic and diastolic blood pressure values (mnmHg) at 12 months that are aqusied to
baseline values [Time Frame: 12 momths].

Body mass index {BMI) fka/m?) level at 12 months that is adjusted 1o basefine level [Time
Frame: 12 months].

HbA1c (%) level at 12 months that is adjusied to baseline level [Time Frame: 12 months].
Plasma fasting Bpid levels {iolal cholesterol, low density Bpoprotein, high density
Bpoprotein and higlycerides) {mg/dL) at 12 months that are adjusted o baseline levels
[Time Frame: 12 months].

Carofid intima-media thickness {mm) value at 12 months that is adjusted o basclne value
[Time Frame: 12 months].

Carofid intima-media thickness will be evalualed by ulirasonography {USG) .

Vaz efal,
2021%

Change in body weight in kg [Time Frame: 6 months].

Change from baseline blood pressure [Time Frame: 6 months].

Change from baseline waist circumference [Time Frame: 6 months].

Change from baseline insulin resistance by homeostasis model assessment (HOMAAR)
[Time Frame: 6 months]

Change from baseline glycated haemoglobin {HbA1c) [Time Frame: 6 months].
Change from baseline plasma triglycerides [Time Frame: 6 months].

Change from baseline body weight in kg [Time Frame: 3 months).

Change flrom baseline body weight in kg [Time Frame: 12 months].

Change from baseline blood pressure [Time Frame: 12 months].

Change flrom baseline waist cicumference [Time Frame: 12 months].

Change in Quality of Life [Time Frame: 6 months afler receiving the intervention].
SF36 Queslionnaire in wait-isted control group after the interveniion.

Change in insulin resistance by homeosiasis model assessment (HOMAAR).

240



Supplementary Table 5.15 Reported COIl and source of funding of included studies.

Author, year COl statement Funding (e.g., Funding delails COl exisls
indusiryinon-
indusiry/both)
Alonso-Dominguez ef al, The authors declare no conflict of inferest. Non-indusiry This study is supporied by funding grants from the Regional Health Management through  No
2019 The funders had no role in the design of the the 2016 grants o camy out research projects in biomedicine, health management and
study; in the collection, . Of inerpretation socio-heakh care (GRS 1276/Bf16), the 2016 program for the development
of data; in the wriling of the manuscript or in the of nurses in thelr research activily (BOCYL-D-11022016-2) and the 2015 incentive
decision 1o publish the resulis. program for nurses who have completed their residency (ORDER SAN f 360/2015).
The study was also co-financed by the Carlos lll Health Institute and the European
Regional Development Fund {ERDF) {RD 1&0007/0003).
Bennett ef al, 2018 Gary Bennett holds equily in Coeus Health and Non-indusiry This trial is funded by the NIH, Nalional Instilule of Diabeles and Digestive and Kidney No
serves on the sciendific advisory board of Discases {R01DK093829).
Nuirisystem. The funder had no role in study design, data collection, data analysis and interpretation
These organisations had no rdle in study design, of data, in the wriling of the report, and in the decision to submit the arficle for
data collection, dala analysis and inlerprelation of publcation.
data, in the witing of the report, or in the decision
1o submit the arlicle for publicalion. The remaining
authors declare that they have no confliciing
interests.
Bozorgi ef af., 2021 NR Industry This study was supported by Tehran Universily of Medical Sciences in the foomofa PhD  No
thesis, taken up by Ms. Mahnaz Ashooikhani, student of Health Education and
Promotion, under grant no. 94-02-102-29524. it was conducted in association with the
Tehran Hearl Center.
Broers ef af, 2020" Auhors EB., JW,JD.WK,MW_,1A JPJ., Indusiry Funded by the European Commission’s Horizon 2020 program {grant number: 463735). No
and M.H. declare no conflict of interests. The Do
CHANGE ieam received funding for research and
mnnovation from the Eurcpean Union for the
cument prgect. Two small- and medium-sized
enterprises (Do Something Different, Docobo
Lid.)and one slart-up {(Onmi) are financially
supporied to develop their products.
Dorsch et al,, 20207 None declared. Non-indusiry Funded by the Agency for Healthcare Research and Quality {R21 HS024567) No
Duncan ef af, 2020 The authors and principal investigators of this Both industry and M.J.D. {APP1141606) is supported by funding from the Nafional Health and Medical No
study declare no conflict of inferest. non-industry Research Council. T.L.B. is supported by an Investigator Grant from the National Health
and Medical Research Council. C.E.C. is supporied by an NHMRC Senior Research
Fellowship and a Universily of Newcaslie, Faculty of Health and Medicine, Gladys M
Brawn Senior Research Fellowship. E.S. is supported by a National Health and Medical
Research Council Senior Research Fellowship {AP1110526) and a Universily of Sydney
S0AR Fellowship. This pioject is parily supporied by Diabeles Ausiralia General Grant
{Y17G-DUNM) and the Nalional Heart Foundalion of Ausiralia (101584, 100629).
Echeazama et al., 2021* The authors declare that they have no confiict of Non-indusiry NI No
interest.
Gong ef al, 20202 The application and the sphygmomanometers Industry This research did not receive any specific grant from funding agencies in the public, Yes

were provided by Shanghai 020 Care Company
for free. We thank Xuejun Wang who is the
president of the company, the APP study group
which was conslituted by 38 hospilals in
Chongging and the patients.

commercial, or not-for-profit seclors.
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Author, year COI statement Funding (e.g., Funding details COl exists
indusiryinon-
indusiry/both)

Gonzalez-Sanchez ef af, The authors declared no polenfal conficts of Non-indusiry This work was supporied by the Spanish Minisiry of Science and Innovation {MICINN) No

20197 interest with respect 1o the research, authorship, and Carlos Il Health Instiute/European Regional Development Fund {ERDF) {AS:
and/or publication of this arficle. PI13/00618, PI13/01526, P113/ 00058, PI13/01635, PI13/02528, P112/01474; RETICS:

RD12/0005, RD16/0007); and the Regional Health Management of Caslilla and Leon
(GRS 1191/B/15, GRS 909/Bf14, GRS 770/B/13).

None of the funders were involved in the design, implementation, analysis, or
inlerpretation of the data.

Gunawardena ef al, 2018* The authos(s) declared no polential conflicts of Unclear The author{s) received no financial support for the research, authorship, and/or No
interest with respect 1o the research, authorship, publication of this arficle.
and/or publication of this arlicle.

Haufe &f al., 2019% We declare no competing interestis. Both This study was supported and funded by granis from Audi BKK health insuranceandthe  No
The funder of the study had no role in the study Geman Research Foundation through the Cluster of Excellence REBIRTH.
design, data collection, data analysis, data
interpretation, wiiting ofthe repart, or decision to
submit for publication. All authors had access io
the raw datia if needed. The comesponding author
had full access 1o all study daia and had final
responsibility for the decision 1o submit for
publication.

Himarsdottir ef al, 2021 The authos(s) declared no polential conflicts of Non-indusiry The author{s) disclosed receipt of the following financial support for the research, No
interest with respect 1o the research, authorship, authorship, and/or publicalion of this arlicle: The sludy was supparied by granis from the
and/or publication of this arlicle. Akureyri Hospilal Research Fund, the Universily of Akureyri Research Fund, and the

Icelandic Nurse Association Science Fund.
Hochsmann et al., 20197 No fnancial disclosures were reporied by authors  Both Novariis Phaima GmbH (for the financial support during the development of the game No
of this paper. application).
This research is funded by the Swiss National Science Foundation (SNSF grantno.
166214).
Ifejika et af, 2020 None declared. Industry NLI has received a University of Texas Southwestem Medical Center and Texas Health No

Resources Chnical Scholar Award {#4).

NLI's and CCC’s previous work at the Center for Clinical and Translational Sciences at
the McGovemn Medical School at University of Texas Health Science Cenler at Houston
was funded by US National Institutes of Health {NIHyNational Center for Advancing
Translational Sciences Chinical and Translational Award UL1 TR000371 and KL2
TROOO370.

NLI received the NIH/National Inskitule of Neurological Disorders and Siroke Diversity
Supplement fo P50 NS 044227, the University of Texas Specialized Program of
Translational Research in Acute Stroke.

The author{s) disclosed receipt of the following financial support for the research,
authorship, and/or publicalion of this arlicle:

This woik is funded by the UTHealth Center for Ciinical and Translational Sciences via
the National Center for Advancing Translational Sciences (Grant/Award Number: KL2
TROO0370, UL1 TRO0O371) at the National Institutes of Health and National Insiute of
Neurological Disorders and Stroke (Grant/Award Number: P50 NS 044227).
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Author, year COI statement Funding (e.g., Funding details COl exists
indusiryinon-
indusiry/both)
Kario ef al., 2021% KK received research grants from A&D Co. Industry A&D Co. (Tokyo) and Omron Healthcare (Kyolo, Japan). Suspicious
{Tokyo) and Omron Healthcare {Kyolo, Japan). CureApp, Inc provided funding and coniributed 1o the development of the HERB software
KK and AN received consulling fees from system and the design of this study.
CureApp, Inc AN and KS are founders of the
CureApp Institule. TT, AK, and RS are employees
of CureApp, Inc 55 and KS are founders of
CureApp, Inc EH has a consultation confract as a
biostatistician with CureApp, Inc.
The other authors have nothing to disclose.
Li et al, 2021 The authors declare no conflict of inferest. Both This work was supporied by funding from the Sydney Local Health District {(BR17/1646). No
The app was provided by Perx Health.
Logan ef al,, 20125 A.G.L. had full access to all the data in the study Non-indusiry The Heart and Siroke Foundation of Ontario {ESA 5970) was the sole source of funding Yes
and takes responsibility for the integrity of the for this project and was not involved in any aspect of the study. Charsitable Regisiration
dala and the accuracy of the data analysis. No. 106846942 RROOO1.
None of the other authors has real or perceived Samuel Lunenfeld Research Institute, Mount Sinal Hospital {from protocol on
confiicts of interest related 1o the study, JAC. ciinicalirials gov).
has received funding from Research In Motion,
Inc. {makers of the Blackberry mobile ielephones)
through the National Science and Engineesing
Research Councl Strategic Network Grant
Program. P.G.R. received reimbursement of
expenses ffom Research In Motion, Inc, 1o atend
a healthcare advisory meeting.
Lunde ef al., 2020 The author(s) dedlared no polential conflicts of Industry Oslo Metropolitan University No
interest with respect 1o the research, authorship,
and/or publication of this arlicle.
Manigault ef af, 2020% The views expressed in the submitied arlicle are Non-indusiry This research was funded by a Mercer University College of Pharmacy Faculty No
his or her own and not an official position of the Development Grant and the Mercer Universily Seed Grant Program.
insiitution or funder.
The authors of this manuscript have nothing to
disclose regarding financial or other conflicts of
interest.
Oh et al, 2022% None declared. Non-indusiry This work was supporied by a grant {19RERP-B020094-06) from the Residential No
Environment Research Program funded by the Minisiry of Land, Infrastructure, and
Transport of the Korean govemnment {NRF-2017R1A6A3A11036413) and a grant from
the National Research Foundation of Korea funded by the Korean govermment.
The authors appreciale Hurayposilive Co for providing the LIBIT app and GST Korea for
supplying the Mediam app and nonhuman kiosks.
Persell ef al, 2020® Dr Persell reporied previously receiving research  Indushy This work was funded by Omron Healthcare Co Lid paid 1o Northwestermn University. Suspicious
funding from Pfizer and reported receiving granis Analyses were conducied by Northweslem University employees.
from Omnon Heakthcare Co. Lid. during the Employees from Lark Technologies, Inc and Omron Healthcare Co Lid parficipated in
conduct of the study. discussing the resulls and revising the manuscript.
Dr Li reparted receiving salary and Northwesiem University & ik retained the right 1o publish and what content 1o
reimbursement for travel from Omron Healthcare publish independent of the funder.
Co lid.
Dr Sato reporied receiving salary and
reimbursement for fravel from Omron Healthcare
Co Lid. No other disclosures were neported.
Sanio ef af. 2019% None declared. Industry This study was supported by a Vanguard Grant (ID101464) funded by the National Heart No

Foundation of Ausiraia (NHFA).
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Author, year COI statement Funding (e.g., Funding details COl exists

indusiryinon-

indusiry/both)
KS was funded by a University of Sydney Intemational Posigraduate Research
Scholarship.
Jc chief mvesfigator on National Health and Medical Research Counc (NHMRC)
programme grant {(ID1052655).
CKC is funded by a Career Development Fellowship co-funded by NHMRC and NHFA
{APP1105447).
JR B funded by a Career Development and Future Leader Fellowship co-funded by the
NHMRC and the NHFA {APP1061793).

Tekkesin ef af, 20214 The authors declare that they have no known Industry This work was supporied by Tilk Telekomunikasyon A S. Suspicious
competing financial inferests or personal The study was performed at Dr. Siyami Ersek Thoracic and Candiovascular Surgery
relationships that could have appeared to Training and Research Hospital, Turkey.
influence the work reported in this paper.

Vaz efal, 2021% Kevin Jon Wilams reporis an ownership inferest  Non-indusiry Temple University Department of Medicine Junior Faculty Research Development Award  No
in Hygieia, Inc.. and in Gemphire Therapeutics, {C. L. Vaz) and the Obesily Trealment Foundation {C. L. Vaz).

Inc., and recently served on the Medical and No commercial entity donated any funds, goods, or services 1o this research.
Scientific Advisory Board of Gemphire

Therapeutics, Inc.

The other authors have no confiict of interest to

declare.

Porlions of this work were presented at the

Sessions in 2018.

Wong ef af, 20214 The authors report no conflicts of inlerest in this Non-indusiry Sincere thanks tothe Slartup Fund, the Hong Kong Polylechnic University for the No

study. groundwork and Health and Medical Research Fund, Food and Health Bureau of Hong

Kong SAR 1o support our research.

Yudi etal, 2020 There are no conflicts of interest. Non-indusiry M.B.Y. is supported by a combined National Health and Medical Research Council No
{NHMRC) and National Health Foundation Posigraduate Scholarship.
The Victorian Cardiac Chnical Nelwork and the National Heart Foundation of Australia,
through a Vanguard Grant, have funded this study.
They did not have any role in the design of this study protocol.

Yun et al,, 2020% None declared. Industry Korea Health Technology R&D Project through the Korea Health Indusiry Development No
Insfitule and by the Minstry of Health and Welfare, Republic of Korea {grant number:
HI16C0455)

Zha ef af, 2020 The authos(s) declared no polential conflicts of The author{s) received no financial support for the research, authorship, and/or Suspicious
interest with respect 1o the research, authorship, publication of this arficle.
and/or publication of this article.

Zhai & Yu ef al, 2020'= NR Non industry Funding from scientific research funding of Tianjin Medical University Chu Hisen No

Memonial Hospital (2019ZDKF03) for Dr Yanghui Zhai.
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Supplementary Table 5.16 MARS App Quality Rating Subscale (Sections A-D).

App name
Sidekick  Loseifl  Perx  Medisale Balanced ConfrolMyWeight Mean (SD)
Health

Entertainment 35 45 4 3 25 2 325 (0.84)
£ Interest 45 5 4 3 2 25 350(1.18)

£
:g Customisation 4 5 45 5 35 25 408 (087)
S  Interactivity 45 5 45 5 35 3 425 (0 82)
Target group 5 5 5 45 35 4 450 (0.63)
»  Performance 5 5 5 5 45 35 467 (061)
£ Essecofmse 5 5 5 5 4 5 483 (041)
€ Navigation 5 5 5 5 4 45 475 (0.42)

=1
£ Geswnl design 5 5 5 5 4 35 458 (0 65)
8 Layout 5 5 5 5 45 35 467 (061)
3 Graphics 5 45 45 5 35 35 433 (068)
L J— appeal 5 45 35 4 3 2 367 (1.08)

Accuracy of app
racy O 5 5 5 5 45 4 475 (0.42)
Goals 4 5 45 45 4 45 442 (0.38)
Quaty of

=

5 infomen 4 5 5 5 45 4 458 (0.49)
2 ation
£ iﬁ'r';"'n"“’r of 4 5 4 5 45 3 4.5 (0.76)
2 Visual 5 5 45 45 45 4 458 (0.38)
information : - - -8 (0.

Credibility 3 2 4 3 45 3 325 (0 88)
Evidence base 4 4 4 4 4 5 417 (0.41)
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Supplementary Table 5.17 MARS App Subjective Quality Subscale (Section E).

App name
5;::::“ Loseif! Perx Medisafe Balanced ControlMyWeight Mean (SD)
Recommend 4 45 35 4 25 3 358(0.74)
L3
% Relevance 5 5 45 5 3 45 450({0.77)
©
§' Would you pay 3 4 4 4 1 2 3.00(1.26)
]
Overall star
rating 4 45 4 4 25 25 358(086)
Awareness 4 45 4 25 3 25 3.42(0.86)
o Knowledge 3 5 35 25 3 3 3.33(0.88)
=
g Atfitudes 4 45 45 45 35 4 417 {0.41)
3 Intenfion to
g change 45 5 5 45 35 45 4 50(0.55)
Help seeking 4 3 35 3 25 3 317(052)
Behaviour
change 4 45 45 5 35 4 425(052)
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Supplementary Table 5.18 MARS grading of available apps from included studies.

Mobie Applcation Rating Scale (MARS)

App name Engagement Functionality Aesthefics Informafion App quality App subjecive App-
mean Score  quality Score specific
Sidekick Heallh¥ 430 500 500 414 461 400 392
Lose b1® 4.90 5.00 467 443 475 450 442
Perx® 4.40 5.00 433 443 454 400 417
Medisae® 4.10 5.00 467 443 455 425 367
Balanced® 3.00 413 367 4.36 3.79 225 347
ControlMyWeight™ 2380 413 300 393 3.46 3.00 350
The App Quality Ratings « s Functionality, Aesthetics, and jon mforms the App qualily mean Score.

The App subjective quality Sm'ewnhsmp:hvdywﬂ.ldﬂ:l each Appfnrrﬂ:mlmrlﬂmn, rate of use, cost, and overall star rating.
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Supplementary Table 5.19 Inclusion and exclusion criteria of included studies.

Author, year Inclusion Criteria Exclusion Criteria
Alonso- Age 25-70 years. History of cardiovascular events.
Dominguez ¢ T2DM {following ADA guidelines: FPG > 126 mg/dL or 2hr plasma glucose > 200 mg/dL Musculoskeletal pathology that prevents waking.
al, 2019% during OGTT or HbA1c > 6.5%) Cihinically demonsirable neurological or neuropsychological disease.
Benneltefal, Obesily and devaled candiovascular discase risk. Pregnancy or < 12 months posipartum.
2018% Al least two visils to the health cenire in the last 12 months. Cohabilation with another pariicipant.
Fluency in English. PatcpahmmarelabdmalorplansmmwemmldeofﬂleregmmﬂlmZyeals
Ownership of a mobile phone. with a candiovascular event in < 6 months.
Wilingness to send/receive three to nine text messages per week. A condition'medication that would affect weight.
Profound cognitive, developmental, or psychialric disorders; or psychiatiic hosplalization in = 12
months.
Bozorgietal, The diagnoss of essential hypertension, withoulits complicalions, such as cardiovascular Presence of other candiovascular diseases.
201 accidents efc. Diabetes melitus.
Being medically treated for hyperiension. Physical disability.
Age of patients between 30 and 60 years.
Having a Smariphone and/or fablel.
The ability 1o read Persian; Incinaiion to parficipale in the study.
Intention to reside in the sile of study for the next 6 month.
Broers ef af, Age 18-75 years. Significant cognitive impairments {e.g., dementia) .
20204 Diagnosed with CAD, HF or HT. patienis who are on the wailing Bst for heart transplantation.
Having at least two of the following risk factors: smoking. posilive family history, increased Life expectancy <1 year.
cholesterol, diabetes. sedentary . psychosocial risk factors. Life threalening comorbidities (e.g.. cancers) .
Patients should also have access o the Inmmet and have a smariphone (and sufficient History of psychialric illness other than anxiety/depression.
Knowledge on using personal computer or smariphone). Patients who do not have access 1o intemel
Patients should have sufficient knowledge of the countries' nalive language. Patients with nsufficient knowledge of the local pilot language (Dutch, Chinese and Catalonian).
Addilional inclusion crileria for HF patients only & o have a left gjection fraclion of <35% and
experience HF sympltoms {e._g.. shoriness of breath, chest pain, exhaustion).
Dorsch et al, =18 years age. Chronic kidney disease {CKD), heart failure.
20207 Diagnosed with HTN on anti-HTN therapy for at least 3 months. Syslolic blood pressure >180 mmHg, diastolic blood pressure >110 mmHg.
Using an iPhone. Insulin-requiring diabetes mellius, or taking loop diurelics, corticosterdids, or nonsiercidal anti-
inflammalory medications.
Duncanefal, Aged18-65years. Cumrent use of an aclivily fracker for physical activily and/or sleep.
20207 BMI between 25.0 and 40.0 kgim?. Cumrent pregnancy, reported presence of a doclor-diagnosed sleep disorder.
Possession of an i0S/Android smariphoneftablet with inlemet access. Cumrent use of medication 1o assist with sleep or weight management.
Presence of a condition which precluded aclivity, diet and/or sleep behaviour modification, weight.
Loss 4.5 kg in last 3 months, intention to parficipate in another weight loss trial
Previous weight loss surgery at any time.
Cument employment involving shift-work on a rotaling roster.
Echeazara et  Patients attending the Nephrology oulpatient clinic (CCEE) of the Araba Universily Hospital Previous diagnosis of severe psychiatric disorder.
al, 2021% {HUA), with a diagnosis of hypertension or suspecied primary or secondary hyperiension. Severe iliness suggesting a ife expectancy of less than 6 months or high probability of needing
They must be at least 18 years old and have been previously insinucied to perform BP checks  haemodialysis or transplantation in less than 3 months.
at home with an information sheet available at the oulpalient hospital. Severe clofling disorders that can cause bruising if frequent BP measurements are performed.
Patients must have an approved and calibraled tensiomeler and a smariphone with Intemet Motor or visual disability that makes i difficull to perfom selfmeasurements at home.
conneclion at home, and sufficient ability 1o send messages via WhaisApp or Telegram.
Patients agreed 1o participale in the study by signing an informed consent form.
Gong ef af, Age 1879 yr. old. Age<18 yr. or Age =80 yr.
2020 Primary hyperiension according to the diagnoslic crileria in 2010 Chinese Guidelines for Secondary hyperiension

Hyperiension Prevertion and Treaiment. (1) Systolic blood pressure > 140mmHg and {or)

Ileracy and no ability to use smart phone
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Inclusion Criteria

diastolic blood pressure > 90mmHg; 2) 24 hours ambulatory blood pressure >130/80mmHg)
Owing a smart phone and the abilty 1o use it, sufficient Keracy, aspiration 1o participate in the
1rial

Li[e-expedancy more than 6 months.

, fumour.

Life expectancy is less than 6 months.

Gonzalez- Healthy subjects since 2010 70 years. Older than 70 years are excluded, due 1o difficulties in the use of ICTs and those who cannot
Sanchez ef al., exercise or follow a diet Mediterranean diet.
2019™
Gunawardena A diagnosis of diabetes (Type 1, Type 2 or unspecified). Pregnancy.
efal, 2018% Age 18-80. Patients on haemodialysis.
HbA1c above 8%. Sleroid induced diabetes.
Having fluctuations in blood glucose (standard deviation 60 mg/ dl and above). Inability 1o be compliant with the study protocol.
Duration of diabetes over one year. Presence of cognitive impaiment.
Must own a mobile device that supporis Android or i0S {iPhone Operating System)
5.
Agreed with study protocol and able to give a wiitten consent for the sludy.
Haufe ef al., Female and male pariicipants. Acute or chronic infections.
2019 Over the age of 18 years. Oncological diseases.
Al least three of the five melabolic syndrome componenis according o the AHA/NHLEI Joint replacements or any surgery within the previous 6 weeks.
critesia. Pregnant or breasifeeding women.
Who were nol pariicipaling in an ongoing occupational health programme. Any condition that prechuded parlicipation in an exercise intervention.
Himarsdotir Diagnosed with T2DM at least 6 months ago. NR
efal, 20214 Able to write and speak the Icelandic language.
own a smariphone; able to use the SidekickHealth app.
Aged 18-75 years.
Not undergone or planned bariatric surgery during the trial period.
Héchsmg?'m aef Physician-diagnosed and medically freated non—insulin-dependent diabetes meliitus. Health risks that coniraindicale exercise fesling, impaired physical mobility, and acule infections or
al, 201 BMI =25, njuries.
Aged 4570 years. Other cinically significant concomilant disease stales {e.g.. renal faillure, hepatic dysfunchion,
<150 minutes of moderate-intensity PA per week. cardiovascular disease, efc.).
Regular smariphone use during the year before the study to ensure that participants were Inability 1o follow the procedures of the study, e.g., due 1o language problems, psychological
familiar with the use of smariphones and would be able 1o play the PA-promoting smariphone  disorders, demenda, etc. of the parficipant.
game without addiional assistance beyond the in-game hrtorial Previous enrolment into the cument study.
Parlicipation in other studies in the last four weeks.
Sysiolic blood pressure > 170mmHg, diastolic blood pressure > 100 mmHg.
Regular physical aclivily before the siudy {2150 min moderate intensity daily PA per week or =1
endurance or strength fraining session per week of more than 30 min in duration) .
Ifejika et al, Ischemic or haemonhagic stroke. Preexisting disability with mRS score >4.
20207 Age 18-85 years. Coniraindications to weight loss (planning 1o become pregnant, hislory of an eating disorder).
African American or Hispanic ethnicity. Sleroid use for suspecied vasculiis.
Posistroke modified Rankin Scale (mRS) score 0-3. Cument or recent (past 6 months) parficipation in a weight loss program or use of weight loss
Posistroke body mass index >30 kg/m?. medication.
Presciption medication for diabeles mellius, hyperiension or hyperfiipidaemia.
Willing to follow a healthy eafing pattern and NOT use weight loss medications.
Personal or caregiver ownership of a computer, smariphone or other smart device {iPhone or
Andraid platform) with intemet access.
If patient has alexia, agraphia, acalculia, demertia or biindness, caregiver must be willing to
complete the inlervention.
Kario etal, Age = 20 years. Office SBP = 180 and/or DBP = 110.
2021% Diagnosed with essential hyperiension {(office SBP 140-179 mmHg and/or DBP 90-109 Suspected secondary hyperiensions.
mmHg). Unireated for comorbidilies in hypertension palients categorised as high candiovascular risk group

Antihypertensive medicalion-naive or prescribed anthhyperiensive medication for > 30 days
after iniial use.

Can use a smariphone daily (operating system: Android 6.0 and above or 105 11.0 or above).

Agree 1o follow the scheduled visils and to receive ABPM at both 16 and 24 weeks after

by the JSH2014 guideline.

Female with pregnancy or expecting.

Recent hislory of cardio- and cerebrovascular diseases, history of unslable angina, Bver disease,
renal disease, cancer, or heart falure.

Difficulty with daily activiies.
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Author, year Inciusion Criteria Exciusion Criteria
Participating in ongoing clnical trials.
Relatives or cohabitant pariners who have akeady in this trial.
Judged by the investigator or clnical ial physicians 1o be unsuitable for participation in this study
forany other reason {e.g., imegular clinic visis).
Lietal, Diagnosed with at least one of the following chronic conditions: type 2 diabetes meliilus Absence of a chronic disease controlled with medication.
20214 {T2DM), heart failure, hypertension (HT), chronic kidney disease {CKD), chronic abstructive Unable to comectly use the Perx app or an iPhone.
pulmonary disease (COPD). Inability to read and wrile English.
Taking a minimum of three different medications. Parlicipanis may also be excluded, if in the opinion of the study Invesligators, they have some
Able to visit the clinic monthly over a 12-month period. other condition or disorder that may adversely affect the oulcome of the study or the safely of the
iPhone accessibility. Participant {e.g.. psychialric liness, substance abuse) .
Unable to commit io the appoiniment schedule or perform the fasks required in the siudy.
Logan ef al., Diagnosis of type 2 diabeles melliilus {the onset of diabeles must have occumed on or afler Conditions making the patient unsuitable for study such as severe cognitive impairment, language
2012% the age of 30 years and there is no hislory of diabetic ketoacidosis). difficulies {unable 10 speak and understand instructions in English), frequent {more than once per
Unconirolled systolic hypertension (defined as a daylime syslolic BP of 130mm Hgor higher  month for more than week) or prolonged {more than 2 months) rips away from home,
on 24-hour ambulatory). homelessness, self-identified subslance abuse, being pregnant, or unable to use home BP device.
Life expeclancy less than one year.
Coexisting conditions that require frequent {more than once a month) ofiice visils or repeated
{more than once in the past year) hospilaizalions Atial fibrillation or other cardiac armhythmias
requiring drug treatment.
Moderalely severe chronic renal faillure defined as estimaled GFR less than 25 mL/min.
Myocardial infarclion, episode of hearl fallure requiring hospilalizalion, or paralyzing stroke in the
pasl year.
Having unslable angina.
Severe valvular heart diseases such as severe aorlic stenosis.
Symptomalic orthoslatic hypotension.
Refusal o sign consent form or o camy out the demands made by the study.
Lunde ef ai, Finished Candiac rehabililation at NIMI or Felring {one of 3 CR programs: 12-week oulpatient Patients who experienced ischemia or amhythmias during cardiopuimonary exercise tesfing that
2020% CR. four-week inpatient CR and one-week inpatient CR). reshiicled them 1o less than 80% of their maximal heart rate or a BORG scale score below 15
= 40 years old. during exercise.
Owner and user of a Smartiphone {Android or Apple). Patients with muscular or skeletal disorders impacting exercise capacity more than hearl disease,
Understanding basic Norwegian or English. as well as those with advanced cancer significantly affecting life expectancy.
Manigault ef 18 years of age. Do not read or speak English.
al., 20207 Diagnosed with hypertension as evidenced by diagnosis codes or chart documentation. Unable to read and sign the informed consent or Health Insurance Privacy and Accountability Act
Prescibed at least one antihyperiensive for a minimum of three months prior to enrolment. {HIPAA) waiver.
Have access o an Android mobile device with data capabiliies. Too #l or cognitively impaired 1o parlicipate.
Consent {o using the application on their device.
Oh etal, Adulis aged 40 to 70 years. A history of malignant diseases.
2022% Being treated for T2DM (without insulin) or hypertension. Coronary artery obstruciive disease.
In siable status for at least the past 4 months. Stroke, ongan transplaniation.
Recent HbA1c levels of partich measured in <4 months were >6.0%. Drug abuse and alcohol dependence.
Andraid phone with OS 4.3 {for selFmeasuring home devices). Disability or respiatory disease Bmifing exercise.
Hospitalisafion in the past 6 months with major medical conditions.
Persell et af, Adulis aged 18 years 1o <85 years at the time of screening. Cumrent user of a Lark health coaching app.
2020™ Siandardised mean blood pressure>135 mmHg systolic or==85 mmHg at iniial study visit.

Have and use an i0S device(s) {iPhone generation 55 or newer).
Able to provide wrilten informed consent prior fo parficipation in the study.
Receive primary care from a Northwestem Medicine clinic sile.

Baseline blood pressure:180 mmHg (sysmic) or=110 mmHg (dasiolic)
Persistent atrial fibrillation.

Pregnant or planning to become pregnant during the study period.

Severe kidney disease, defined as estimated glomerular fillration rale < 30 per 1.73m? or curently
on renal replacement therapy (Le., haemodialysis or peritoneal dialysis).

Hearing impaired and unable to respond to phone calls.

Lack of fluency in English.

History of a cardiovascular event (siroke, fransient schemic attack, myocandial infarction, coronary
artery bypass grafting) in the past three months.

Diagnosis of dementia.

Diagnosis of psychosis.

Terminal cancer diagnosis.
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Author, year Inciusion Criteria Exciusion Criteria
New York Heart Association class Il or IV heart failre.
Individuals requiring blood pressure monitor cuff size larger than 17 inches {42 cm).
Santo et af, Diagnosis of CHD. Already using a medicalion reminder app or other elecironic reminder systems, such as phone
2019+ Over 18 years. alamms.
Owned an aclive smariphone (iOS or Android). If their smariphones were not capable of downloading the apps.
Had sufficient English skills.
Tekkesin ef Presence of high risk for cardiovascular diseases {ASCVD risk score > 7.5%). Patients with prior cardiovascular events including myocardial infarction, percutaneous coronary
al, 204" intervention, coronary artery by-pass grafting operation, stroke, and peripheral artery disease.
Pregnancy.
Patients with communication problems or severe neuropsychiatric problems.
Patients with chronic kidney disease.
Patients who are considered for being unable 1o use smart phone.
Vaz efal, BMI 25 to 42 kgim?. Cument or planned pregnancy.
20219 Age 1810 65 years. Cardiovascular, pumonary, renal, and/or joint disease.
Employed in sedentary occupations. Unconirolled thyroid disease.
Weight stability for last 4 weeks. History of eating disorders, psychiatric disease.
Own a personal smariphone with >4 GB data per month or unlmited. History of substance abuse or dependence in the last 1 year.
Proficient with use of smariphone applications and technology with cumrent daily usage. Diabeles meliitus.
Home inlemel avalability with personal computer. Night shift work.
Ability 1o engage in moderate-iniensity exercise. Previous weight-loss surgery.
Ability 1o comply with all study-relaled procedures. Use of weight loss drugs/diet/program in the last 6 weeks.
Wong et al, Ethnic Chinese. Individuals with physical health problems; menial, visual, or cognitive impaiments that
20214 Owned a smariphone. compromised their use of a smariphone; or coniraindications to waking or performing exercise
Aged 50 or above. were excluded.
Had mefabolic syndrome,1 as defined by ceniral obesily (waist cicumference: male =90 cm,
female >80 cm) and two of the following:
= Triglyceride concentrations =150 mg/dL {1.7 mmol/L), or freaiment for this Bpid abnomnality.
= HDL cholesterol <40 mg/dL (1.03 mmol/L) in males and <50 mg/dL {1.29 mmol/L) in
females.
- Trealment for this Bpid abnormality.
= Systolic blood pressure >130 or diastolic blood pressure >85 mmHg, or freaiment of
previously diagnosed hypertension.
- Fasting plasma glucose >100 mgAdL {5.6 mmol/L) or previously diagnosed type 2 diabetes.
Yudietfai, Age >18 years with a diagnosis of an ACS and documented CAD on angloglqahy (cumaly Unireated veniricular tachycandia.
2020 arlery stenosis >50%), treated either medically or with perculaneous comnary Severe heart falure.
Personal ownership of a smariphone. Significant residual coronary artery disease requiring revascularisation.
Treatment with coronary arlery bypass surgery.
Coexisling disease with a Kfe expeciancy less than 1 year or significant exercise Emilations for
reasons other than CHD.
Yun ef al, Subject 19 years old and more. Inabilily to speak, undersiand, or wiite Korean.
2020% Subject who undersiands the purpose ofthe study and signs with infoormed consent form. Inability to undersiand the conients of the provided materials due to poor eyesight and hearing.
Subject with chronic disease (hypertension, diabeles, dyslipidaemia) . Medical conditions that would Emit adherence to parficipation of the clinical irial {as confimed by
Subject with more than one Poor Disease Control Indicator. their refening physician, e.g., dyspnoea, severe depression, and other mental disorders).
HbA1c 7.0% or more.
Syslolic BF 140mmHg or mare.
LDL-cholesterdl 130mg/dL or more.
Subjects who use smart phones and PCs (those who can use ICT-based health care
progmms).
Zhaefal, Between 18 and 64 years of age. Patients under the age of 18 years old.
2020% Resided in one of the four public housing units in the community. Pregnant women.
Had been diagnosed with uncontrolled hypertension {BP measured at 140/50 mmHg or higher  Patient with serious amhythmia.
for either systolic or diastolic pressure at five separate times during a 2-month period). Patient with preeclamptic.

On antihypertension medication.
Owned and used a compaiible Apple (10S version 5.0 or higher) or Android {with operating
system 3.0 or later) device.

Patient who cannot speakiread English.
Patients using University Hospilal or other clinical offices as thelr primary care service.
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Inclusion Criteria

Exclusion Criteria

For the mHealth intervention, the application required a newer Apple or Android smariphone
or tablet device for compatibility. In addifion, as the application interface was only in English,
parlicipanis needed to be able to read and speak English.

Zhai & Yu,
2020'%

Patients with type 2 diabetes diagnosed according 1o the Diagnostic Criteria for Type 2
Diabeles developed by the World Health Organisation in 1999 based on medical records.
Diagnosed with diabeles 3 months.

Aged belween 18 and 60 years.

No pians to relocate and travel in the next 6 months.

Cell phone users.

Serious complications with kidney, eye, fool, and nervous system and acute complications such as
diabetic keloacidosis or laclic acidosis.

Cognitive impaient, severe hearing and visual impaiment.

Type 1 diabeles or other unusual types of diabeles.

Pregnancy and malignant tumours.

Physically disabled.

Surgery, pregnancy, and breasifeeding in the past 3 months.

Patients who are parlicipating in simiar studies.
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Supplementary Table 5.20 App availability on respective platforms (for MARS grading).

App Availability

Author, year App name (if any) App Store Play Store
Dorsch et af., 20207 LowSalt4l ife & Nutritionix Yes (but requires participant login) No

Duncan ef al, 2020% Balanced app & ControlMyWeight app Yes No

Haufe ef al., 2019 Rebirth Active Yes (but in German) No
Himarsdattir of af, 20217 SidekickHealth app Yes Yes

Ifejika ef al, 20207 Lose it! Yes Yes

Li et al, 2021* Perx Yes Yes

Santo et al, 2019* Advanced app: Medisafe; Basic app: My heart, my life Yes (Medisafe) Yes

As of 27 June 2023. App Store refers to Apple App Store_ Play Store refers to Google Play Store.
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Supplementary Table 5.21 App technical and descriptive information.

App name Version Developar Daleupdaled Appcost Agegoup  App App descriplion Technical App conlent focus Theoretical background/
{Platform) number  name {ddimmiyyyy) ($AUD) rating {N) aspects sirategies
Increase happiness/ Assessment; feedback;
Helps people Bving with Has an App welbeing; monitori ing; goal
Adolescents; chronic liness {PSA, RA, community; mindfulness/ setiing;
Sidetdck Heallh” Sidekick 010772023 Basic: young 373) IBD, CD, UC) manage the Requires login; meditation/ relaxation;  advice/ips/sirategies/skills
{iPhone) - Health AB Free adulis; - daily aspects of their ives Needs web * behaviour change; fraining; CBT-behavioural
adulis 1o be healthier and feel 1o function goal seiling; physical  (posilive evenis),
better. health; Other - mindfulness/meditation;
engagement relaxation; gratiude
Allows sharing
{Facebook,
Twitler, eic.); has Feedback
= Calarie counting, nutiion  an app N - _—
Lose iF® Basic: racking, and imermitient  commurity; allows  Behaviour change; :"f:lf“‘!"“’ed“mad
{iPhione) 15.4 300 HFiNow 20/0772023 Upgrade: General 46({9842) fasting 1no| that hgt.s ) passwad— goal setling; physical ".'tgu_"'g‘ tracking;
9999 users achieve their weight p'oiecllon health advi .'I' sirategies/skills
loss goals. requires login {rainin
sends reminders; 9
needs web access
to function
Feedback;
Lucky Basic: Adolescents; m;’:ﬁn ceand Allows password-  Increase happiness/ ::fmmmw
Penc® 387 Healih Ply. 170772023 '@ young 47(356) consumerengagememt ~ Protection. welbeing, Behaviour 0, - 99
{iPhone) - Lid Upgrade: adulis; - iactics to h:gzgsem requires login change; godl setiing; advi 9.1_ sirategies/skills
29 aduls improve heath behaviours,  5°N9% feminders - physical health training; CBT-behavioural
{positive events)
Visual and easy
Basic: medication management
" Free ) Adolescents; with reminders and other Allows password- Feedback:
Medisafe Medisafe . young biomarker tracking. Can protection; Behaviour change; e =
{iPhone) 8332 Inc. 180772023 ggglsad P:' adulis; 47 {5799) generate progress reporis  requires login; goal setling mm"_ “;"Wh'g' goal
i adulis 1o send to clinicians and sends reminders
year can synchronise family's
medication management.
Increase happiness/
Basic: As;fp_l;ielt:lmsmegintmk Al:ms_passwad- mg%y Feedback
28 . aviow fo improve  protection; " N
gl;‘:"m"‘:)d 300 m;“ 1507/20224 ﬁ ® e, General 5(1) health inchuding sleep requires login; mediation reaxalion:  manitoringftracking; goal
NA q_uidlly._exemﬁe. and needs web access dimse'gabdnmaeviwr setfing
sitting time. 1o function change; god Hing;
physical health
. Food and exercise diary
Adolescenis; -
_ - for weight management Allows password- _ ] Feedback;
m‘;‘w 228 Calorieking 211172022  Free youed 46(8259) curaled with Austraia's  protection; 932':““‘". ';"a"ge- manitoring/iracking; goal
adulls m database. Works requires login saifing
e

1 Approximate dale, since AppSiore says last updated: 1 year ago
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Number of Papers
7

- N W R B ®

Supplementary Figure 5.1 Papers by country where studies were primarily conducted.

The total number of studies included from each region are as follows: 8 from Asia, 8 from Europe, 8 from North America, 4 from Australia, with number of papers per country
shown on the figure with the USA contributing 7 studies, closely followed by Australia with 4 studies. Turkey was considered in Asia for this figure.
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Relationship between Game Attributes and Game Elements

[

Distance (Ward)

Aszessment
Rulessgoals
Goal sstling
Fallow-up
Challenge
Aclion language
Competition
Rewards

Bocial interaction
Immersion
Game fistion
Control

Difficulty adjustment

Progress (task-related) “
Feedback4‘

kS
Game Attributes and Game Elements

Supplementary Figure 5.2 Relationship between game attributes and game elements.

Game attributes are coloured in red, whie game elements are in blue. In this graph, the Eudlidean distance on the y-
axis represents the dissimilarity between dusters, while each leaf on the x-axis represents a game element. Clusters
of game elements that are close to each other (i.e, connected at a lower height on the dendrogram } are more simiar
in terms of their relationships with game attributes. For instance, the game elements grouped together at the lower
heights are often used in similar contexts or for similar attributes in the studies.
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Experimental

Study Total Mean SD
Bennett, 2018 170 -4.00 6.3
Haufe, 2019 160 -4.30 49
ifejika, 2020 13 163 39
Li, 2021 45 022 43
Lunde, 2020 48 -160 41
0Oh, 2022 15 05217
Persell, 2020 144 014 53
Vaz, 2021 13 716 1.8

Random effects model 608
Heterogeneity: /© = 86%, 1° = 2.9071, p < 0.01

167
154
12
38
54
17
152
15

609

Control
Total Mean SD

-0.10
-0.80
249
0.1
0.10
0.00
061
-3.00

59
46
56
39
4.4
18
38
1.0

Mean Difference

MD

-3.90
-3.50
-0.86

0.33
-1.70
-0.52
-0.47
-4.16

-1.96

Supplementary Figure 5.3 Forest Plot of Body weight (kg) Sensitivity-Analysis Results.

A sensitivity-analysis of eight studies involving 1217 participants revealed a statistically significant reduction in body
weight due to the intervention, with a pooled mean difference of -1.96 (95% CI: -3.27 to -0.64, p < 0.01). The analysis
noted substantial heterogeneity (7 = 86%, 12= 29071, p < 0.01)}, indicating considerable variability in effect sizes
across studies. The effect estimates from individual studies were weighted between 6. 7% and 14.3%, contributing

evenly to the overall resulis.

07
o

1.0 05
1

Standard Error

15

20
|

~ %

Mean Difference

95%-Cl

[-5.21:-259]
[-4.55;-2.45]
[-4.68; 2.95]
[-1.45; 2.10]
[-3.35,-0.05]
[-1.73; 0.69]
[-1.53; 0.59]
[.5.26; -3.06]

Weight

13.4%
14.0%

6.7%
12.0%
12.4%
13.6%
14.0%
13.9%

[-3.27; -0.64] 100.0%

Supplementary Figure 5.4 Funnel plot of body weight for risk of publication bias (Sensitivity-analysis).
Mean change in body weight plotted against the SE of the mean change. The plot appears symmetrical.
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Experimental Control

Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl Weight
Bennett, 2018 170 -140 23 167 -001 20 -1.39 [-1.85,-093] 253%
Li, 2021 45 01116 38 004 14 5 0.15 [-0.49; 0.79] 229%
0Oh, 2022 15 013 06 17 -017 07 T 0.03 [-0.43; 0.50] 252%
Persell, 2020 144 004 18 152 021 14 = 017 [-053; 0.19] 266%
Random effects model 374 374 -0.35 [-1.03; 0.33] 100.0%

]
Heterogeneity: 12 = 88%, 1> = 0.4198, p < 0.01 ' T ‘ !
3 2 -1 0 1
Supplementary Figure 5.5 Forest Plot of BMI (kg/m?) Sensitivity-Analysis Results.
In this sensitivity-analysis comprising four studies with 748 participants, the intervention demonstrated a modest, non-
significant reduction in BMI, with a mean difference of -0.35 (95% CI: -1.03 to 0.33, p < 0.01). Despite the overall
effect being non-significant, substantial heterogeneity was present (I? = 88%, 17 = 0.4198), indicating variability in
outcomes. The studies contributed relatively equally to the analysis, with individual study weights ranging from 22 9%
to 26.6%.
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Supplementary Figure 5.6 Funnel plot of BMI for risk of publication bias (Sensitivity-analysis).
Mean change in BMI plotted against the SE of the mean change. The plot appears symmetrical.
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Supplementary Figure 5.7 Forest Plot of HbA1c (%) Sensitivity-Analysis Results.
In this sensitivity-analysis, which includes six studies with a combined total of 1533 participants, a small but

statistically significant reduction in HbA1c was found with a mean difference of -0.14 (95% CI: -0.26 to -0.03). Despite
the significance of the pooled results, there is a high degree of heterogeneity (IF = 82 2%, 12 = 0.0128), suggesting
variations in the studies’ results. The weight of individual studies within the analysis varied significantly, ranging from

4.9% to 25.8%.
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Supplementary Figure 5.8 Funnel plot of HbA1c for risk of publication bias (Sensitivity-analysis).
Mean change in HbA 1c plotted against the SE of the mean change. The plot appears symmetrical.

259



Supplementary Figure 5.9 Forest Plot of LDL (mmol/L) Sensitivity-Analysis Results.

This sensitivity-analysis of five studies, with a total of 1546 participants, shows a non-significant mean difference of -
0.03 (95% CI: -0.10 to 0.03) for the intervention’s effect, indicating no substantial impact on LDL. The heterogeneity
among the included studies is negligible (I2 = 0%, 12 = 0}, suggesting a high level of consistency in the findings across
different study samples and contexts. The contribution of each study to the overall effect size varies, with one study
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(Gonzalez-Sanchez, 2019} having a notably higher weight (52.5%) compared to the others.
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Supplementary Figure 5.10 Funnel plot of LDL for risk of publication bias (Sensitivity-analysis).
Mean change in LDL plotted against the SE of the mean change. The plot appears symmetrical.
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Supplementary Figure 5.11 Forest Plot of SBP (mmHg) Sensitivity-Analysis Results.
In this sensitivity-analysis, data from seven studies with 2024 participants indicate a non-significant pooled mean

difference of 0.17 (95% CI: -1.83 to 2.18) for SBP. There is moderate heterogeneity (F = 56%, 12= 4.0015, p = 0.03},
suggesting some variability in outcomes between studies. The individual study contributions to the sensitivity-analysis
are notably varied, with weights ranging from 4.7% to 22 5%, reflecting differences in study size and effect estimates.
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Supplementary Figure 5.12 Funnel plot of SBP for risk of publication bias (Sensitivity-analysis).
Mean change in SBP plotted against the SE of the mean change. The plot appears symmetrical.
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Supplementary Figure 5.13 Meta-regression plots for primary outcome vs age.

The bubble sizes in the meta-regression plots represent the precision of the effect size estimates, calculated as the
inverse of the variance for each study. The variance was determined using the standard deviations and sample sizes
of both the intervention and control groups, with larger bubbles indicating studies with smaller variances, more precise
effect size estimates, and greater influence on the regression analysis.

262



App Name

App Dimension Ratings

Sidekick Health

Medisafe

Lose it!

ContrelMyWeight

Balanced

Category

Supplementary Figure 5.14 Comparison of App Dimension Ratings from included Apps using MARS.
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progress is better than no progress. It will pay off!
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MIRTH messages

Exerdise gives you endorphins. Endorphins make you happy. Be happy!

Exercising can mprove your mood, make you more focussed and make you feel stronger mentally.

Going on a long walk can help you to reduce your stress. Give it a try, see how you feel

Y¥aking can help you to lose weight, improve your blood sugar, and protect your heart

Going for a quick walk today can make you fed more energefic.

Y¥aking can mprove your mood and clear your mind.

Regular walking can have long term benefits for your health. ¥hy not walk towards fedling your best?

Managing your mild body aches can be hard Being adlive can help

Being more active and keeping fit sefs a good example fo your loved ones

Y our loved ones will be proud to see the positive changes in your health over time

Do not feel bad i you have to start slow. Steady progress is better than no progress. It will pay offt

Waking increases your filness and your chances o living longer

Physical aciivity is a great way to feel better overall, mprove your health, and it your mood. Amm for atleast 30 minutes of
walking each day at a medium pace to see the benefits

Taking part n healthy adivities with others can make you feel great. The more you do, the more you will be capable ofl
Is something making exercise hard for you? If so, what could you do to overcome the obstacles?

Haven't been aclive before? Don't ket that hold you back. Start today and feel a sense of achievement!

Have you made ch toimp your health before? How did you do it? You can do it again!

You are a strong person. Use that strength to reach your adivity goal

Do not feel bad i you have to start slow. Steady progress is better than no progress. It will pay offt
Keepworlmgtmmnt;youradmly gods. You wil get therel

You can inspre others by being adlive yourself

Others will see the changes you are making for your heakh

Do not worry if you are not as physically aclive as others. Focus on you and your own goals. Everyone is different

Don't feel Bke being active? Think of those cheering you on a make them proud!

Other people like you are experiencing the benefits of being active. You could tool

Increasing your activity levels is good for you and those around youl

¥hen feeling down you may not feel ke being adlive. But being adlive will lift your mood. Give it a gol

There will be times when you do not meet your goals. That's ok, just keep moving forward. It is important not to give up.
Can you find 30 minutes in your day to go for awak? That is less time than it takes to walch one episode of a TV show.
Try planning out easier ways to be more adiive. This could be getiing off the bus a few stops early.

Exercise isnt just for the gym. How could you be more adive around your home, neighbourhood, or workplace?

Place some comfortable shoes n a place that will prompt you to head out for a walk. Imagine the benefits it could bring!
Could you pair up waking with doing errands or work? Maybe try waking while on a phone call .

Try not to sit for more than 30 minutes at a ime. Getup and walk around your home for a few minutes. It will benefit your
health.

Increasmg activity levels doesn’t need to be hard Go for a biisk wak to the park, the shops, or a fend's house.

Being adive doesn't need to be expensive. A pair of ¢ le shoes and a bottle of wateris allit takes!
Involve your loved ones in your adivities. You can al benefitl

Invite a friend or family member to go on a walk with you. Use this active time to catch up..

Can a friend or famiy member help you to reach your goal? Identify someone who can nudge you to be more adive.
Why not ask your loved ones for support to be moare adive? Ther encouragement can help you progress that litile bit further
Could you use waking as a way to visit new places or parks with your friends or famdy?

Most people spend too much fime siting and not enough time moving around. Could today be a more active day for you? Give
itatry.

It can be difficukt to find the time to exercise. ¥What could you change to reach your activity goals?

Having good support is the best way to reach your goals and manage your health. Look for people who give you support,
advice, and companionship.
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Table 1. Sample size calculations (Liao et al. 2016)" from the R-shiny app.2

Duration of study: 90 days
Number of Decision Time Points per Day: 1
Constant Randomization Probability: 05
Expected Avaiabiity: Constant
Average of Expected Availability: 08
Proximal Treatment Effect: Quadratic
Average of Proximal Treatment Effect: 0.1
Day of Maximal Proximal Treatment Effect: 45
Initial value of Proximal Treatment Effect: 002
Desired Power: 08
Significance Level: 0.05
Required sample size: 58
References
1. Liao P, Klasnja P, Tewari A, Murphy SA. Sample size calkulations for micro-randomized trials

in mHealth. Stat Med. 2016;35(12):1944-71.

2 Seewald NJ, Sun J, Liao P. MRT-SS cakculator: An R Shiny application for sample size
calculation in micro-randomized trials 2016 [Available from: hitps-fpengliao_shinyapps.io/mrt-

calculator/.
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Supplementary Table 7.1 Laboratory studies (biochemistry and haematology)

Test Unit Baseline Month 6
Glucometer Glucose Level mmol/L 5.30 4.90
White Cell Count x109/L 4.20 5.60
Haemoglobin Concentration g/L 133.00 136.00
Platelet Count x109/L 183.00 189.00
Packed Cell Volume L/L 0.41 0.41
Mean Corpuscular Volume fL 93.00 92.00
Red Cell Count x10%2/L 4.42 4.45
Mean Corpuscular Haemoglobin pg 30.20 30.50
Gamma GT (Liver Function Test) U/L 21.00 36.00
ALT (Liver Function Test) uU/L 34.00 60.00
AST (Liver Function Test) uU/L 29.00 41.00
Urate Level mmol/L 0.24 0.26
Total Cholesterol mmol/L 3.50 3.40
Triglycerides mmol/L 1.10 0.60
HDL Cholesterol mmol/L 1.56 1.94
LDL Cholesterol mmol/L 1.40 1.20
Non-HDL Cholesterol mmol/L 1.90 1.50
Total to HDL Cholesterol Ratio - 2.20 1.80
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Supplementary Table 7.2 Dietary assessment

Category Unit Baseline Month 6
Total Consumption grams 1296.53 1503.90
Protein grams 66.72 70.06
Total Fats grams 71.54 56.84
Saturated Fats grams 29.15 2417
Trans Fatty Acids grams 1.03 0.88
Polyunsaturated Fats grams 718 7.50
Monounsaturated Fats grams 17.95 17.45
Available Carbohydrates grams 84.84 87.75
Sugars grams 29.23 31.01
Added Sugars grams 7.71 2.83
Free Sugars grams 7.71 2.83
Starch grams 54.98 55.85
Water Consumption grams 1413.66 1184.85
Alcohol Intake grams 6.74 0.054
Dietary Fibre grams 18.08 7.85
Ash Content grams 8.88 10.65
Cholesterol Intake mg 390.04 316.22
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Supplementary Table 7.3 Mineral intake

Mineral & macronutrients Unit Baseline Month 6
Sodium mg 1415.24 1605.20
Potassium mg 1799.71 2367.65
Magnesium mg 232.74 204.73
Calcium mg 300.96 699.38
Phosphorus mg 823.94 1044.17
Iron mg 7.02 4.63
Zinc mg 7.89 5.07
Selenium Mg 59.79 74.05
lodine Mg 109.75 115.95
Protein Energy Distribution % 21.02 24.66
Fat Energy Distribution % 49.05 43.54
- Saturated Fats % 19.98 18.51

- Trans Fats % 0.70 0.67

- Monounsaturated Fats % 33.08 35.52
- Polyunsaturated Fats % 13.23 15.27
Carbohydrate Energy Distribution % 25.98 29.93
Alcohol Energy Distribution % 3.62 0.032
Dietary Fibre Energy Distribution % 2.68 1.30
Very Long-Chain n-3 Fatty Acids grams 0.55 2.29
Linoleic Acid grams 5.077 4.02
Alpha-Linolenic Acid grams 5.31 0.51
Eicosapentaenoic Acid (EPA) grams 0.16 0.81
Docosapentaenoic Acid (DPA) grams 0.11 0.38
Docosahexaenoic Acid (DHA) grams 0.28 1.10
Tryptophan grams 0.63 0.73
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Supplementary Table 7.4 Vitamin intake

Vitamin Unit Baseline Month 6
Thiamine mg 0.90 0.43
Riboflavin mg 0.82 1.10
Niacin mg 13.11 15.16
Niacin Equivalents mg 24.78 27.77
Vitamin C mg 21.85 47.34
Vitamin E mg 10.20 8.57

- Tocopherol Alpha mg 8.27 7.55
Vitamin B6 mg 0.71 1.04
Vitamin B12 Mg 2.99 5.74
Total Folate Mg 285.89 258.46
- Folate Total DFE Mg 362.49 286.15
- Folic Acid ug 114.76 41.25
- Folate from Food Mg 171.12 217.21
Total Vitamin A Equivalents Mg 601.37 289.94
- Retinol Mg 128.97 97.14
- Beta-Carotene Equivalents Mg 2837.31 1155.99
- Beta-Carotene from Food Mg 1474.90 960.78
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Supplementary Table 7.5 Food groups and energy

Food Group

Intake

Details

Baseline

Month 6

Grain Consumption 3.0 servings

2.3 servings

Whole grain ratio: 9.60% at baseline and
9.94% at month 6.

Fruits 0.13 servings  0.31 servings  All from citrus, melons, and berries
Starchy vegetables: 3.91% at baseline

Vegetables 1.9 servings 1.8 servings and 14.43% of total at month 6.

Protein Foods 2.7 servings 1.8 servings Eggs, high and low omega-3 seafood

Dairy 0.35 servings 1.8 servings Milk and cheese

Oil and Fat 9.3 teaspoons 5.9 teaspoons  Qil equivalents

Consumption 6.5 teaspoons 5.6 teaspoons  Solid fat equivalents

Added Sugars 1.8 teaspoons

0.8 teaspoons

123.35 kJ at baseline and 52.74 kJ at
month 6.

Caffeine Intake 207.70 mg

277.61 mg

Textbox 1 Data dictionary

Time 1 =6 am

Time 2 =11 am

Time 3 =3 pm

Message 1 = intervention received

Message 0 = intervention NOT received

Step count = number of steps taken in the 180 minutes following the intervention.

Mean heart rate = average heart rate (beats per minute) in the 180 minutes following the intervention.

Sex 1 = female
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Relationship between Mean HR and Step Count
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Supplementary Figure 7.1 Relationship between mean heart rate and step count.
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Daily Variation in Step Count
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Supplementary Figure 7.2 Change in step count over the study period of 90 days.
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Daily Variation in mean Heart rate
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Supplementary Figure 7.3 Change in mean heart rate over the study period of 90 days.
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Supplementary Figure 7.4 Daily weather conditions during the study period. Data from Weather Query Builder by Visual Crossing Corporation.426
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THE UNIVERSITY OF Central Clinical School
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Participant Information Sheet/Consent Form

Charles Perkins Centre, University of Sydney

A randomised controlled trial to evaluate an intensive

Title lifestyle program for reversal of coronary heart
disease

Short Title Lifestyle VulnErable PLagUe Study (LIVEPLUS)

Protocol Number 7.0

Project Sponsor The University of Sydney

Principal Investigator Professor Luigi Fontana

Professors lan Wilcax, Martin Ugander, Peter Cistulli,

lan Caterson, Michael Skilton, Jacob George; AfProf
Serigne Lo, Samantha Hocking, Laura Piccio, Jinman

Kim; Drs Imre Hunyor, Kirby Wong, Michele McGrady,
Jessica Yang, Na Liu, Sophie Cassidy, Cynthia Kroeger,

Associate Investigator{s}

Sayan Mitra, Robin Hairong Huang, Rosie Ribeiro,
Rebecca Kozor, Lynn Khor, Tian Wang, Andrius
Masedunskas, Leah Avery, Angelo Sabag, Jing Xu,
David Hutchinson, Isabella de Ciutiis, Juan Joseph
Rayal Prince Alfred Hospital and Charles Perkins

Location Centre

Part 1 What does my participation involve?

Introduction

You are invited to take part in this research praject. This is because you have a diagnasis of Coronary
Heart Disease (CHD). The research projectis testing a new lifestyle treatment for CHD. This new
treatment is called ‘Intense Lifestyle Program’ {ILP).

Professor Fontana, the lead investigator, has previously shown that following a healthy lifestyle can
improve multiple cardiometabolic risk factors. However, we do not know yet, if this translates in
functional and structural improvements of the heart in individuals with CHD. This study is designed to
determine the effects of a comprehensive ILP on physiology, metabolism, body compasition, and
progression of CHD by state-of-the-art imaging techniques.

The study is being funded by a grant from the Australian Youth and Health Foundation.

Wihat does participation in this research involve?

If you agree to participate in this study, you will be asked to sign the Participant Consent Form. You will
then be requested to visit our lab for clinical testing, as well as follow a lifestyle programme for 12
maonths.

At the beginning, you will be required to complete a baseline testing period prior to study
randomization. After the completion of the baseline period, you will be randomly assigned to one of two
groups for the next 12 months. By “random”, we mean that neither you nor any of the study staff

MASTER Participant Information Sheet/Consent Form Version 7.0, 6 February 2024 1
SITE SPECIFIC Information Sheet/Consent Form Version X, dated 8t /iH fiBHE
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members can select the group you will be in. Using a pracedure, like flipping a coin, a computer
program assigns you to one of the groups. You will keep this group assignment for the remainder of the
study.

1-ILP and optimal medical therapy (OMT) group: If you are assigned to this group you will be asked to
eat a pesco-vegetarian diet, with fasting on 2 days of the week. To help with this you will be provided
with fresh ingredients and recipes for the first month after your assignment. During the remaining 11
months in the study, you will make your own food selections and prepare your own meals at home but
will receive either online or face-to-face appointments with your dietician every 2 weeks for the first 3
months and monthly thereafter. You will also be given a Fitbit physical activity tracker, exercise advice
from an exercise physiologist, and mindfulness/yoga training. You will be asked to download and use a
phone app which will help us track your progress. Once you have completed the 12 months you won't
have access to the ILP appointments and support. You have one in two chances to be assigned to this
group

2-Group two: Group two will be the ‘OMT group. if you are assigned to this group you will be offered an
online appointment or face-to-face consultation with a dietician at 0,3,6,9, months to guide you through
a healthy diet according to the American Heart Association guidelines, but no food will be provided. You
will also be given a Fitbit physical activity monitor to track your physical activity and sleep patterns. At
the end of the 12 months you will also be offered a mindfulness/yoga programme. You have one in two
chances to be assigned to this group.

Whatever group you are in, you should agree to avoid taking any new non-prescription medications,
vitamins or nutritional supplements during the study without informing the study physidan and agree to
inform the study personnel of any changes in any medications prescribed by a personal physician.

Pre-screening video call

Before the baseline testing period, the research team will organise a video call to explain details of the
study which will also be an apportunity for you to ask any questions and talk through any uncertainties
you may have. This is a good chance to meet the research team and work out if this study is right for
you. If you are interested in taking part, the research team will organise your first dinic visit. This video
call will be recorded.

Clinical testing

As a participant in this study, you will be requested to undergo a combination of imaging and clinical
tests. These will be predominantly conducted at our institute which is located at the Charles Perkins
Centre Royal Prince Alfred clinic (CPC-RPA clinic), University of Sydney. In most cases you will be asked
not to eat or drink anything except water from 10 pm the night before each visit.

1- Baseline visits:

Below are the number examinations which we will carry out during your baseline visits. We will
most likely spread these assessments over 2 days, but we can fit around your schedule and be
flexible with the times and days.

00 Consent {30 minutes): Before consent is taken, you will have an opportunity to ask any
questions and talk through any uncertainties you may have. if you are happy to proceed with
the study, you will be asked to sign a consent form on a computer saying that you would like to
take part in the research study.

MASTER Participant Information Sheet/Consent Form Version 7.0, 6 February 2024 2
SITE SPECIFIC Information Sheet/Consent Form Version X, dated 8t /iH fiBHE
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Physical examination and medical history {30 minutes): We will ask you questions about your
medical and family history before undertaking a full body examination which will include blood
pressure (BP), resting electrocardiogram (ECG), height, weight, waist and hip circumference, and
vital signs (oral temperature, respiratory rate, and pulse rate)

Oral Glucose Tolerance Test {OGTT} {2 hours): A cannula will be placed in your arm and a blood
sample will be collected. You will then be asked to drink a sugary drink and then blood samples
will be collected at regular intervals for 2 hours after you ingest the sugary drink. During this
test, we will ask you to complete questionnaires around quality of life, mental health, and
physical activity. We will also give you your Fitbit physical activity manitor and explain how to
useit.

Research Food Diary assessment {10 minutes): We will ask you to download an app on your
phone and explain how to use the app. Over the following week you will be required to enter all
the foods you eat and the amount into this phone app for 4 days.

Sleep monitor assessment {30 minutes): You will be given a home sleep device for overnight
use which reports apnoeas (suspension of breathing), snoring, blood oxygen saturation and
breathing patterns. We will ask you to wear the device during the upcoming night and be
required to complete questionnaires on sleep. The sleep device (Nox-T3+ device by NoxMedical
{iceland)) is used clinically throughout Australia. We will demanstrate how to use the device
during your clinic visit.

Urine and Stool: You will be provided with urine and stool collection kits that you will be asked
to collect at home to bring with you on your next visit

[1Dual energy X-ray absorptiometry {DXA) scanning {45 minutes): This test measures bone
density. You will be requested to lie without moving on a bed for a few minutes while an X-ray
emitting arm sweeps over your whale body and then over your lumbar spine and hip region. The
dose of radiation used is very low {please see risks section below).

[Vascular and cardiac measures {1.5 hours): You will be asked to lie down supine (face up)on a
bed while we perform the following measures.

[0 Carotid intima-media thickness {cIMT) {30 minutes): We will use ultrasound to
image the main blood vessels in your neck (the carotid arteries and jugular veins).

[0 Flow-mediated dilatation {FMD) {20 minutes}): We will use ultrasound to visualise
blood vessels in your arm, before and after inflation of a blood pressure cuff to 240
mmHg {(quite tight) for 5 minutes. This may cause some discomfort, but the test has
no known side effects.

0 Autonomic function {30 minutes): Continuous blood pressure and ECG will be
recorded for 10 minutes. Along with the usual arm blood pressure cuff and ECG
leads, you will also be attached to a finger cuff which maintains pressure on the
finger.

[0 Pulse wave velocity {30 minutes): This measures the velocity of blood moving
between two sites. A probe will be used to detect pulse wave velocity around your
neck and groin area.

MASTER Participant Information Sheet/Consent Form Version 7.0, 6 February 2024 3
SITE SPECIFIC Information Sheet/Consent Form Version X, dated 8t /iH fiBHE
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[l&-minute walk test {10 minutes}): You will be asked to walk around 2 cones which are spaced
around 30 meters apart, in a 6-minute time window. This will give the researchers an idea of your
current fitness levels.

2- Baseline MRI visit (around 2 hours)

Magnetic resonance imaging {MRI): MRI will be performed at North Shore Radiology and
Nudear Medidne (St Leonards, NSW, 2065). The examination will take approximately 1.5 hours.
Using MRl we will measure blood flow in the heart and the amount of fat in your liver. You will
be asked not to consume any foads or drinks containing caffeine for 24 hours prior to the scan.
When you arrive, you will be asked to complete a MRI safety form. If you are safe to enter a MRI
machine you can proceed with the study. You will then get changed into a hospital gown and
remove all foreign bodies (eg jewelry) from your body. A cannula will be inserted into your
forearm which allows the administration of contrast dye (gadolinium) and a medication
{adenosine) that increases your heart rate and blood flow to your heart.

The MRI scan involves lying on a table, which moves you head first into a cylindrical magnet, and
being connected to a heart manitor for the duration of the scan. Firstly, you will be asked to
perform breath holds on expiration for regular short periods (6-10 seconds at a time) whilst the
first set of pictures are taken. Then you will be requested to exercise on a cyding machine while
lying down on the MRI bed for a duration of appraximately 8-12 minutes. Subsequently, the
adenosine medication and gadolinium will be infused into the cannula in your forearm for 4
minutes. You will then be requested to immerse your hands or feet in ice water for
approximately 4 minutes. Finally, we will then spray a medication underneath your tongue
(glyceryl trinitrate) that expands your blood vessels. During all these maneuverers MRI pictures
will be taken of your heart. At all times during the scan, an experienced radiographer and study
doctor will watch you. Once the MRl scan is completed the cannula will be remaved. The MRI
medications that you've been given do not affect you after the scan and you can do normal
things including driving, exercise, and drinking tea or coffee after the MRI.

For detailed risks of the MRI scan please refer to the section below on "what are the known risks
of participating in the study”.

3 1-maonth visit

O Urine and Faeces sample: You will be asked to return a urine and faeces sample, kits for
which will have been sent to your home address the week before.

[0 Fasting blood sample {30 minutes): A trained investigator will collect 60-100 mL of blood
from a cannula in a vein in your arm.

00 Physical examination {30 minutes): Including blood pressure, weight, waist and hip
circumference.

[0 WVascular and cardiac measures {2 hours}): Exactly as described in Baseline CV testing visit.

00 Food diary assessment: Exactly the same as described in the Screening visit.

4-  G-month visit
Exactly the same as the 1 month.

5 12-rnonths visit

MASTER Participant Information Sheet/Consent Form Version 7.0, 6 February 2024 4
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This will include the same assessments as the baseline visit. Again, we can be flexible about how
many days we perform these measurements over.

6 End-study CTCA visit (around 1 hour)

[0 €T coronary angiogram: This scan will be performed in the same way as the one prior to
your recruitment into the study. It will occur on the same scanner at Royal Prince Alfred
Haospital. You may require an oral beta blocker medication to temporarily slow the heart
rate. A tablet of glyceryl trinitrate will be administered under the tongue to help dilate the
coronary arteries. It may cause a headache which resolves within a few minutes.
Intravenous contrast agent will be given via a cannula in a vein in your arm. There are the
{low) risks of an allergic reaction to the contrast agent, with experienced nursing, medical
and radiography staff present at all times. The scan itself takes around 10 minutes.

7-  End-study MRI visit (around 2 hours)
Exactly the same as Baseline MRI visit.

&  Follow-up visit {around 3 hours)
This will be similar to the Baseline CV testing visit with the following procedures; DXA scanning,
vascular and cardiac measures, and 60-minute walk test.

Do | have Lo take part in the study?

Participation in any research project is voluntary. If you do not wish to take part, you do not have to. If
you decide to take part and later change your mind, you are free to withdraw from the project atany
stage. If you do decide to take part, you will be given this Participant Information and Consent Form to
sign electronically and you will be sent a copy.

Your decision whether to take part or not to take part, or to take part and then withdraw, will not affect
your routine treatment, your relationship with those treating you or your relationship with the
University of Sydney.

What are the known risks of participating in this study?

All medical procedures involve some risk of injury. In addition, there may be risks associated with this
study that are presently unknown and unforeseeable. In spite of all precautions, you might develop
medical complications from participating in this study. The known risks of this study are:

Blood sampling

This involves some discomfort at the site at which the cannula is inserted and from which blood is taken,
and there is a risk of some minor bruising at the site, which may last from one to two days. Fainting and
local infection can also occur when blood is taken, although these are rare.

T and DEXA exposure to radiationm

This research study involves exposure to a small amount of radiation. As part of everyday living,
everyone is exposed to natural occurring background radiation and receives a dose of about 2
millisieverts (mSv) each year. The effective dose from this study is about 3.8 mSv. The dose from this
study is comparable to that received from many diagnastic medical X-rays and nuclear medicine
procedures. At this dose level, no harmful effects of radiation have been demonstrated as any effect is
too small to measure. The risk is believed to be low and theoretically is approximately equivalent to 1.7
years of background radiation.

MASTER Participant Information Sheet/Consent Form Version 7.0, 6 February 2024 5
SITE SPECIFIC Information Sheet/Consent Form Version X, dated 8t /iH fiBHE

290



THE UNIVERSITY OF Central Clinical School
#*
 EIE *
*

SYDN EY Faculty of Medicine and Health

MRI scans
The potential risks of the MRI examination invalves the following.

General:

00 Claustrophabia {uncommaon = occurs in 10-15 people in every 100)
0O Difficulty following breathing instructions {(uncommon)

00 Bruising and discomfort associated with cannulation (uncommon)
[0 Fatigue from exercising on the supine bike

[0 Discomfort from the ice water

During administration of Adenosine:
Maost people feel flushed, short of breath, chest tightness and/or their heart racing. This means the drug
is working. When the medication is stopped, any symptoms wear off very quickly over the next 10
seconds to 1 minute.
Severe side effects of Adenosine are rare but indude:
Occurring in 1 in 1500 people:
» The heart goes very slow or stops (Asystole). This needs drugs or a temporary pacing wire to
treat.
+ A fast heart beat (Ventricular Tachycardia). This may need an electric shack to return to the
normal heart beat.
* Ongoing severe chest pain. This requires drugs to treat.
* Heart attack.
» Severe shortness of breath or asthma attack. This requires drugs to treat.

Occurring in 1 in 10,000 people:
0 Death

During administration of Glyceryl Trinitrate:

Flushing sensation (warmth, sensation), a drop in blood pressure leading to light headedness
{uncommaon), very mild short lived headache {common), mild to moderate headache that usually settles
with paracetamol {uncommon), palpitations (heart racing).

The possible adverse effects or risks related to the contrast injection {gadolinium):
O nausea {uncommon and short lived)
O allergic reactionfanaphylaxis (very rare but serious)
[0 MNephrogenic systemic fibrosis — a condition of fibrosis or thickening of the skin and internal
organs (very rare but permanent — occurs in those with severe kidney failure only)
[0 People who should not receive gadolinium in this study include —
a) Those who have severe kidney failure
b) Those who have hepatorenal syndrome (a combination of kidney failure and
advanced chronic liver disease)
¢) Those who have recently had a liver transplant

The medications {adenosine and glyceryl trinitrate) are used in routine health care and generally well
tolerated. While we do naot anticipate a high likelihood of the above risks occurring, we will have the
reversal agents for these medications ready at hand (aminophylline 125mg intravenously for adenasine;
intravenous fluids for low blood pressure from glyceryl trinitrate). The effects of both medications are
short lived, so the effects are rapidly self-limiting (adenosine <10 seconds, glyceryl trinitrate 1-3
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minutes). A fully equipped resuscitation trolley with defibrillator will also be readily accessible during
imaging.

COVID-19

COVID-19 is an ongoing public health concern and is taken very seriously, by regulation, at all study sites.
Your risk of contracting COVID-19 as a result of partidpating in this study are low. Various regulations
are in place to keep this risk low. Prior to each visit, you will be pre-screened for COVID symptoms via
phone and encouraged to reschedule your visit if experiencing symptoms. Self-isolation and COVID
testing will be recommended. Further, participants and staff will be pre-screened using a Building Access
Pass system for COVID symptoms to enhance contact tracing and screening. This process consists of
scanning a QR code with you mobile device and entering first and last names and email and phone
number to receive a “green check.” You will then undergo a temperature screening, be questioned
about symptoms and visits to hotspots, and be given a mask to wear. Those in the waiting room will be
socially distanced by at least 1.5 meters. Sacial distancing will continue in treatment rooms and study
staff will be wearing appropriate personal protective equipment. Treatment rooms will be clean
between each visit.

Cosis

You will not be paid for participation in this clinical trial. Those assigned to the intense lifestyle
programme will receive 1-months’ worth of food at no cost, and no matter which group you are in, you
will receive a Fitbit device to keep as long as you complete the 12 months. If you dropout before the end
you will be required to return the Fitbit device.

Am I eligible?
You must have had a recent CT scan and be referred from your cardiologist. You must be able to use a
smartphone and be willing to undergo the 12 manths of clinical testing.

Can | withdraw from the study?

Participation in this study is completely voluntary. You do not have to take part in it. If you do take part,
you can withdraw at any time without having to give a reason. Whatever your decision, please be
assured that it will not affect your medical treatment or your relationship with the staff who are caring
for you. However, please note that information or samples collected from yout prior to withdrawal from
the study cannot be withdrawn.

Wihat will happen to the samples collected from me?

Blood

Some of your blood will be immediately analysed in the medical clinics for fasting concentrations of
serum glucose, insulin, triglycerides, cholesterol, HbAlc, liver enzymes, C-reactive protein and other
biochemical tests. We will also measure how glucose and insulin responds to ingesting a standard 75-g
of glucose. Together with waist circumference and blood pressure measurements, these analyses will be
used to assess your metabolic health. We also ask you to consider giving your permission for storage of
a sample of your blood at the Charles Perkins Centre (University of Sydney, Camperdown Campus) for
future research. Some of this stored blood sample will be used to examine your genes (DNA) and others
biochemical markers that might become available in future. Genes are made of DNA —the chemical
structure carrying your genetic information that determines many human characteristics such as the
colour of your eyes or hair. Researchers study genes in order to understand why some people have a
certain condition such as CHD and why some people do not. Understanding a person’s genes also may
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be able to explain why some people respond to a treatment, while athers do not, or why some people
experience a side effect or why their disease progresses more rapidly than athers.

Uringe and stool

We will ask you to consider giving your permission for storage of your urine and stool samples at the
Charles Perkins Centre {(University of Sydney, Camperdown Campus) for future research.

Long-temn storage

Your bload, urine and stoal samples will be stored at the Charles Perkins Centre for 15 years or longer,
for as lang as they are viable for biological analyses. The reason for this is that in the future, new
harmones, metabolites, proteins, genes or ather factors are likely to be discovered that could provide
useful biomedical insights if investigated in the samples collected in this study.

Will anyone else know the results?

In the event that your results suggest a medical condition that may require treatment, your results may
be reported to your general practitioner. Otherwise, all the information collected from you for the study
will be treated confidentially, and only the investigators named above will have access to it. The study
results may be presented at a conference or in a scientific publication, but individual participants will
not be identifiable in such a presentation.

Will the study benefit me?

We cannot promise any benefits to you for your participation in the study. However, possible benefits
include gaining information about your current health; receiving dietary, exercise training and
mindfulness advice at no charge. You may lose weight if enrolled in the “ILP+OMT” graup of the study.
Weight loss has secondary benefits for you and society; such as loss of body fat, decreased risk of
diabetes, lowering blood pressure, lowering of blood cholesterol and improvements in cardiometabolic
health. Moreover, this treatment program is designed to help you live a healthier lifestyle and therefare
reduce your cardiovascular risk. If you are assigned to the Intense Lifestyle Group, you will be provided
with meals free of charge for the first month. If you are assigned to the OMT group, you will be provided
with a flexible and balanced menu planner that is tailored to your individual circumstances and
preferences. All participants will be given educational materials outlining the principles of healthy
eating, as well as a physical activity monitor to track your daily activity and sleep. Throughout the study
you will complete a number of test procedures to assess your health, at no cost. These procedures are
expensive and unavailable to the general public. At the end of the study you will be provided with a
detailed report of your health profile changes over the course of the study. In addition to these direct
benefits, we expect that your participation in this project will help other people who are attempting to
manage their cardiovascular risk, by furthering knowledge of healthy lifestyle behaviours.

Wihat if new information arises during this research project?

Sometimes during the course of a research praject, new information becomes available about the
treatment that is being studied. If this happens, the research team will tell you about it and discuss with
you whether you want to continue in the research project. if you decide to withdraw, the research team
will make arrangements for your regular health care to continue. If you decide to continue in the
research project you will be asked to sign an updated consent form. Also, on receiving new information,
the research team might consider it to be in your best interests to withdraw you from the research
project. If this happens, he/ she will explain the reasons and arrange for your regular health care to
continue.
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Can I have other treatments during this research project?

If you are participating in this research project, you might not be able to participate in other research
studies. It is important to tell the research team about any treatments or medications you may be
taking, including over-the-counter medications, vitamins or herbal remedies, acupuncture or other
alternative treatments. You should also tell the research team about any changes in any medications
during your participation in this research project.

Wihat if | withdraw from this research project?

If you decide to withdraw from the praject, please notify a member of the research team before you
withdraw. This notice will allow that person or the research supervisor to discuss any health risks or
special requirements linked to withdrawing. If you do withdraw your consent during the research
project, the research team will not collect additional personal information from you, although personal
information already collected will be retained to ensure that the results of the research project can be
measured properly and to comply with law. You should be aware that data collected by the sponsor up
to the time you withdraw will form part of the research project results. i you do not want them to do
this, you must tell them before you join the research project. Data collected by third party companies
such as Fitbit and Marley Spoon is out of our control and subject to their privacy laws.

What if | require further information about the study or my involvement in it?

When you have read this information, one of the members of the research team will discuss it with you
further and answer any questions you may have. if you would like to know more at any stage, please
feel free to email the team at liveplus.study@sydney.edu.au or telephone on +61 2 91176673.

What if | have a complaint or any concerns?

This study has been approved by the Ethics Review Committee (RPAH Zone) of the Sydney Local Health
District. Any person with concerns or complaints about the conduct of this study should contact the
Executive Officer on 02 9515 6766 and quote protocol number X20-0229.

Part 2 How is the research project being conducted?

Where will my data be stored and will it be kept confidential?

By signing the consent form you consent to the research team using personal information about you for
the research project. Any information obtained in connection with this research project that can identify
you will remain confidential. This identifiable data includes your name, DOB, and address, which will be
encrypted on the RPA hospital computer servers which provides a high level of security. You will be
assigned a unique study ID number to replace your name or address on any data forms. Any non-
identifiable dinical data which we collect fram you will be stared on secure computer servers within the
University of Sydney which can only be accessed by members of the research team. We will keep your
data for at least 15 years. Study results may be presented at a conference or in a sdentific publication,
but individual participants will not be identifiable in such a presentation.

Information about you may be abtained from your health records held at this and other health services
for the purpase of this research. By signing the consent farm you agree to the study team accessing
health records if they are relevant to your participation in this research project. Your health records and
any information obtained during the research project are subject to inspection (for the purpose of
verifying the procedures and the data) by the relevant authorities and authorised representatives of the
the University of Sydney or as required by law. By signing the Consent Form, you authorise release of, or
access to, this confidential information to the relevant study personnel and regulatory authorities as
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noted above. Information about your participation in this research project may be recorded in your
health records.

The LIVPLUS phone app will backup your data within your smartphone as well as in an online doud
server which is based in Sydney and subject to Australian laws.

The App does not provide the functionality to delete the data stored in the cloud server, even upon
deletion of the App, the data will remain. However, you may formally make a request (via email or
phone call) to delete your data in the cloud server. Access to any LIVEPLUS app data will be limited to
the research study team.

Can | access my data?

In accordance with relevant Australian and NSW privacy and other relevant laws, you have the right to
request access to your information collected and stored by the research team. You also have the right to
request that any information with which you disagree be corrected. Please contact the study team
member named at the end of this document if you would like to access your information.

Wihat will Fitbit, Research food diary, Marley Spoon, and the LIVEPLUS app do
with my data?

The below third party companies are involved in this study. The research team will be diligent as to
maintain your privacy and security with the data we collect, however any data shared with a third party
company is out of our control once they have the data. We won’t share any clinical data collected during

the trial with these companies. A summary of the data collected by these companies can be seen in the
table below.

Third What data will you Where is your data Will the Interests {commercial,
party share with them stored? research | business other)
team
acoess
this data?
Fitbit Personal details (name, | Cloud server based Yes, the None.
email, password, date in the US. research
of birth, gender, height, team will
weight, phone number. be able to
view your
Data collected from Fitbhit
your device e.g. step data.

count and heart rate

If you have an Android
device location
permission must be

turned on.
Marley Personal details (name, | The data theycollect | Yes, the None.
Spoon address, email, phone fram you may be research
number) transferred to and team will
stored ata be able to
destination outside view the
Australia. meals you
purchase
MASTER Participant Information Sheet/Consent Form Version 7.0, 6 February 2024 10

SITE SPECIFIC Information Sheet/Consent Form Version X, dated 8t /iH fiBHE

295



THE UNIVERSITY OF

oty SYDNEY

#

Central Clinical School

Faculty of Medicine and Health

For more detail on each company’s private policy see the links below:

1-Fitbit: hit

-/ fwraras fitbit.com/fau/l

riva

2-Marley Spoon: https://marleyspoon.com.au/privacy.
3-Research Food diary: https://support.easydietdiary.com/hc/en-usfarticles/202429019-Privacy-Policy

over the 4
weeks.
Research | Xyris will only access Amazon Web Service | Yes, you None.
Food Research Food Diary stored in the Sydney, | will be
Diary users’ data for Australia data required
{Xyris troubleshooting and centre. However, in | to share
software} | bug fixing purposes; case of disaster your food
they access this data recovery purposes diary to
only with express the data is replicated | the
permission from you. in ather data research
cenires, possibly team.
overseas.
LIVEPLUS | Your usage of the app Amazon Web Service | Yes, the One of the investigators,
app will be collected and stored in the Sydney, | research | Robin Huang, will be using
data which is entered Australia data team will | participant interaction with
into the app yourself centre. be able to | the app for the purpose of
{na clinical data will be monitor his PhD project. Mr Huang is
included). your also Founder of Vulsen Pty
progress | Ltd, the company
on the developing the Liveplus App
app. to be used in this study. The
University of Sydney has put

in place a plan to manage
any potential conflicts of
interests that might arise
from his involvement in the
study.

To contact each company use the following:

1-Fithit: data-protection-office@fitbit.com.

2-Marley Spoon: contact@marleyspoon.com.au

3-Research Food diary: info@xyris.com.au
4-1IVEPLVS app: rhuang2295@gmail.com

Wiho is organising and funding the research?

The Australian Youth and Health foundation are funding this study and the University of Sydney is
organising the study.

Wheo has reviewed the research project?
All research in Australia involving humans is reviewed by an independent group of people called a
Human Research Ethics Committee (HREC). The ethical aspects of this research project have been
approved by the Sydney Local Health District (SLHD) HREC.
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This project will be carried out according to the National Statement on Ethical Conduct in Human
Research {2007). This statement has been developed to protect the interests of people who agree to
participate in human research studies

Wihat if I require further information about the study or my involvement in it?

When you have read this information, one of the members of the research team will discuss it with you
further and answer any questions you may have. if you would like to know more at any stage, please
feel free to contact the team on liveplus_study@sydney.edu.au

Compensation for injuries or complications

If you suffer any injuries or complications as a result of this study, you should contact the study doctor
as soon as passible, who will assist you in arranging appropriate medical treatment. If you are eligible for
Medicare, you can receive any medical treatment required to treat the injury or complication, free of
charge, as a public patient in any Australian public hospital.

What if | have a complaint or any concerns?

This study has been approved by the Ethics Review Committee (RPAH Zone) of the Sydney Local Health
District. Any person with concerns or complaints about the conduct of this study should contact the
Executive Officer on 02 9515 6766 and quote protocol number X20-0229.

The conduct of this study at the [name of hospital] has been authorised by the [name of Local Health
District). Any person with concerns ar complaints about the conduct of this study may also contact the
Research Governance Officer [or ather officer] on [telephone number] and quote protocol number
[insert local protocol number].
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Consent Form
A randomised controlled trial to evaluate intensive

Title lifestyle program for reversal of coronary heart
disease

Short Title Lifestyle VulnErable PLaqUe Study (LUVEPLUS)

Protocol Number 7.0

Project Sponsor The University of Sydney

Coord!natmg Principal Investigator/ Principal Professor Luigi Fontana

Investigator

L ion Royal Prince Alfred Hospital and Charles Perkins
Centre

Declaration by Participant

1 have read the Participant Information Sheet or someone has read it to me in a language that |
understand.

lunderstand the purposes, procedures and risks of the research described in the project.

lunderstand that my participation in this study will allow the researchers to have access to my medical
record, and 1 agree to this.

1 consent to the storage and use of blood and tissue samples taken from me for use, as described in the
relevant section of the Participant Information Sheet, for:

» This specific research project

* Other research that is closely related to this research project

* Any future research

| give permission for my GP to be contacted about any incidental findings.
| understand that by participating in this trial, | will be sharing my data with third party companies.
1 have had an opportunity to ask questions and | am satisfied with the answers | have received.

| freely agree to participate in this research project as described and understand that | am free to
withdraw at any time during the study without affecting my future health care.

lunderstand that | will be given a signed copy of this document to keep.

Name of Participant {please pring)

Signature Date

Name of Witness* to
Participant’s Signature (please

print)

Signature Date

Declaration by Senior Researcher
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1 have given a verbal explanation of the research project, its procedures and risks and | believe that the
participant has understood that explanation.

Name of Senior Researcher" {please
print)

Signature Date

Note: All parties signing the consent section must date their own signature
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Clinical Trial Research Agreement

Collaborative or Cooperative Research Group (CRG) Studies -

Standard Form

Spacial Conditlons.

The body of this Agres
intended to ba identical

mant (that |s from the following page to the execution clauses) is
to the standard form & copy of which is located al
hm:ﬂnmdh:lnesaustralll.cam.auﬁ-ssum-infum:llunil:llnical-trllwnlrical-lrillu-mulrch-
agreements. Any texiual change to the body of this Agreement is to be ignored, and
reference Instead had 1o the standard form, as amended by Schedule 4 by way of

Details of the parties
Mama of Institution: | Sydnoy Local Health District
Addrass: Leaval 11, KGV Building, Missenden Road, Camperdown NSW
2050
ABM: 17 520 269 052

Contact for Notices:

Professor Luigi Fontana

Fax for Notices:

Phaone Mumbsar:

+&1 2 BE2T 7488

Name of CRG: The University of Sydney, a body corporate under The

Universify of Sydnay Act 19859 |
Address: Level 3, F23 Adminisiration Building, Camperdown NSW 2006 |
ABM: 15211 513 464 [

Contact for Notices:

Contracts Manager - Clinical Trials

Fax for Notices:

+B1 2 B267 8145

Phone Number:

+31 2 BG2T 9559

| Study Name:

A randomised contralled trial to evaluate an intensive lifestyle
pragram for reversal of coronary hear disease

Protocol Mumber:

X20-0229 & 2020/ETHD1273

Date of Agresmeant:

Date of the last party to sign the Agreement

Protocol Number: X20-0228 & 2020/ETHO1272
Site: Royal Prince Alfred Hospital

Medicines Australia CRG CTRA

& March 2017 (revised) Page 1 of 24
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This agreement is made between the CRG and Institution

Purpose of the Agraamant

According to this Agreament:

A,

The CRG is an academic andfor non-commercial collaborative research group
responsible for sponsoring, initiating, managing, developing and coordinating the
Study.

The Institution, through the Principal Investigator, is responsible for the conduct of
the Study at the Study Site(s),

The Study will be conducted on the terms and conditions set cut below

The parties acknowledge that thay are not for profil organisations and the Study will
be conducted in the spirit of cooperation and collaboration.

OPERATIVE PROVISIONS

INTERPRETATION
In this Agreement:

Adverse Event has the meaning given in the TGA document “Access to
Unapproved Therapeutic Goods — Clinical Trials in Australia” (October 2004) or
replacerment.

Affiliate means any company which (directly or indirectly) controls, is controlled by
or is under cemmaon confral with the CRG.

Agreement means this Agreement, including all the Schedules.

Background Intellectual Property (Background IP) of a party means informatian.
techniques, know-how, software and materials {regardless of the form or medium in
which they are disclosed or stered) that are provided by or on behalf of that party to
the other for use in the Study (whether before or afier the date of this Agreement) or
used by that olher party In condueting the Study, and all Intelliectual Praparty in
them, but excludes the Study Materials

Biological Samples means any physical samples obtained from Study Participants
in accordance with the Protocol for the purposes of the Study.

Case Report Form means a printed, optical or electronic document or database
designed to record all of the infarmation, which is reguired by the Protocal to be
reponted to the CRG on each Study Participant

Confidential Information means;
{1 in respect of the CRG:

(ay  allinformation collected in the course of, resulting from, or arising
directly out of the conduet of the Study, whether at the Study Site or
elsawhers;

)] the Protocol, the Investigator's Brochure, information related fo the
Protocol, Study Materials and Investigational Product:

(c) know-how, trade secrets, ideas, concepts, technical and operational
information, scientific or technical processes or technigues owned by
the CRG or its Affiligtes:

Protocol Number: X20-0229 & 2020/ETHO1273
Site: Royal Prince Alfred Hospital
Medicines Australia CRG CTRA 8 March 2017 [revised) Page 2 of 24
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{d)  know-how, methodology, trade secrefs, procasses, Sequences.
structure and erganisation of the Study; and

(a) infarmation concerning the business affairs of the CRG or its
Affiliates;

(2) in respect of the Institution, information in redation to the Institution’s
business, operations or strategies, inteflectual or other property or actual or
prospactive suppliars or competiors,

but Confidential Information does not include Personal Infarmation.

CRG means the collaborative or cooperalive research group so described on the first
page of this Agreement,

Equipment means the equipment supplied to the Institution by or on behalf of the
CRG for the purposes of the Study, including that specified in Schedule 1.

Essential Documents means documents which individually and callectivaly permit
svaluation of the canduct of the Study and the guality of the data produced.

GCP Guideline means the Commitiea for Propnetary Medicinal Products
(CPMP)/International Conference on Harmenisation (ICH) Note for Guldance on
Gaad Clinlcal Practice (CEMP/ICHI1 35/85) as adopted with annctation by the TGA,
or (ts replacemeant,

GST means ihe Goods and Services Tax payable under a GST Law.

GST Law means the same as in A New Tax System (Goods and Services Tax) Acl
1988 (Cth) as amended from time to time, and any regulations made pursuant lo
that Act.

Institution means the body so described on tha first page of this Agreemant

Intellectual Property means all present and future industrial and intellectual
propery righls, Including without limitation
(1) inventions, patents, copyright, trade business, company or domain names,
rights in relation to circuit layouts, plant breeders rights, registered designs,
registered and unregistered trade marks, know how, irade secrets and the
right o have confidential information kept confidential, and any and all other
rights to inteliectual property which may subsist anywhere in the world; and

2 any application for or right to apply for registration of any of those fights.
Investigational Product is the medicine(s), trial interventions or device(s) being

trialled or tested in the Study as set oul in Schedule 1, and includas where ralevant
any placabo.

Investigator's Brochure is a compilation of the clinical and non-clinical data on the
Investigational Product{s} which are relevant 1o the study of the Investigational
Product in humans.

Multi-centre Study is a Study conducted by several investigators according 1o a
single pratocal al mere than one study site.

NHMRC maeans the National Health and Medical Research Council of the
Commanwealth of Australia.

Personal Information has the same meaning as in the Privacy Act 1988 (Cth).

Personnel means employees, agents andfor authorised representatives, and
inchudes in the case of the Institutien, the Principal Investigator

Protocol Number: X20-0228 & 2020/ETHD12T3
Site: Royal Prince Alfred Hospital
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Principal Investigater is the persen responsible for the condust of the Study at the
Sludy Site as described in Schedule 1.

Protocol means the document identified in Schedule 3 which descrises the
objective(s), design, methodalogy, statistical considerations and organisation of the
Study, and subject to clause 2.3, as amended from time to time, as agreed by the
parties, and most racently approved by the Reviewing HREC.

Publish means to publish by way of a paper, article, manuscript, reporl, poster,
internet posting, presentation, slides, abstract, outline, video, instruction material ar
other disclosure of the Study Materials, in printad, electronic, oral or ather form.
Publication has a corresponding meaning.

Regulatory Authority means any body which has jurizgeiction cver the condust of
the Study at the Study Site and includes the TGA, and any overseas reguiatory
suthorities who may audit or require 1o be audited, any part of the Study or Study
Matarials,

Relevant Privacy Laws means the Privacy Act 1988 (Cih) and any other legislation,
code or guideling which applies in the jurisdiction in which the Study Site is located
and which relates to the protection of Persanal Information.

Reviewing HREC means the Human Research Ethics Committee reviewing the
Study on behalf of the Institution as described in Schedule 1.

Serious Adverse Event has the maaning given in the TSA document *Access 1o
Unapproved Therapeutic Goods = Clinical Trials in Ausiralia® {October 2004) or its
replacement.

Software means the software supplied to the Institution by or on behalf of the CRG
for the purpoases of the Study, including that specified in Schedule 1.

Study means the investigation to be conducted in accordance with the Protocal,
Study Completion means:
(1) the final study database for the Study has been locked; or

(2)  all study follow-up requirements have been met, and a copy of the letter from
Reviewing HREC acknowledging receipt of the final report andlor closure
letter from the Principal Investigator has been received by the CRG: or

(3 28 otherwize determined by the CRG and notified fo the Institution in writing

Study Materials means all the matarials and information ereated for the Study or
required to be submitted to the CRG including all data, results, Biological Samples,
Case Report Farms (or their equivalent} in whatever form held, conclusions,
discoveries, inventions, know-how and the like, whether patentable or not relating to
the Study which are discovered or developed as a result of the Study, but exeluding
the Institution’s ordinary patient records.

Study Participant means a person recruited to participate in the Study.

Study Site means the location(s) under the cantral of the Institution where the Study
iz actually conducted as set out in Schedyle 1,

TGA means the Therapeutic Goods Administration of the Commonwealth of
Australia or any successor body.

Except where the context atherwise requires:

(1) clause headings are for convenient reference only and are not intended to
affect the interpretation of this Agreement;

Protocol Number: X20-0229 & 2020/ETHO1273
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(2) where any word or phrase has a defined meaning, any other form of that
word or phrase has a comresponding meaning,

(3 any reference to a person or body includes a partnership and a bady
eorporate or body politic:

(4) words in the singular include the plural and vice versa,

i§  all the provisions In any schedule to this Agreement are incorporated in,
and form part of, this Agreement and bind the parties;

(8} a refarence to a replacemeant of a document or standard, means any
document or ruling which amends, updates, replaces or supersades that
document or standard;

n if a period of time is specified and dates from a given day or the day of an
act or event, It is 1o be calculated Inclusive of that day;

(8 @ referance o a monatary amount means that amount In Australian
currency unless specified otharwise in Schedule 2, and

)] referances to a party include its Personnel,

THE STUDY

The parties must comply with, and conduct the Study in accardance with the
Protocol and any conditions of the Reviewing HREC. In addition the parties must
comply with the fallowing, as applicable:

(13 any requiraments of relevant Commaonwaallh or State or Tarritary laws or of
Ragulatory Authorilies,;

(2} tha raquiramants of the TGA in Access to Unapproved Therapeutic Goods
~ Clinical Trials in Australia (October 2004) or its replacement and any
other TGA publication ar guideline that relates to clinical trials, or other such
regulations or guidances governing the conduct of clinical rasearch in tha
jurisdiction of the Study;

(3) the GCP Guideline;

4}  the principles that have their origins in the Declaration of Helsinki adopted
by the World Medical Assoclation in October 1996 (as accapted by the
Australian Gowernment);

() the NHMRC Mational Statement on Efhical Conduet in Human Research
(2007) or replacement, and any ather relevant NHMRC publicatian or
guideling that relates or may relate to clinical trial;

7] any Study specific and standard operating procedures provided by the CRG
prior to the cammencament of tha Study, and

'y any reasonable direction given by the CRG in order to ensure the safe
eanduct of the Study and compliance with applicable regulatory
requirements.

If any issue relating to the safety of Study Participants arises which requires a
deviation from the Protocol, the Institution throwgh the Principal Investigator may
immediately make such a deviation without breaching any cbligations under this
Agreement. If thare is a need for such a deviation the Institution must notify the
CRG and the Reviewing HREC of tha facts and circumstance causing the deviation
as soon as is reasonably practical, but in any event no later than 5 working days
gfter the change is implemeantad.

Protocod Mumber: X20-0229 & 2020/ETHO1273
Site: Royal Prince Alfred Hospital
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3.2

3.3

From time lo time, tha CRG may madify the Protocol by written notice to tha
Institution and Principal Investigator. Except where the modification is necessary to
eliminate an Immediate hazard lo Study Participants, or invalves anly logistical or
administrative aspacts of the frial, any modification may not be implemented before
approval by the Reviewing HREC, If the pariies determine that a modification will
affect the cost of the Study, ihe pariles shall amend Schedule 2 as agreed belwesn
tham.

PRINCIPAL INVESTIGATOR
Role of Principal Investigator

The Institution has authorised the Principal Investigator as the person respensible on
a day to day basis for the conduct of the Study at the Study Site. The Principal
Investigator does not have authorily on behalf of the Institution to amend this
Agreement or the Protocol.

Liability for Principal Investigator

Far the purpose of this Agreement only, and as between the CRG and the Institution
only, the Instiution agrees to be responsible for the acts and omissions of the
Frincipal Invastigaler in relation to the conduct of the Study, to the extent that such
responsibility would attach to the Institution in accerdance with its obligations under
this Agreament or under the comman law on the basis that the Principal Investigator
is acting as an employee of the Institution. Nothing in this clause or Agraement
affects any pre-existing contractual or other arrangement which may be in place
between the Institution and the Principal Investigator

Obligations and responsibilities
The Institution is respensible for ensuring that the Principal Investigator:

{1} tharoughly familiarises themselves with the appropriate use of the
Investigational Product(s), as described in the Protocol, Investigator's
Brochure, information relating to the Investigational Product and any ather
information sources provided by the CRG;

2y ensures written approval has been obtained to conduct the Study from the
Reviewing HREC and the Institution prior to Study Initiation. Written
documentation of approval by the Reviewing HREC and the Institution must
be provided ta the CRG;

{3 conducts the Study according to the Protocal without changes, except as
provided in clause 2.2 or 2.3, or as agreed to in writing by the CRG and the
Institution and approved in sccordance with clause 3.3(4);

(4 ensures that any amendments to the Protocal are approved by the
Reviewing HREC and CRG prior to implementation of the amendment;

(5) as 500N as is practical advises the CRG if the Responsible HREC alters ils
approval of the Study;

18) obigins pricr written approval from the CRG and the Respansible HREC of
any proposed advertisements 1o be used for the purpose of Study
Participant recruitment in the Study;

(4] provides the CRG with evidence of the Principal Investigator's gqualifications
thraugh a current curriculum vitae andfor ather relevant docurmentation and
a list of appropriately qualified persons to whom they have delegated
significant Study-refated duties, if required;

Protocol Number: X20-0229 & 20200ETHO1273
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(&) uses their best eandeavours to recruit the target number of Study
Participants, within the recruitment period, specified in Schedule 1,
provided that if the overall target number of Study Participants for the Study
is reachad, the CRG may direct the Institution to cease recruitment;

=) is available when & clinical research reprasentative of the CRG wisits the
Study Site, as mutually agreed prior to the visit, and is contactable by
talaphone or electronic mail as frequently as is reasonably required;

{10y  notifies the CRG, the Institution and the Reviewing HREC of any Adversa
Events (including Serious Adverse Events) that occur during the course aof
the Study in accordance with the Protocel, and relevant ethical and
regulatory guidelines, and in the case of the Institution and the Raviewing
HREC with their policies and procedures;

{11y completes Case Reparl Forms within tha agreed time pariod. The Principal
Investigator will ensure that Study Participants’ identifying infarmation are
removed from all records being transferred to the CRG;

(121  provides regular writlen progress reports to the CRG in relation to the Study
a8 required by tha Protocal;

(13}  complates and returns to the CRG as required any Study relatad materials
within & reasonable time pariod;

(14) s not subject to any obligations, either contractually or in any other way,
which weuld unreasonably interfare with or prohibit the performance of work
ralated to this Study; and

(18  ensures that informed consent to particlpate In the Study is abtained from
pach Study Participant prior to thelr enralmant in the Study and
documented using an information and consant document which has bean
rwizguu and approved by the CRG, the Institution and the Reviewing
HREC.

INSTITUTION OBLIGATIONS AND RESPONSIBILITIES

If the Principal Investigator leaves the Institution or ctherwise ceases to be available
then:

(1) the institution must notify the CRG as soon as is practical;

(2] the Institution must consult with the CRG and use reasonable endeavours
to nominate as soon as practicable a replacement reasonably acceptable o
both parties; and

(3 if & replacement cannot be found who Is acceptable 10 bath parties, the
CRG may require recruitment into the Study by the InSlilution to céasa, and
the CRG may tefminate this Agreement in accordance with clause 14.4.

If the Principal Investigator fails to carry out those obligations specified in clauses
3.3(2), (3), (4), (B}, (10}, {11}, {13}, or (15), then the Institution must itself perfarm
those obligations and rectify and make good any breach. The Institution will ensure
that any Persannel who assist in the conduct of the Study are informed of and agree
to abide by all terms of this Agreement relevant to the activities they perfarm.

The Institution warrants that to the best of its knowledge, it, its affiliates and any
other persen involved in the conduct of the Study, including the Principal
Investigalor, are properly registered with appropriate professional registration bodles
and have not been disqualified fram practice or disbarred or banned from conducting
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4.4

45

4.6

4.7

4.8

4.9

<.10

clinical trials by any Reguiatory Authority for debarment. Furthermore, the Institution
shall nolity the CRG as soon as practical after It becomes aware of any such
disqualification, disbarment ar ban.

The Institution will not engage in any conduct on the CRG's bahalf which is in
violation of, or patentially in violation of, any applicable local or forelgn laws or
ragulations.

The Institution warrants, represents and undertakes to the CRG that it has nat
affered, promised or paid, either directly or indirectly, any Benefit to a governmen
official {including, but net limited to, a healihcare professional employed by a
governmant-owned healthcare facility) to induce such gavernment officlal to act in
any way in connection with his or her official duties with respoct to senvices
performed under this Agreement or to ofherwise obtain an impropar advantage for
the Institution or the CRG (Improper Payment), and has net received an Impropar
Payment, and will not offer, promise, pay, autharise or receive any Impropar
Payment in the future. For the purposes of the foregoing, Benefil includes but ks nat
limited to money, financial or other advantage, travel expenses, entertainment,
business or investment opponunities, charitable donations or any other thing of
value,

The Institution must have adeguate securily measures to ansure the safety and
integrity of the Investigational Product(s), Essential Docurments and Study records
and reports, Equipment and any Study related materials held or located at the Study
Site.

Subject to clause 8, the Institution will allow regular monitoring and scheduled audit
visits in accordance with the GCP Guideline and as required by Regulatory
Authorities or as specified in the Protocal and permit access to the Essential
Documents (including original records), Study records, reports, other Study related
materials and its Personnel as soon as is reascnably possible upon request by the
CRG, Regulatory Authority, Reviewing HREC or any third party designated by the
CRG. Any such access is to take place at times mutually agreed during business
hours and subject to such reasonable conditions relating to occupational health and
safety, security, and confidentiality as the Institution may require.

The Institution will make avallable adequate facilities, equipment and any othar
resource of the Institution reasonably required to safely follow the Protocal, provided
that any amendments to the Protocol which take place after the execution of this
Agreement and requiring any additional use of facilities, equipment, staff ar
resources, have been approved in writing by the Institution and the Reviewing
HREC.

The Institution will have an adequate number of appropriately qualified Parsannel for
the foreseen duration of the Study and ensure that such Personnel are adequately
informed about the Protocel, the Investigational Productis), and their Study related
duties and functions. The Personnel appolnted by the Institution to essess Study
Participants will attend an investigator meeting or a pre-studyfinitiation meeting,
where appropriate,

The Institution must retain and preserve a copy of all Study Materials, including
copies of signed consent forms, Case Repart Forms, Protocel, infarmation relating to
the Investigational Product, comespondence and investigater files far at least 15
years from Study Completicn and must ensure that no Study related materlals are
destroyed before the expiration of this time period without the written approval of the
CRG, The Institution agrees to notify the CRG before desiraying any Study
Materials.

Protocol Number: X20-0229 & 20200ETHO1273
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4.11

4,12

413

4.14

52

513

54
35

58

57

The Institution will ensure that the Study is subject to the continuing oversight of the
Reviewing HREC thraughout its conduct.

if the Institution is contacted by any Regulatory Authority in connection with the
eonduct of the Study, the Institution shall immediataly notify the CRG, unless
pravanted from daing so by law

The Institution will provide the CRG with all reasonable assistance and cooperation
to rectify any matter ralsed by & Regulatory Autharity or as the result of an audit of
the Institution or Study Site. This includes execution of any documents reasonably
requested by the CRG in connection with the requirements of a Regulatory Authority
ar the CRG as a result of such an audit. Any costs resulting from such audit shall be
borne equally by the parties, unless the cost has resulted solely from an act or
amission of a party, in which case that party will bear the total costs.

The Institution shall abtain appreval, in writing, from the CRG for any press
statemants or prometional stalements regarding the Study or the Invastigational
Froduct(s) before the statements are released, unless the statement of disclosure is
required by:

(1} law,

23 any policy, guideline or direction of government of any government
department or agency;

(3 any Regulatory Authority, or

4] s, in the absolute discration of the Institution, Minister for Health,
Departmant of Health or any government official, reasonably necassary In
the public interest or to protect the health and safety of any individual.

CRG OBLIGATIONS AND RESPONSIBILITIES

Priar to tha Agreement being executed, the CRG or its designate must provide the
Principal Investigator, and through the Principal Investigator the Institution and the
Reviewing HREC, with all current and relevant information regarding the
Investigational Product that is reasonably available to the CRG and required to
justity the nature, scope and duration of the Study.

Tha CRG will act s sponsor of the Study for the purposes of the TGA's CTN
Scheme or CTX Scheme (or any successor scheme). The CRG is responsible for
preparing and submitting all documents required by the TGA to file an application for
initiating and cenducting the Study.

The CRG will implement and maintain quality assurance and quality control systems
to ensure that the Study can be conducted and data generated, documented,
recorded and reported in compliance with all of the documents referred 1o in

clause 2

The CRG will registar tha Study on the appropriate clinical trials registry,
The CRG will designate appropriately qualified personnel to advise on Study-related
madical questions or problams.

The CRG will, as soon as it becomes aware, advise the Institution, through the
Principal Investigator and TGA of the cessation elsewhere of any relevant trial, or
the withdrawal of the Investigational Product from any other market for safety
resasans.

The CRG will notify the Institution of any Adverse Events (including Serious Adverse
Events) that ocour during the course of the Study (either at the Study Site or othar
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58

59

6.2

6.3

6.4

6.5

2

73

74

A

study sites, including overseas sites) which may require alieration of the conduct of
the Study, or which may affect the rights, interests, safety or well-baing of Study
Participants.

The CRG will cooperate with the Institution and/or the Responsible HREG in
investigating any Adverse Event (ineluding Serious Adverse Event) arising out of ar
in connection with the Study.

To assist the Institution to comply with clause 8, the CRG will provide the Institution
with adequate information and all necessary product accountability forms,

PAYMENTS

In consideration of the Institution conducting the Study, the CRG will pay to the
Instituticn as nominated in Schedule 2 in the manner and on the basis of the
amounts and at the times set cut in Schedule 2. The amaunts set out in Schedule
2 do not include GST. At the time of payment, the CRG must pay to the Institution
arny amount of GET that the Institution is required to pay in addition to the amounts
set out in Schedule 2, and in accordance with GST Law.

The CRG reserves the right to refuse to pay fo the Institution payments specific 1o
Study Participants entered into the Study who do not meet the entry criteria specified
in the Protocaol.

If & Study Faniclpant discantinues thelr participation in the Study or if the Study is
terminated as a whole, only those costs incurred up until the date of discontinuation
or termination, including costs of final visit and completion of all Case Report Farms,
will be paid.

Payments will be made by the CRG upon either receipt of & valid tax invoice or 2
"Recipient Created Tax Invoica” Issued by the CRG,

The CRG and the Institution each warrant that they are registered under GST Law.
Tax invaices must identify supplies for which GST is payable.

PROVISION OF EQUIPMENT & SOFTWARE

The CRG will facilitate the supply of the Equipment and Software by the
manufacturer to the Institufion and Principal Investigater af no cost to the Institution,

Unless otherwize agreed by the parties In writing, the Institution must ensure that the
Equipment and Software is used only by the Principal Investigator and Parsonnel
invalved in the conduct of the Study and only for the purposes of the Study.

If proper usage of the Equipment or Software requires training, the Institution agrees
that:

(1) the Principal Investigator and Institution's Personnel will maks themselves
available for training in using the Equipment and Software, af no cost to the
Institution; and

(2) the Equipment and Software will only be used as described in written
directions provided by the CRG.

The Institution must take all reascnable steps in the use and secyrity of the
Equipment to ensure that it is not lost or damaged.

Subject to clause 7.6, at any time after Study Completion, the Institution musl
comply with any request from the CRG:

Protocol Number: X20-D229 & 2020/ETHO1273
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1.7

7.8

B2

8.3

8.2

{1 an behalf of the manufacturer, to return to the manufacturer the Equipment ar
Saftware and all related training materials and documentation provided by
the manufacturer

(2} to return all related training materials and documentation provided by the
CRG to the CRG at no cost to the Institution.

If the CRG does not request the return of the Equipment or Scftware or any ralated
training materials and decumentation within 60 days after the Study Completion, the
Institution may return, retain as its own at no cost, or destroy the same.

The CRG will comply with any reasonable request from the Institution to assist In
maintaining the Equipment or Software in good werking erder, and ensuring that It is
in a safe condition and compliant with the requirements of the relevant licensing and
gafaty authorities at all times.

The Institution will not copy the Software unless specifically authorised by the CRG.

INVESTIGATIONAL PRODUCT & PRODUCT LIABILITY

The CRG will faclilate tha supply of such quantities of the Investigational Product as
will ba required for the purposa of the Study.

Tha Instifution must:

(1} ansura that all Investgational Product Is used sirictly according o the
Protocol and is not used for any other purposes, unless agreed in writing by

the CRG;

3] provide a written explanation accounting for any missing Invastigational
FProduct;

(3 not charge a Study Participant or third party payer for Investigational
Product; and

(4) keep all Investigational Product under appropriate storage conditions as
specified in the Protocol in a secured area accessible only 10 authorised
Parsonnel, and that complete and current records arg maintainad for all
recaived, dispensed and returned Investigational Product,

On termination of this Agreament, the Institution must promptly return (or destroy if
requested by the CRG, and provide evidence af such destruction) to the CRG or its
designate any unused Investigational Product{s}.

CONFIDENTIALITY

Subject to clause 8.2, each Party must not, and must ansure their Parsonnel do not,
use or disclose any Confidential Information of the other party, other than whare and
only to the extent that such use or disclosure is necessary for the performance of the
Study, the exercise of its rights or the performance af its obligations under this
Agreament.

The Institution may use or disclose CRG Confidential Information in any of the
fallowing circumstances:

i1} for the purposas of complying with the Institution’s internal complaint
procedures, accident reporting procedures, guality assurance activities,
disciplinary procedures or any applicable palicy in relation to patient zafety,
Adverse Events andfor reportable incidents;
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9.3

.4

8.5

o1

10.
101

2 for the purposes of disclosing any material risks identified during the Study
or subsequent 1o it, to Study Participants, Principal Investigators, medical
practitioners administering treatment to Study Participants, Fesponsible
HRECs and Regulatory Authorifies;

(3 for the purposes of complying with the requirements of any Regulatory
Authority.

4)  loenable the Reviewing HREC to moniter the Study;
5 whare the CRG consants in writing 1o the disclosure:
(8) as parl of a publication lssusd under the provisions of clause 12

(7 where release of the Confidential Infarmation is required by law, with rotice
as soon as reasonably practical fo the CRG, and subject 1o the Institution
upaon request providing reasonable assistance 1o enable the CRG o obiain
a protective order or other remedy 1o resist disclosure of ensure confidential
treatment for any required disclosure

(8) for fhe purposes of the Institution seeking legal advice: or
19 disclesure to the Institution's insurar,

Where Confidential Information s disclesed in accordance with clause 9.2(1) or
8.2(4), the Confidential Informatian must cnly be used in connection with the
legitimate purposes of the Inslitution, and anly disclosed to those who have a need
to know it fer such purpases and are obligated to keep the Information confidential,

The CRG may disclose Institution Confidential Information to its lawyers for the
purposes of obtaining legal advice or to its Affiliates but enly an a needs o know and
confidential basis. The CRG may disclose Institution Confidential Infarmation if
required by law, with notice as soon as reasonably practical to the Institution, and
subject to the CRG upon request providing reasonable assistance to enable the
Institution ta ablain & protective order or ather remedy fo resist disclosure or ensure
confidential treatment for any required disclosure.

The parties are responsible for ensuring that thelr Personnel are aware of the
obligations in respect of Confidential Information in this clause 9, and are bound In
similar terms to keep such information confidential, but are not responsible if those
Fersonnel deliberately and intentionally fail to obsarve those restrictions,

Information will not be Canfidential Information and subject to the provisions of this
clause 8 where:

{1 the infermation has been independently received from a third party who is
free to disclose it;

2) the information is in or has entered the public domain other than as a result
of a breach of this Agreamant:

(3) the party already knew the information, the prior knowledge of which it can
dacument by prior written records: or

4] the party independently develops, discovers or amives at the information
without use, reference to, or raliance upon, the Confidential Information,

PRIVACY

Each party must ensure that any Parsanal Information of Study Participants or
Fersonnel it obtains or holds ag a result of the conduct of the Study is collected,
stored, used and disclosed by it in accordance with the Relevant Privacy Laws.
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1.

11.2

11.3

12.
12.1

123

13.
131

132

Each party will promptly repart to the other party any unauthorised access to, use or
disclosure of Personal Infarmation of Study Parlicipants {*Incident”) of which it
becomes awara, and will wark with the other party to take reasonable steps to
remedy the Incidant.

LIABILITY AND INSURANCE
Each party is liable for its acts and omissions in relation to the conduct of the Study.

Each parly must maintain such insurances as arg reasonably available and
necessary to provide indemnity to it in relation to any liabisty which it may incur in
conducting the Study or perfarming its cbligations under thiz Agreement.

The Institution satisfies the reguiramants of clause 11.2 if it Is entitied to imdamnity
undar a program o scheme of insurance or indemnity that is arranged by & State or
Tarritory of the Commaonweatth of Australia.

PUBLICATIONS

The Instilution, its personnel and the Principal Investigator must not Publish or
present any aspect of the Study without the prier wrilten approval of the CRG such
approval not to be unreasonably withheld. However, the Instituion may use and
present any information concerning the Study for the purposes of internal fraining,
education, evaluation or discussion without the consent of the CRG,

The GREG acknowladges that the Institution may periodically wish to distribule
infarmation releases and announcemants ragarding the progress of research,
including this Study. The Institution agrees that they will not release such written or
oral material regarding the Study to the news maedia or a third party without tha prior
written approval of tha CRG, such approval not to be unreasonably withheld

The parties agree thal publications or presentations aof any of the results from the
Study will take into account the co-cperative nature of the conduct of the Study and
the overall abjective of increasing public knowledge and shall be in accordance with
accepled scientific practice, academic standards and customs and in accordance
with the Protecol and with any more specific publication/presentation guidelines
developed during the course of the Study, including but not limited to the following:

(1) Ifthe Study is a Multi-cantre Study, the results frem a single centre must nol
be Published before the Publication of resulls from all centres.

(2 Individuals making & substantial contribution to the Study will be racognised
with co-authorship in the Publication of resulls from the Study, unless they
elect not to be recognised,

STUDY RESULTS AND INTELLECTUAL PROPERTY

The CRG grants to the Institution and its Personnel the right to use the Background
IP of the CRG and the Study Materials as required 1o carry out the Study and
perform this Agreement. Except for this right, neither the Institution nor any of its
Perzannel acquires any right or interest in any Intellectual Propery provided by or an
behalf of the CRG

In order to carry out the Study, the Institution may use Intelleclual Property which i
part of the Institution’s Background IP. Any such Background Intellectual Property
remains the sole property of the Institution. The Institution grants to the CRG a nan-
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Medicines Australia CRG CTRA 8 Mareh 2017 (revised) Page 13 of 24
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13.3

13.4

14,
14,1

142

14.4

exclusive, perpetual, royalty free licence to use (including the right to sub-licence)
ihe Institution's Background |P solely for the purpose of the commercialisation of the
Stuay Matarials.

Subject to clause 13.2, all Intellectual Property in the Study Materials will vast
automatically upon its creation in the CRG, and the Institution presantly assigns the
CRG all existing and future Intellectual Property rights (including all future copyright)
contained in the Study Materlals. The Institution agrees to execute or procure the
exacution by its Personnel of any documents reasonably necessary to give effect to
this assignment, at the CRG's expanse,

As a general principha, any Intellectual Property specifically relating te any
Investigational Product or Equipment shall be the sole property of the company
owning the Investigational Preduct or Equipment. Nothing in this Agresment
transfers any Inlellectual Property rights (ather than a right to use where exprassly
stated in this Agreement) in the Equipment and the Investigational Product to the
Institution or the Principal Investigator.

The Institution must premptly disclose and communicate in writing to the CRG full
particulars of any Intellectual Property that the institution or Principal Investigatar
make, discover or conceive in the course of the Study that is directly related to the
Study Materials. -

TERM AND TERMINATION

This Agreement commences from the date specified on the first page of this
Agreement, or if such date is not included on the date this Agreement is last signed
by either the CRG or Institution. In the ordinary course of events this Agresment
terminates on Study Completion.

A party may terminate this Agreement with 30 days prior written notice ar such
sharter time period as is reasonably required in the circumstances if the other party:

(1 is in breach of any cbfigations under the Agreement or the Protocol
(including without just cause to meet a timeframea) and fails to remady such
breach where it is capable of remedy within 30 days of a written notice from
the terminating party specifying the breach and requiring its ramedy;

(2) is declared insolvent or has an administrator or receiver appainted over all
or any part of its assets or ceases or threatens to cease to carry on its
business; or

(3} assigns this Agreament to & person considered unsuitable to perfarm the
Agreement as sat out in clause 203,

In addition to clause 14.2, a party may terminate this Agresment immadiately by
wiitten nafice to the other party if it belleves on reasonable grounds that:

() cantinuing the Study poses an unacceptable risk 1o the rights, intarests,
safety or well-being of Study Participants: and

(2 terminating this Agreement Is the most appropriate way 1o respand to that
risk.
The CRG may terminate this Agreement if the Institution breaches clause 4.5 ar if
the CRG learns that the Institution is making, or has made, Improper Payments

{within the meaning of clause 4.5) to government officials with respect to services
performed on behalf of the CRG or any other company. Further, in the event of such

Protocol Number: X20-0229 & 2020/ETHO1273
Site: Royal Prince Alfred Hospital
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145

14,7

14.8

1410

186,
151

16.2

15.3

15.4

lermination, the Institution will not be entitled to any further payment or
compensation.

Tha CRG may terminate this Agreement immediately by giving notica if the Principal
Investigator leaves the institution and an acceptable replasement cannat be found in
accordance with clausea 4.1(3).

The CRG may terminate this Agresment with 30 days prior written notice o the
Institution. In the avent of such early termination, the CRG will pay the reasonable
caste of the Institution relating to the Study calculated in accordance with
Schadule 2.

in the event of termination, the Institution must promptly initiate all appropriate action
to close the Study and, subject to any appkcable retention reguirements imposed by
law, return to the CREG (or destroy if requested by the CRG, and provide avidence of
such destruction) any completed Case Report Forms and other materials recaived
from the CRG before Study Completion,

in the eveni of termination the CRG must lake all appropriate action to chose out the
Study Site in a timely manner,

In tha event of aarly termination, the CRG will cooperate with the Institution to
ensure that Study Participants who may be affected by termination receive adequate
madical care, This may include faclitating the provision of Investigational Product in
certaln circumstances at no cost to the Institution,

The following provisions survive termination of this Agreement, clauses 1.4, 1.2,
4.7,4.10, 9, 10, 11,12, 13, 14, 16, 16, 17, 18, 18 and 20,

DISPUTES

No party may commence kegal proceedings against another in respect of @ dispute
arising in relation to this Agreement (except for urgent interlacutory relef) unless the
parlles have complied with this clause and that party has first notified the other party
in writing of the dispute and has used all reasonable endeavours 1o resolve the
dispute with the other party within 28 days of the giving of that netice (*Initial
Perlod”),

If the dispute is not resolved within the Initial Pericd, then the dispute shall ba
raferred within a further 28 days 1o the Australian Disputes Centre for mediation or
any other agreed venue which conducts mediation. The parties will by agresment
appoint a mediator to mediate the dispute in this forum. |f the parties cannot agrea 10
a mediator within 14 days of the end of the Initial Perlod, then the medistor will be
nominated by the then current President of the Law Soclety of the State or Temitory
in which the Institution is located. Any documents produced for the mediation are o
be kept confidential and cannot be used except for the purpose of seitling the
dispute.

Each party must bear its own costs of resolving a dispute under this clause, and
unless the parties otherwise agree, the parties 1o the dispute must bear equally the
costs of the mediator.

In the event that the dispute iz not settled at mediation within 28 days (or such other
period a5 the parties sgree In writing) after the appeintment of the mediator, then the
parties are frea to pursue any other proceduras availgble at law for the resolution of
the dispute.

Protocol Number: X20-0229 & 2020/ETHO1273
Site: Royal Prince Alfred Hospital
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1T,
174

17.2

17.3

18.
181

18.2

18.

20,
201

202

APPLICABLE LAW

This Agreement will be governed by, and construed in accordance with, the law for
the time being in force In the State or Territary in which the Institution is located and
the parties submit to the jurisdiction of that State or Territory and courls entitled to
hear appeals from those courts.

NOTICES

A notice, consent, approval or other communication (each a notlce) under this
Agreament must be:

(1} delivered to the party's address: or
(2} gent by pre-paid mail to the party's address; or
{3 transmitted by facsimile to the party's address.

A notlce ghven by a parly In aceardance with this clause |s treated as having bean
glven and received:

(1) f delivered to a person’s address, on the day of delivery if a business day,
otherwise on the next business day; or

{2) if sent by pre-paid mail, on the third business day after posting; or

(3 if ransmitted by facsimile to a person’'s address and a correct and complete
transmission report is recelved, on the day of fransmission if a business
day, otherwise on the next business day.

The addresses of the parties for the purposes of giving any notice are set out on the
front page af this Agreement,

WAIVER

Mo right under this Agreament is waived or deemed to be walved except by notice in
wriling signed by the party waiving the right. A wabver by any party in respect of any
breach of & condition or provision of this Agreement will not be deemed to be a
waiver in respect of any other breach.

Failure or delay by any party to enforce any provision of this Agreement will not be
deemed o be a waiver by that party of any right in respect of any other such breach.

VARIATIONS

Mo variations of this Agreement are legally binding on any party unless evidenced in
writing signed by all parties.

ASSIGNMENT

Subject o clause 20.2, a party (the Assigning Party) may assign its rights or
novate its rights and obligations under this Agreement after obtaining the prior
written consent of the olher party (the Other Party).

The Assigning Party's request for the Other Party's consent to an assignment or
novation of this Agreement must include:

{1) the name and the address of the proposed assignee or novates:

Frotacol Number: X20-0229 & 2020/ETHO1272
Site: Royal Prince Alfred Hospital
Medicines Australla CRG CTRA & March 2017 (revised) Page 15 of 24
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20.3

20.4

1.

2.

24,

{2) a copy of the proposed deed of assignment or novation; and
{3 such other information as the Other Party reasonably requiras.

Provided the proposed navatee is an Australian entity, the Other Party must give its

consent promptly if:

(1) the Assigning Party provides evidence that ought reasonably satisfy tha
Other Party that the proposed novatee is financially secure and has the
ability to carry out the Assigning Party's obligations under this Agreement,

(2) the proposed novatee signs a deed or agreement in which it covenants with
the Othar Party and tha Assigning Party to perform the obligations of the
Assigning Party under this Agreement,

(3 tha Assigning Party is nat in braach of this Agreament; and

(4] the Assigning Party pays the Other Party's reasonable cosis of giving its
consant

The Assigning Party ramains liable for ts obligations under this Agreament even if i
assigns its rights pursuant to clause 20.1.

ENTIRE AGREEMENT

This Agreement together with its schadules constilules the entire agreamant
batwean the parties in relation to the Study and supersedes all prior reprasantations,
agreemants, statemants and understandings, whather warbal or in writing in relation
to the Study

FURTHER DOCUMENTS

Each party will do anything (including executing any document), and will ensure that
its Personnel do anything (including execuling any document). that the other party
may reasonably require to give full effect to this Agreemeant.

SEVERANCE

If any part of this Agresment is prohibited, void, veidable, llegal or unenforceable,
then that part s severed from this Agreement but without affecting the continued
ocparation of this Agreamant,

RELATIONSHIP OF THE PARTIES

Mathing in this Agreament creates a relationship of amployer and employee,
principal and agent, joint venture or parinership between the parties and no party will
hold ilsalf out as an agent for another,

FORGE MAJEURE

It any party is delayed or prevented from the performance of any act required under
this Agreement by reason of any act of God, act ef nature, including any epidemic ar
outbreak of pandemic disease, fire, act of governmant or state, war, civil commotion,
insurrection, embargo, prevention fram or hindrance in obtaining raw material,

Protocol Number: X20-0228 & 2020ETHO1273
Site: Royal Prince Alfred Hospital
Medicines Australia CRG CTRA g March 2017 (revised) Page 17 of 24
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7.

anargy or other supplies, labour disputes of whatever nature or whalever reason
beyond the control of the party (a Force Majeure Event), the affected party shall
promptiy notify the other pary in writing, giving details of the Force Majeure Event,
tha acts affectad by the Force Majeure Event and the extent to which they are
affected, and performance of such acts shall be excused for the period of such event
provided that if such interfarence lasts for any parlod In excess of 30 days either
party may, by written notice to the other, terminate this Agreament,

COUNTERPARTS

This Agreament may be executed in any number of counterparts. All counterparts
taken together are deamed to constitule one and the same Agreament,

CONFLICT

In the event of any inconsistency between this Agreement and the Pratocol, this
Agregmant prevails.

Protocel Number: X20-0229 & 2020/ETHD1273
Site: Royal Prince Alfred Hospital
Medicines Australia CRG CTRA & March 2017 (revised) Page 16 of 24
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In witness hereof, the paries have caused this Agresment io be executed as of the
Agreement Date below

Signed on behalf of the CRG

= Do Sl O
Signed [ - -

Laurent Rivary

MName;
Positian ero-vice-Chancg] lor (Research)
Data '..;'.-":-."2:.]-2[ i

Signed on behalf of the INSTITUTION

Or Teresa Anderson

Signed
(=140 —
Namea eafih D sirict
Positlon
Date C&:ﬁ.———'ﬁ‘-@Q .62\

The Principal Investigator acknowledgas this Agreemant and understands the ob pations it
IMposRS

Acknowledged by the PRINCIPAL INVESTIGATOR

Signed

Mame: Luigi Fontana

Position Leonard P Ullmann Chair in Tra nslational Metabalic Health
Cate 03 s /2021

Protocol Number: X20-0229 & 2020/ETH01273
Site: Foyal Prince Alfred Hospital
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Schedule 1: Key Information

{fo be nserted by CRG)

Study Name:

Study Sitefs:

Protocol Mumber:

Target number of Study Participants:

Recruitment Pariod:

Principal Investigator
Name:

Address:

Reviewing HREC:

Equipment provided by the CRG:

At end of Study, Equipmant is to be:
(refer to clauses 7.5 & 7.8)

Software provided by the CRG

Investigational Product:

A randomised controlied trial to evaluate an
intensive lifestyle program for reversal of coronary
heart disease (Lifestyle VulnErable PLagUe Study
(LIVEPLUS))

CPC-RPA Clinic

4.0
Minimum: 120

Maximum: 150

Stat 01/ 03 /201

End: 01 [/ 05 I 2024

Professor Luigi Fontana

Charles Parkins Centre

Faculty of Medicine and Health

State:  NSW Ploode: 2050

Sydney Local Health District Ethics Review
Commitee (RPAH Zone)

O Returned to manufacturer; O Returned to CRG:
0 Retained by Institution; O Destroyed by Institution

Mil

Mil

Protocol Number: X20-0228 & 2020/ETHO1273

Site: Royal Prince Alfred Hospital
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Schedule 2: Payments

HE ATHO
Per patient cost:
NSW health pathology will undertake analysis cn blood samples.
Cost per patlent=$56.70 (see breakdown below")

“mraakdown of full pathology costs:

| Oty Deszription Lnit ALID),

1 FBC 10.20
1 EUC, LFT. WA, LOL, Triglvoenges Total Choiesteral, Faating Glucoss | 10.65

1 HOL. non-HDL Cholesienol a70
1 Ho&lc 10.10
1 Ciral Ghpoose Toberancs Test (OGTT) at 0,30,60,120 min (nciuding Glucose 11.40

& |msuin MEeRSWes)

1 Processing fee 2.50
Sublotal | $1.65

GST | 515
Takal | B8.TD

Total costs {including all visits and patient samples):

Test Qty patients Total

Full pathology costs | 2 150 $17.010.00
as above =858.70

All bloads apart from | 2 150 $13,251.00
QGTT= 54417

One off project 1 nia 5110.00
astablishment fae

TOTAL COSTS §30,371.00

Payment detalls: NSW pathology will send invoices an a monthly basis (usually around 7
af each manth) to the liveplus. study@sydney. edu. au email address. The account to be
ehargad will be Hopewood project (RC 44072, PC D1780).

Protocol Number: X20-0228 & 2020/ETHO1273
Sita: Royal Prince Alfred Hospital
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s OGY
Total costs [Im:lur.linﬂ all visits and patient samples):
Test Qty patients Total
CT Scan=3300 1 150 $45,000.00
TOTAL COSTS §45,000.00

Payment details: The department of radiclogy will send Invaices on a quarterly basis to the
iveplus study@sydney.edu.au email address. The account to be charged will be Hopawood

project (RC 44072, PC D1780),
Institution payment processing details

[Payeo Name; Sydney Local Health District
Payee Address: Sydney Local Health Dislrict [SLHD)
o~ District Finance

Level 8 KGV Bidg 13, Royal Prince Alfred Hospital
Missenden Ra, Campardown, 2050

Bank: Westpae Banking Corporation

Branch: 181 Miller Streel North Sydney, NSW 2060
Account Name:; SLHD General Fund

BEE Number: 032009

Account Number: 520802
SWIFT No: WPACAUZS

| Remittance advice: SLHD-RPAHREMMIT@health nsw gov.au_

RPA PHARMACY

It has been agreed that the following fees will be paid o RPA Hospital Pharmacy, The RPA

Fharmacy will raise a journal transfer for payment guarterty.

Fee Description Unit price
Metopralol S0mg Tablats $0.07 per tablet
Glycaryl Trinitrate 300meg sublingual lablets 50.15 per tablet
lvabradine Smg tablets 30.21 per tablet
Protocol Number: X20-0229 & 2020/ETHO1273
Site: Royal Prince Alfred Hospital
Medicines Australla CRG CTRA B March 2017 (revised) Page 22 of 24
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Schedule 3: Study Protocol Identification

A randomised controlled trial to evaluate an intansive |ifestyla
Full Titla: program far revarsal of corenary heart disense (Lifnstyle VuinErabe
PLaglls Study (LIVEPLUS)

“X20-0228 {v4.0)
Varsion Mumbar:

Date: o3 0 11+ 2020

List of Kay altachments: Frotocol

Protocol Number: X20-0229 & 2020/ETHO1273
Site: Royal Prince Alfred Hospital
Medicines Australia CRG CTRA 8 March 2017 {revised) Page 23 of 24
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Schedule 4: Special Conditions
Flease Paste/Enter Text Below

Ml

Protocol Number: X20-0229 & 2020/ETHO12T3
Site: Royal Prince Alfred Hospital
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the design, resources development, and manuscript writing for the following article:
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Appendix K
LIVEPLUS recruitment fliers

Areyou
interestedin

Living Healthier?

@ Now Enrolling About Our Study

Ages 18-85
Normal to Overweight The purpose of this 12-month study is to
MNon-Smoker determine whether a comprehensive
Vulnerable Plague on CT Scan lifestyle intervention (5:2 pescovegetarian
diet, physical activity, and stress reduction
training) improves cardiovascular health in
N No COSt people with coronary heart disease
Dietary, physical activity, and
m stress reduction coaching,
heart testing, body 4 @ b
composition, blood labs )‘@A Contact

. . D nthia Ki

Potential Benefits ~ 2f e Kroeser

Reduction in body (fat) liveplus.study @sydney.edu.au
weight, blood pressure,

glucose, cholesterol, Principal Investigator
inflammation, heart disease Luigi Fontana MD, PhD, FRACP

O
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THE UNIVERSITY OF

SYDNEY

LIVING
HEALTHIER?

About Our Study

The purpose of this 12-month study is to determine whether a comprehensive lifestyle
intervention (5:2 pescovegetarian diet, physical activity, and stress reduction training)
improves cardiovascular health in people with coronary heart diesease

Potential Benefits Now Enrolling
Reduction in body (fat) weight, blood Ages 18-85

pressure, glucose, cholesteral, and
inflammation. No cost. Included dietary,
physical activity, and stress reduction
coaching, heart testing, body Vulnerable plaque on CT scan
composition, and blood labs

Normal to overweight
Mon-smoker

Dr Cynthia Kroeger Principal Investigator

Trial Coordinator e -
liveplus.study @sydney.edu.au Luigi Fontana, MD, PhD, FRACP
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