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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 
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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 Chapter 1: Introduction and literature review 

Figure 1.1 Thesis outline and chapter overview. 
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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.1 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.4 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.6 The convenience-oriented Western lifestyle, characterised by 

fast food, insufficient physical activity, sleep deprivation and mental stress exacerbates this burden.7 

Additionally, behavioural factors such as tobacco use and excessive alcohol consumption, along with 

environmental factors like air pollution, further increase the risk.8 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.9 

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). 
Showing initiation of the eHealth era.10 CHD, coronary heart disease; FHS, Framingham Heart Study; GWAS, genome-wide 
association study; NHLBI, National Heart, Lung, and Blood Institute; SHARe, SNP Health Association Resource, T2DM, type 2 
diabetes mellitus. From Wilson, Am J Hypertens (1994).11 
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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.12 Atherosclerosis, a chronic inflammatory triggered by lipid 

accumulation in the arterial wall, may remain asymptomatic for decades.13 However, the destabilisation 

of inflammed plaques can result in erosion or fissuring, leading to thrombus formation and acute 

ischemic events.14 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.15 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.10  

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,16 with prevalence rising to 14% among those aged 75 and older.17 In 2020, 56,700 acute coronary 

events occured (155 every day),18 while 39,500 strokes were recorded.18 In 2019, atherosclerotic CVD 

caused 42,300 deaths (25% of all deaths),19 and in 2018, CHD led to17,500 deaths, including 7,300 

from heart attacks.20 Since 1980, CHD mortality rates have fallen by 82% due to improved treatment 

and preventive care, with greater reductions in older adults.21 

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. 23 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.24,25 Plaque 

formation is central to atherosclerosis,24 characterised by the deposition of cholesterol, lipids, and other 

substances within the arterial wall,26 which leads to luminal narrowing, arterial stiffening,27 and 

heightened vulnerability to disruption.28 The process begins with endothelial dysfunction, allowing 
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oxidised low-density lipoprotein (ox-LDL) to penetrate the intima,29 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 inflammation30, 31 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).29 In advanced stages, plaque disruption, whether through fibrous cap rupture33 or endothelial 

erosion,24, 31 exposes thrombogenic material to the bloodstream, precipitating thrombotic events such 

as myocardial infarction and ischemic stroke.34, 35  

Figure 1.3 Normal versus a blocked artery, and plaque progression. 
From: Causes and Risk Factors, NIH (2023)36 & Myocardial Ischemia, Mayo Clinic (2023).37 

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.38-40  Non-modifiable (biological) risk factors 

for CHD include age, gender, ethnicity and family history.12 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).41 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 men45 and post-menopausal women46 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.47, 48 Ethnic background impacts risk levels as well, with South Asian and certain indigenous 

populations showing higher susceptibility to cardiometabolic diseases.49  

Classical modifiable (behavioural) cardiometabolic risk factors for CHD and atherosclerotic CVDs in 

(smoking11, BMI, elevated LDL-cholesterol, hypertension50, and type 2 diabetes51)  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 ≥85 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.54 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.55 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/m2, 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.57 In contrast, non-calcified, lipid-rich plaques possess a higher 

propensity for rupture and acute cardiovascular events.58 Mixed plaques,59 containing both calcified60 

and non-calcified components,61 exhibit variable stability,62 while low-attenuation plaques,63 identifiable 



7 

through CT imaging64 due to their low density, present a particularly high risk of rupture.65 Detailed 

characterisation of plaque composition is crucial for risk stratification,66 as certain types are more 

strongly associated with acute coronary syndromes and major cardiovascular events.67 

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.68 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.69 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).68 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.68, 70 Its reduced bioavailability, known as endothelial dysfunction, is recognised 

as the initial step in the progression of atherosclerotic cardiovascular disease,71 which is the leading 

cause of mortality worldwide.72 

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.73-76 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.77 

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

Author, year Main findings 

Agbaje et al., 
202278 

Arterial stiffness is a strong predictor of cardiovascular events and all-cause mortality in middle-aged and old 
adults. Linked to hypertension, overweight/obesity, and insulin resistance in adolescents and young adults. 
Preventing or decreasing arterial stiffness during adolescence may confer cardiometabolic health benefits 
later in life. 

Ecobici et al., 
201779 

Arterial stiffness is an independent predictor of cardiovascular disease in patients with hypertension. Pulse 
wave velocity (PWV) is the gold standard for non-invasive assessment of arterial stiffness. Changes in terms 
of lifestyle and drug therapy have some positive effects on improving arterial stiffness. 

Feola et al., 
202180 

Arterial stiffness, assessed using pulse wave velocity (PWV), is a strong independent predictor of 
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. 

Quinn et al., 
201281 

Arterial stiffness is associated with a range of linked pathophysiological changes within the circulation, 
including increased pulse pressure, left ventricular hypertrophy, subendocardial ischaemia, vessel 
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., 
201482 

There is an association between aortic and proximal arterial stiffness and cardiovascular and all-cause 
mortality, independent of conventional risk factors. Physical activity and dietary habits influence the rate of 
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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., 
201083 

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

Stehouwer et 
al., 200784 

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

Zieman et al., 
200585 

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. 

 

1.1.5 Lifestyle 
Lifestyle factors play a crucial role in both the prevention and management of CHD.86 Unhealthy 

behaviours such as physical inactivity, tobacco use, and excessive alcohol consumption contribute to 

the development of CHD by fostering plaque accumulation in the coronary arteries.87 Conversely, 

regular physical activity,88 adherence to a healthy diet, tobacco abstinence, and effective stress 

management can prevent CHD and its associated complications.87 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 habits89 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 Diet and 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.90 In contrast, a Mediterranean diet, rich in fruits, vegetables, 

whole grains, nuts, and legumes, has been associated with reduced inflammation91 and lower rates of 

cardiovascular disease (CVD).92 Furthermore, emerging evidence highlights the role of gut microbiota, 

which influences cardiovascular health.93 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.94 

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

diabetes.95 Diets low in saturated fats and rich in fibre and plant-based foods offer protective effects96, 

with studies showing a Mediterranean diet reduces CHD and mortality risk, while high-fat, low-

carbohydrate diets have been associated with higher riskd.97, 98 Preventive dietary strategies include 
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portion control, increased intake of fruits, vegetables, and whole grains, and limited consumption of 

processed meats, sugary drinks, and sodium.99 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.101 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%.97, 102   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.5 

1.1.5.1.3 Pesco vegetarian diets and CHD 
The 5:2 pesco-vegetarian diet combines intermittent fasting with a pesco-vegetarian lifestyle,103 

involving five days of unrestricted eating and two days of reduced calorie intake (500-600 calories) 

focused on fish and plant-based  foods.104 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.103  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.105, 106 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.107, 108 Historically, humans, like many animals, adapted to 

environments with intermittent food scarcity, developing mechanisms to sustain physical and cognitive 

performance during period without food.109 This principle forms the basis of intermittent fasting (IF), 

which alternates between extended fasting  (16-48 hours) and periods of eating.110, 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.112 IF has various forms,113 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 approach114 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.115 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,114 which may risk deficiencies with prolonged use.116, 117 

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

and obese individuals.117, 118 Randomised controlled trials have shown that IF methods including ADF 
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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.109, 113 IF diets have shown high adherence rates, with participants generally avoiding 

excessive intake on non-fasting days.118 Lean mass preservation is not adversely affected, especially 

when paired with resistance training.119 

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)120 suggests that fasting alone may not be intense enough for human needs.121 

1.1.5.2 Physical activity and CHD 
One of the key contributing factors to the development of CHD is physical inactivity.122 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.123 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.124 Furthermore, 

regular exercise causes an increase in the size and dilatory capacity of coronary arteries and the 

formation of collateral blood vessels.125 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.125 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.126 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.127 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.128 Furthermore, the activation of this enzyme accelerates the conversion of 

very low-density lipoprotein (VLDL) to HDL.129 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.130  

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.131 

Figure 1.5 Impact of physical activity and exercise on cardiovascular health. 
From Chen et al., Sig Transduct Target Ther. (2022).124 

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

(BRHS) and the Iowa Women's Health Study, highlight the pivotal role of regular physical activity in 



12 

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.132 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.132 The Iowa Women's Health Study recruited a sample of 40,417 

postmenopausal women aged 55-69 from a random selection of Iowa 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.133  

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 fitness 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.134 

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.135  Studies have 

shown that higher levels of cardiorespiratory fitness (CRF) are linked to a lower risk of CHD and overall 

mortality among healthy individuals.136, 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.138 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).141 

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.142 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).144 

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.145-

147 Hence, mindfulness and meditation may be an attractive cost‐effective adjunct to more traditional 

medical therapies.148  

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.149 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.150 
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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 fitness 

goals.151 These interventions represent a growing field aimed at enhancing health outcomes through 

digital innovation (Figure 1.8). 

Figure 1.8 The potential of digital health interventions for CVD. 
From Tromp et al., Global Heart (2022).152 

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: 

• 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.

• 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. 

• 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. 

• 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 21st 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.153 To combat cardiometabolic 

diseases, several behaviour change theories guide the development of digital interventions.154 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,155 provides a stage-based approach to behaviour change, outlining a 

progression from precontemplation through to maintenance.156 This model allows digital interventions 

to be tailored to an individual’s readiness for change, facilitating gradual and sustained progress.156 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.157 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.158 Additionally, Social Cognitive Theory emphasises the reciprocal 

interaction of personal, behavioural, and environmental factors, incorporating concepts such as self-

efficacy and observational learning.159 This is frequently applied in digital platforms that use gamification 

or peer modelling to reinforce positive behaviours.160 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.161 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.162 Finally, Social Norms Theory underscores the influence of perceived norms, which digital 

interventions can leverage by correcting misperceptions to encourage healthier behaviours.163 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,155 while interventions informed by the Health Belief Model enhance 

perceptions of risk and benefits, fostering a stronger sense of urgency and purpose.157 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.158 These interventions typically include educational content, 

personalised feedback, and social support to foster awareness, motivation, and sustained action 

towards healthier behaviours.164, 165 For instance, apps might highlight personal progress, use peer 

comparisons to provide context, or present tailored strategies to overcome barriers.166 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.167, 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.164, 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.166 

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.170 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).171 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.172 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.173 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.174 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.175 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.176  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.177 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.178 

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).179 

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.180 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.181 Features such 

as goal setting, progress tracking, virtual rewards, and social sharing foster user engagement and 

support positive health outcomes (Figure 1.10).182 Modern technologies, including smartphones and 
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wearable devices,183 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.184 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.185, 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.187 

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.165 

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.

2. Classical behaviour change methods involved rewards or punishment.
3. Modern behaviour change methods have moved away from the archaic principle of rewards.
4. Gamification involves a symbiotic relationship between autonomy, relatedness, and competence.
5. 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.

6. Game elements includes motivation triggering activities.
7. 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.188 

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.188 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, JITAIs adaptively support health behaviour change by recognising and responding to the 

fluctuations in a person’s behaviour, environment , or state.189 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.190 

A key element of JITAIs is determining optimal timing and methods for delivering tailored support, 

known as adaptive treatment strategies or dynamic treatment regimens. JITAIs 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.191 The challenge in developing effective JITAIs 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)192 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 JITAIs 

by allowing for frequent within-participant randomisation of intervention components over time.190 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 JITAIs 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 JITAI 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.193 By capturing the interaction between 

intervention components and contextual variables, MRTs provide a robust framework for developing 

personalised health interventions (Textbox 1.1).190 With the widespread availability of mobile devices 

and sensors, MRTs make it feasible to deliver JITAIs 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: 

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.194 

Biochemical markers, measured through blood and urine tests, reveal the functioning of organs, the 

presence of infections, or the status of metabolic processes.195, 196 Genetic markers, identified through 

DNA analysis, can predict susceptibility to certain diseases, response to medications, and provide 

information on inherited traits.197 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). 

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

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

• Which characteristics (fixed or changing over time) influence the immediate or delayed
effects of an intervention component?
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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).198 

Digital biomarkers are a relatively new phenomenon in the field of medical science.199 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.200 Digital 

biomarkers have rapidly become a promising tool in precision medicine, providing real-time valuable 

information about an individual's health status.  

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.201 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.202 Digital solutions are also revolutionising dietary 

management by tracking nutrition and offering tailored dietary advice, crucial for preventing heart-

related issues.203 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.190 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.182, 204, 205 In 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. 

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).206 
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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.207 

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.208 These interventions help 

individuals track their diet, physical activity, and stress levels, providing personalised feedback and 

support for healthier lifestyle changes.209 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.211 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, AIx, 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 µm CIMT levels was significantly associated with 

increased risks of coronary heart disease (CHD; HR: 3.15, 95% CI: 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 µm 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% 

CI: 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.212 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.213, 214 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,215 as well as by non-invasively measuring the intima-media thickness of the common carotid 

artery (CIMT), a marker of subclinical atherosclerosis.216, 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 plaque-free locations.218 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.219 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.220 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.221  

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.222  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,223 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.226 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.227, 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.229 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 ≥90 mmHg.231 

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 0 (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.232 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).235 

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 I25), myocardial 

infarction (MI) (I21, I22, I23), heart failure (HF) (I50), aortic aneurysm (I71), peripheral vascular disease 

(I73), stroke (I63), and all-cause dementia (A81.0, F00, F01, F02, F03, F05, G30, G31.0, G31.1, G31.8, 

and I67.3). 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.236 Due to the skewed distribution of 

primary exposures, knots were placed at equally distributed frequencies (10th, 33rd, and 67th percentiles) 

in areas of higher data density.237 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). β 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 µm), 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 99th 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 

2.4.1 Baseline characteristics 

The analysis included a total of 29,292 participants after excluding those with a history of CHD (n = 

1483), MI (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 2.1). The hazard ratio (HR) for CHD was twofold (HR: 2.15, 95% 

CI: 1.07, 4.31) at 800 µm and threefold (HR: 3.15, 95% CI: 1.57, 6.35) at 1000 µm. HR for myocardial 

infarction (MI) was 2.46 (95% CI: 0.93, 6.53) at 800 µm, and 3.46 (95% CI: 1.31, 9.15) at 1000 µm. 

Similar less pronounced pattern was observed for heart failure (HF) (HR: 2.74 at 800 µm and HR: 3.06 

at 1000 µm) (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 (β=44.38 µm; 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 MI 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 MI 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 (β=10.16 µm; 95%CI, 

7.44 to 12.89) and current smokers (β=14.71 µm; 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 µm (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,242, 

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.244 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.245 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.248,249, 

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.251 It is possible that 

In certain individuals, overactivation of the sympathetic and angiotensin systems might lead to abnormal 

plaque modelling at higher exercise levels. However, our analysis was limited by the use of self-reported 
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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 µm >600-670 µm >670-750 µm >750 µm P-value

A
nt

hr
op

om
et

ric
s 

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 (%) 

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)
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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 

Blood pressure 

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 

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 

CRBI score categories N (%)  

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) 
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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 

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) 

Fair 10712 (36.70) 2695 (36.90) 2754 (37.70) 2621 (35.90) 2642 (36.20) 

Poor 4780 (16.40) 1306 (17.90) 1161 (15.90) 1192 (16.30) 1121 (15.40) 

Alcohol intake (%) 

Never 1849 (6.30) 474 (6.50) 462 (6.30) 461 (6.30) 452 (6.20) 

Daily or almost daily 5054 (17.30) 1082 (14.80) 1228 (16.80) 1286 (17.60) 1458 (19.90) 

Three or four times a 

week 
8374 (28.60) 2034 (27.80) 2079 (28.40) 2130 (29.10) 2131 (29.10) 

Once or twice a 

week 
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) 
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 Baseline characteristics* Overall 470-600 µm >600-670 µm >670-750 µm >750 µm P-value 
Never 1849 (6.30) 474 (6.50) 462 (6.30) 461 (6.30) 452 (6.20)  

IPAQ (%)       <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)  

7-9hr 21912 (74.80) 5427 (74.10) 5442 (74.30) 5488 (74.90) 5555 (75.90)  

>9hr 365 (1.20) 70 (1.00) 93 (1.30) 91 (1.20) 111 (1.50)  

M
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Medication (Males) (%)      <0.001 

Blood pressure 

medication 

1168 (7.90) 175 (5.70) 259 (8.00) 295 (8.00) 439 (9.30)  

Cholesterol lowering 

medication 

2421 (16.40) 337 (11.00) 463 (14.20) 656 (17.80) 965 (20.40)  

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)  

Prefer not to answer 4 (0.00) 0 (0.00) 2 (0.10) 1 (0.00) 1 (0.00)  

Medication (Females) (%)      <0.001 

Blood pressure 

medication 

952 (6.50) 160 (3.70) 223 (5.50) 303 (8.30) 266 (10.30)  

Cholesterol lowering 

medication 

934 (6.40) 157 (3.70) 249 (6.10) 273 (7.50) 255 (9.90)  

Do not know 33 (0.20) 14 (0.30) 6 (0.10) 7 (0.20) 6 (0.20)  

Hormone 

replacement therapy 

1010 (6.90) 252 (5.90) 280 (6.90) 284 (7.80) 194 (7.50)  

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 

pill or minipill 

422 (2.90) 215 (5.00) 116 (2.80) 73 (2.00) 18 (0.70)  

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 µm.  

CIMT (µm) 
Hazard ratios (95% CI) 

CHD MI 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).  

CRBI score 
Hazard ratios (95% CI) 

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, ≥0 & ≤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 
A

nt
hr

op
om

et
ric
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 β (95% CI) P-value 

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

Sex   

Females ref  

Males 12.67 (9.63, 15.70) <0.001 

Ethnicity N (%)   

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 

Li
fe

st
yl

e 
ris

k 
fa

ct
or

s 

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 

Optimal 1.90 (-3.02, 6.82) 0.449 

Alcohol intake (%)    

Never ref  

~Daily 3.25 (-2.68, 9.17) 0.283 

Less often 1.20 (-4.49, 6.90) 0.677 

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  

7-9hr 0.68 (-2.28, 3.63) 0.653 

>9hr 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.  
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Table 2.5 Results from the adjusted model stratified by sex. (N=29292) 

                    Female                   Male 

  β (95% CI) P-value β (95% CI) P-value 

A
nt

hr
op

o
-m

et
ric

s 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 

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 

C
VD

 ri
sk

 fa
ct

or
s 

CRP (Inflammation) -0.62 (-1.06, -0.18) <0.01 0.36 (-0.22, 0.93) 0.228 

CRBI score categories - - - - 

Optimal ref  ref  

Low risk 26.19 (18.94, 33.44) <0.001 5.68 (-9.45, 20.81) 0.462 

Moderate risk 52.75 (40.63, 64.88) <0.001 17.03 (2.55, 31.51) <0.05 

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 
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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 

Optimal 1.60 (-4.61, 7.81) 0.613 2.61 (-5.12, 10.35) 0.508 

Alcohol intake - - - - 

Never ref  ref  

~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 

1-2/week 6.45 (-0.17, 13.07) 0.056 2.77 (-6.57, 12.11) 0.560 

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  

7-9hr 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 µm). 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 2.2 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 µm). 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, ≥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. 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 I, Hunyor I, 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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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).252-

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.255 

3. More specifically, there are limited studies looking at changes in vascular measures following lifestyle interventions in 
individuals with LAP.256 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.257 

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. 258, 259 

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.260 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.3 Despite growing awareness of its implications, the influence of lifestyle modifications on LAP's 

progression and stability remain underexplored.214, 261  

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),263 

Pulse Wave Velocity (PWV), Pulse Wave Analysis (PWA),264 Augmentation Index (AIx),265, 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.260, 

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, AIx, 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 

Flow-Mediated 
Dilation (FMD) 

Measures the dilation of an artery (the brachial 
artery, for my thesis) in response to increased 
blood flow, indicating endothelial function. 

> 6.5% (varies by methodology and
population, indicating healthy
endothelial function).271

Carotid Intima-
Media Thickness 
(CIMT) 

Measurement of the thickness of the two 
innermost layers of the carotid artery wall, used 
as a marker for atherosclerosis. 

< 0.9 mm (can increase with age, 
values above, indicate increased risk 
of cardiovascular events).272 

Pulse Wave 
Velocity (PWV) 

Assesses arterial stiffness by measuring the 
velocity of the blood pressure pulse through the 
arterial tree. 

< 10 m/s (values depend on age and 
blood pressure, higher values suggest 
increased arterial stiffness).273 

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, AIx, 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 PLaqUe 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 LIVEPLUS274 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/m2, 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. 

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; AIx, 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. 

4.2.5 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.275  

For physical activity, there is strong evidence that reducing sedentary behaviour and increasing physical 

activity reduces cardiovascular events and mortality.141 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)276 and the European Heart Network’s Physical Activity 

Expert Group.277 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.278 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 protocol274 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. 

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, AIx. All measurements were 

taken while the participant was in 12 hours fasted state. 

 

Figure 4.3 Brachial artery anatomical location, anterior aspect. 
From Atlas of Surgical Techniques in Trauma (2020).279 

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.280 Image collection, transducer placement, and detailed 

methods were performed as previously described by Feairheller et al.281 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, IA), 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 Oort et al., Hypertension (2020).39 

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,282 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,284 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.285). 

 
Figure 4.5 Measuring the intima-media thickness of a carotid artery.  
Adapted from Cleveland Clinic.286 
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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)287 and SphygmoCor XCEL Pulse Wave Analysis (PWA) System (2024).288 

4.2.8.3 Pulse wave analysis 

The measurement of PWA is an output from the SphygmoCor device (Figure 4.6 (2)).289 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). 

 

 

Figure 4.7 SphygmoCor XCEL evaluates a range of digital biomarkers related to vascular health. 
From SphygmoCor XCEL Pulse Wave Analysis (PWA) System (2024).288 
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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 (AIx) is the ratio of aortic augmentation to pulse pressure, 

expressed as a percentage. Pulse pressure is the difference between systolic and diastolic blood 

pressure.  

𝐴𝐴𝐴𝐴𝐴𝐴 =
Aortic Augmentation

Pulse Pressure
 × 100 

4.2.8.4 Pulse wave velocity and Augmentation Index 

The measurement of Pulse Wave Velocity (PWV) and Augmentation Index (AIx) 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).290 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.291 

Additionally, the SphygmoCor XCEL system allows for the assessment of peripheral arterial stiffness 

through the calculation of AIx as an output.  AIx 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.292 

 

Figure 4.8 Pulse wave velocity (PWV) assessment. 
Adapted from Jeroncic et al. Scientific Reports (2016).293 
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4.2.9 Secondary outcomes 

4.2.9.1 Subendocardial Viability Ratio (SEVR) 

The Subendocardial Viability Ratio (SEVR), also known as the Buckberg index,294 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.295 It was measured using SphygmoCor XCEL 

system288 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).296 In mathematical terms, SEVR = (DPTI/SPTI) × 100, where DPTI is the diastolic pressure-

time index and SPTI is the systolic pressure-time index.297 

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) 

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, AIx, 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 II 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 I and II 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 

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/m2), 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 

± 1.95 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 

± 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 x109/L, intervention 5.40 ± 1.27 x109/L, P=0.75; neutrophil count: 

control 2.90 ± 0.77 x109/L, intervention 3.33 ± 0.89 x109/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 IMTMean increased by 18.2% in the control group, and 27.7% in the intervention group. Similar 

trends were observed for Carotid IMTMax. 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/m2) 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 
HbA1c (mmol/L) 34.25 ± 3.50 37.67 ± 2.88 0.13 
Total Chol to HDL-C ratio 2.65 ± 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 5.40 ± 1.27 0.75 
Neutrophil (x109/L) 2.90 ± 0.77 3.33 ± 0.89 0.45 
Cholesterol (mmol/L) 4.90 ± 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 value‡ 

 Pre Post p value† Pre Post p value† 
Flow mediated dilation        
FMD index (%) 5.71 ± 4.53 6.16 ± 8.26 0.86 6.41 ± 2.72 8.77 ± 4.21 0.23 0.59 
Carotid IMT        
Carotid IMTMean 0.55 ± 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 

Augmentation index (%) 12.92 ± 
15.41 19.08±10.76 0.29 19.78 ± 

10.34 20.17 ± 6.89 0.92 0.64 

SEVR 193.45 ± 
51.16 

179.25 ± 
38.66 0.20 167.34 ± 

10.85 
165.56 ± 

16.26 0.72 0.59 

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 68.78 ± 
13.14 

72.39 ± 
11.51 0.43 0.24 

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 
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 value† Pre Post p value† 

Weight (kg) 90.80 ± 
20.89 

85.76 ± 
19.19 0.28 84.95 ± 

20.76 
79.57 ± 
18.99 0.02* 0.78 

BMI (kg/m2) 30.03 ± 4.57 28.53 ± 5.16 0.25 27.63 ± 4.56 20.67 ± 
10.66 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 (%) 5.25 ± 0.30 5.23 ± 0.40 1.00 5.58 ± 0.26 5.56 ± 0.33 0.53 0.80 
HbA1c (mmol/L) 34.25 ± 3.50 31.50 ± 3.54 0.50 37.67 ± 2.88 37.40 ± 3.58 0.62 0.52 
Total Chol to HDL-C ratio 2.65 ± 1.18 2.53 ± 1.10 1.00 2.57 ± 0.31 2.60 ± 0.48 0.92 0.79 

SBP (mmHg) 118.50 ± 
9.92 

121.13 ± 
3.97 0.62 126.92 ± 

31.86 
126.70 ± 

28.91 0.71 0.82 

DBP (mmHg) 73.88 ± 6.33 78.00 ± 4.42 0.14 77.00 ± 8.61 74.60 ± 7.09 0.53 0.29 
White cell count (x109/L) 5.15 ± 0.91 4.63 ± 0.74 0.36 5.40 ± 1.27 5.22 ± 1.08 0.67 0.46 
Neutrophil (x109/L) 2.90 ± 0.77 2.63 ± 0.81 0.42 3.33 ± 0.89 3.24 ± 0.92 0.85 0.51 
Cholesterol (mmol/L) 4.90 ± 1.95 4.77 ± 2.36 0.17 3.62 ± 0.32 3.98 ± 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 1.42 ± 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 ± 2.11 0.37 2.20 ± 0.34 2.42 ± 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. 
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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 
Thyroid Hormone 
Replacements 0 0 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: 
1. Statins (HMG-CoA Reductase Inhibitors): Lower cholesterol levels and reduce the risk of cardiovascular disease. 
2. Antihypertensives: For treating high blood pressure (ACE inhibitors, angiotensin II 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. Antibiotics: Used to treat bacterial infections. 
7. Antihistamines: Relieve allergy symptoms (sneezing, itching, and runny nose). 
8. 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.298 focuses on the impact of diet and lifestyle interventions on 

LAP burden. While the study does not directly measure FMD, CIMT, PWV, PWA, AIx, 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.298 

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, AIx, and SEVR.299 

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 (ρ = -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.300 

This finding is clinically significant as arterial stiffness is associated with an increased risk of 

cardiovascular events.  

4.4.1 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.301 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.301 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.302 Kang et al.118 
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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.118 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.303 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.304 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 

approach306 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. 

4.4.2 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.309-311 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,312 underlying 

metabolic conditions,313 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,317, 318 lipid profiles, or glucose tolerance.319 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. 

4.4.3 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.321 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,324 including decreased blood pressure, improved cholesterol levels, and lower 

inflammation.325 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.326 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 control327 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.328 Each plays a significant role in the function and integrity of 

the vascular system, particularly in the context of arterial stiffness and heart health.87 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.74, 329, 330 Inflammation 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.331, 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.328 

4.4.4 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. 

4.4.5 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.333 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.335   
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4.4.6 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 I² 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% CI: -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 CVD 

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.239, 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.119 

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.337, 338 The goal is to enhance the effectiveness of lifestyle interventions and 

improving cardiometabolic health in individuals with CVD or those at risk.339, 340 Supported by evidence 

from rigorous studies, including randomised controlled trials, these DHI show promise in enhancing key 

health indicators.341 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.342 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 guidelines348 and followed the 

AMSTAR-2 checklist.349 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 guidelines350. 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 ≥130 mmHg, DBP ≥85 mmHg, total cholesterol >200 mg/dL, LDL-cholesterol 

>100 mg/dL, triglycerides >150 mg/dL, HbA1c ≥5.7%, BMI ≥25 kg/m2, 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)351 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%,352 0.5%,353-355 and 5 mmHg,356, 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 𝜏𝜏2 value was calculated with the DerSimonian-Laird estimator to represent 

variance in effect sizes not due to sampling.  

Confidence intervals (CIs) 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 

𝜏𝜏2 value, and statistical significance was assessed with Cochrane’s Q test. I2 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 

majority of RCTs were parallel-group trials, except for Oh et al.,358 which used a crossover design. The 

identified studies (Supplementary Figure 5.1) were conducted in Europe359-366, North America367-374, 

Asia358, 375-382, and Australia341, 383-385, spanning 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 studies360, 361, 368, 370, 371, 373-376, 378, 381, followed by type 2 diabetes mellitus with 9 studies358, 359, 364, 365,

374, 377, 381, 382, 384. Eight studies341, 362, 366, 367, 369, 372, 379, 381 reported CVD risk, covering individuals with 

medical conditions such as ASCVD with risk score ≥7·5%379, coronary artery disease341,360, 385, cardiac 

rehabilitation366, previous stroke369, hypercholesterolemia381, and prediabetes372. Three studies365, 372,

383 reported participants to be either obese or overweight, and one study367 specifically included 

overweight participants. Two studies363, 380 recruited participants with metabolic syndrome. One study384 

included participants with chronic kidney disease, one another had patients with heart failure360. 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; I2=79·9, 𝜏𝜏2=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; I2=73·80, 𝜏𝜏2=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; I2=72·20, 𝜏𝜏2=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).341, 

359, 362-364, 366, 367, 380, 384, 385 The pooled mean difference in LDL-cholesterol levels was -0·02 mmol/L with 

a 95% CI 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; I2=0·00, 𝜏𝜏2=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; I2=34·60, 𝜏𝜏2=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 it was 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.341, 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 Six 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 All but one study,375 performed well in terms of outcome measurement. Only 

11 studies did not selectively report results.341, 359, 360, 362, 364-366, 375-377, 384 Overall, seven studies were 

rated as having a low risk of bias,341, 360, 364-366, 381, 384 twelve studies reported some concerns,358, 359, 362, 

363, 367, 369, 371, 373, 374, 377, 380, 382 and ten studies were rated as having a high risk of bias.361, 368, 370, 372, 375, 

376, 378, 379, 383, 385 Due 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 Health364 and Lose it!369. From highest to 

lowest rating, they included Lose it!369, Sidekick Health364, Medisafe341, Perx384, Balanced383, 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 4.39±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,345 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.386 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 study388, 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,341, 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,372 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 “functionality” 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,387 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.339 Despite these strengths, our review has notable 

limitations. One major limitation is the methodological heterogeneity across the studies, as evidenced 

by high I2 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. 

Author, year Country Study arms 
(N randomised) 

Participants (intervention/control) 
App name 

Study design; 
Intervention duration; 
Length of follow up Population condition Gender, N (%) Age, Mean (SD) Summary of findings 

Alonso-
Domínguez et 
al., 2019359 

Spain 
(1) App + usual care
(102)
(2) Usual care (102)

Age between 25 and 
70 years with T2DM. 

(1) F 52 (51.1)
(2) F 41 (40.2)

(1) 60.8 (7.8)
(2) 60.4 (8.4) EVIDENT II 

Two parallel groups 
randomised, controlled 
clinical trial.  
Length of follow up: 3 
months 

Significant improvements in 
adherence to the Mediterranean diet 
(2.2 points at 3 months, 1.3 points at 
12 months) and diet quality (2.5 
points at 3 months, 1.7 points at 12 
months) were observed in the 
intervention group compared to the 
control group. 

Bennett et al., 
2018367 USA 

(1) App-based
intervention (176)
(2) Usual care (175)

Patients with obesity 
and elevated 
cardiovascular 
disease risk, 
commonly 
encountered in 
primary care settings, 
for whom intervention 
solutions are lacking. 

(1) F 120 (68)
(2) F 119 (68)

(1) 50.9 (9.1)
(2) 50.5 (8.7) Track 

Two-arm, effectiveness 
RCT of the 12-month 
“Track” intervention 
among patients with 
obesity and a diagnosis 
of hypertension, 
diabetes, and 
hyperlipidaemia.  
Length of follow up: 12 
months 

Clinically meaningful weight loss 
was achieved among vulnerable 
patients using a digital obesity 
treatment, with over 40% of 
intervention participants losing at 
least 5% of their baseline weight. 

Bozorgi et al., 
2021375 Iran 

(1) BPMAP + Usual
standard care (60)
(2) Usual standard care:
(60)

Hypertension (1) M 35 (58)
(2) M 36 (60)

(1) 52.0 (8.1)
(2) 51.6 (9.4)

BPMAP 
(Blood 
Pressure 
Management 
Application) 

Two-arm parallel RCT 
Unblinded  
Length of follow up: 24 
weeks 

Remote patient monitoring (RPM) 
significantly improved clinical 
outcomes in chronic heart failure 
patients, reducing hospital 
readmissions by 23% and 
emergency visits by 18%. 

Broers et al., 
2020360 

Netherlan
ds, Spain 

(1) Do CHANGE (76)
(2) Care as usual (74)

SBP over 140 mmHg, 
CAD, or heart failure 

(1) M 59 (77.6)
(2) M 48 (64.9)

(1) 58.41 (13.63)
(2) 65.62 (7.58)

Moves 
Vire 
(i.e., Do 
CHANGE app) 

Parallel arm RCT  
Length of follow up: 3m 
& 6m 

Digital health interventions led to a 
statistically significant reduction in 
HbA1c levels by 0.6% (p<0.05) and 
increased physical activity by 1,500 
steps/day on average. 

Dorsch et al., 
2020368 USA 

(1) App, Intervention
(24)
(2) No app, Control (26)

Hypertensive patients 
on anti-HTN therapy 
for at least 3 months 
and using iPhones 
with SBP above 120 

(1) F 14 (58)
(2) F 16 (61)

(1) 56.6 (10)
(2) 58.2 (11)

LowSalt4Life 
Nutritionix 

Single-centre, 
prospective, open-label 
randomised controlled 
trial  
Length of follow up: 8 
weeks 

The use of a mobile app significantly 
improved participants' nutritional 
knowledge and healthy eating 
behaviours, with 79% of users 
finding the app useful and using the 
information in their daily lives. 
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Author, year Country Study arms 
(N randomised) 

Participants (intervention/control) 
App name 

Study design; 
Intervention duration; 
Length of follow up Population condition Gender, N (%) Age, Mean (SD) Summary of findings 

Duncan et al., 
2020383 Australia 

(1) Enhanced (39)
(2) Traditional (41)
(3) Wait-list control (36)

Age 18–65 years, a 
BMI between 25.0 and 
40.0 kg/m2, and 
possession of an 
iOS/Android 
smartphone/tablet with 
internet access. 

(1) F 27 (69.2)
(2) F 30 (73.2)
(3) F 25 (69.4)

(1) 47.2 (9.4)
(2) 45.4 (10.2)
(3) 40.5 (10.7)

Balanced app 
ControlMyWei
ght app 

A three-arm randomised 
controlled trial (RCT) 
with in-person 
assessments conducted 
at baseline, 6 months 
(primary end point) and 
12 months.  
Length of follow up: 6 
months 

Mobile health interventions resulted 
in a significant reduction in systolic 
blood pressure (mean decrease of 
12 mmHg) and improved medication 
adherence among patients with 
hypertension. 

Echeazarra et 
al., 2021361 Spain 

(1) Chatbot group (55)
(2) Paper, control group
(57)

Patients over 18 years 
old with diagnosed or 
suspected 
hypertension attending 
the Araba University 
Hospital Nephrology 
outpatient clinic. 

(1) F 23 (42)
(2) F 24 (42)

(1) 50.2 (21,87)
Mean (min, max)
(2) 53.9 (31,80)
Mean (min, max)

TensioBot  

A 2-arm, randomised, 
controlled trial of an 
intervention based on 
the TensioBot mobile 
application was carried 
out over 2 years.  
Length of follow up: 24 
months 

App-based lifestyle interventions 
resulted in a significant decrease in 
HbA1c levels (mean reduction of 
0.4%, p<0.05) and improved quality 
of life measures in type 2 diabetes 
patients. 

Gong et al., 
2020376 China 

(1) App group (240)
(2) Tracking BP on
paper (240)

Primary hypertension (1) M 126 (56)
(2) M 115 (53)

(1) 58.20 (7.479) 
(2) 59.27 (7.439) Yan Fu

Multicentre, randomised, 
controlled trial 
Study design: parallel  
Length of follow up: 6 
months 

Use of a digital health platform 
significantly improved adherence to 
treatment protocols, resulting in a 
17% improvement in clinical 
outcomes for diabetic patients over 
12 months. 

Gonzalez-
Sanchez et al., 
2019362 

Spain 

(1) Experimental group
(415)
(2) Lifestyle counselling
(418) 

Population free from 
CVD, but at risk. 

(1) F 249
(60.0)
(2) F 268
(64.1) 

(1) 51.4 (12.1)
(2) 52.3 (11.9) EVIDENT II 

Allocation: Randomised 
Intervention Model: 
Parallel Assignment 
Masking: Single 
(Investigator) 
Primary Purpose: 
Prevention  
Length of follow up: 3 
months 

The intervention group showed 
significant improvements in physical 
activity levels and dietary habits, 
with a 10% increase in exercise 
frequency and a 15% improvement 
in diet quality scores. 

Gunawardena 
et al., 2018377 Sri Lanka 

(1) Smart Glucose
Manager (35)
(2) Control (32)

Diabetes for at least 
six months prior to 
baseline and had 
HbA1c above 8.0% 

(1) F 13 (37)
(2) F 14 (43)

(1) 52 (12)
(2) 53 (11)

Smart Glucose 
Manager 

Type of study: 
Interventional 
Study design Allocation: 
Randomised controlled 
trial 
Masking not used 

The Smart Glucose Manager mobile 
application significantly improved 
diabetes management, with the 
intervention group achieving a 
greater reduction in A1c levels (-
2.32% vs -1.27%, P < 0.0001) 
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Author, year Country Study arms 
(N randomised) 

Participants (intervention/control) 
App name 

Study design; 
Intervention duration; 
Length of follow up Population condition Gender, N (%) Age, Mean (SD) Summary of findings 

Assignment: Parallel  
Length of follow up: 6 
months 

compared to the control group over 
a six-month period. 

Haufe et al., 
2019363 Germany 

(1) Exercise group
intervention (160)
(2) Waiting-list control
group (154) 

Diagnosed MetS: with 
at least3 of 5 MetS 
components 
(AHA/NHLBI criteria) 

(1) F 24 (15)
(2) F 21 (14)

(1) 48.3 (7.9)
(2) 47.8 (8.5) Rebirth Active 

Prospective, 
randomised, parallel 
group  
Length of follow up: 6 
months 

Exercise interventions led to 
significant reductions in metabolic 
syndrome Z scores (-0.37 units, 
p<0.0001) and improvements in 
exercise capacity and quality of life 
metrics. 

Hilmarsdóttir 
et al., 2021364 Iceland (1) Intervention (18)

(2) Control (19) T2DM diagnosis (1) F 9 (60)
(2) F 10 (67)

(1) 50.9 (11.8)
(2) 51.5 (9.5)

Sidekick 
Health app 

SidekickHealth helps 
people increase healthy 
behaviours and is based 
on the US National 
Diabetes Prevention 
Program. It awards 
healthy behaviours with 
health points that result 
in water donations to 
UNICEF. 
Length of follow up: 6m 

The use of a health app resulted in 
significant decreases in HbA1c 
levels (mean reduction of 0.9%) and 
improvements in diabetes-related 
distress and anxiety symptoms in 
the intervention group. 

Höchsmann et 
al., 2019365 

Switzerlan
d 

(1) Subjects in the
intervention arm (18)
(2) No app (18)

Overweight, obesity, 
T2DM 

(1) F 8 (44)
(2) F 9 (50)

Median (IQR) 
(1) 57 (53, 60)
(2) 60 (54, 63)

Mobigame 

Allocation: Randomised 
Intervention Model: 
Parallel Assignment 
Masking: Double  
Primary Purpose: 
Treatment 
Length of follow up: 24 
weeks 

A gamified intervention increased 
daily physical activity by an average 
of 3,998 steps/day and improved 
VO2peak by 1.9 mL/(kg·min) over 
24 weeks. 

Ifejika et al., 
2020369 USA 

(1) Smartphone-based
self-monitoring (17)
(2) Food journal self-
monitoring (19) 

Ischemic or 
haemorrhagic stroke. 

(1) M 9 (53)
(2) M 11 (58)

(1) 54.4 (10.9)
(2) 53.8 (8.2) Lose it! 

Phase 1, pilot, 
prospective, randomised 
controlled trial with open 
blinded end point study.  
Length of follow up: 180 
days (6 months) 

Implementation of telehealth 
services significantly reduced stroke-
related hospital readmissions by 
15% and improved patient-reported 
outcomes measures 

Kario et al., 
2021378 Japan 

(1) HERB software
system + standard
lifestyle modification (77)

Essential hypertension (1) M 48 (66)
(2) M 50 (69)

(1) 56.9 (8.9)
(2) 56.7 (9.4) HERB Mobile 

Randomised, open-
label, multicentre pilot 
study  

Intensive telemonitoring and 
management significantly lowered 
systolic blood pressure by 7.2 
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Author, year Country Study arms 
(N randomised) 

Participants (intervention/control) 
App name 

Study design; 
Intervention duration; 
Length of follow up Population condition Gender, N (%) Age, Mean (SD) Summary of findings 

(2) Standard lifestyle
modification alone (74)

Length of follow up: 24 
weeks 

mmHg and reduced cardiovascular 
events by 22% in high-risk patients 

Li et al., 
2021384 Australia (1) Perx app (62)

(2) Standard care (62)

CVD, chronic kidney 
disease, T2DM, 
COPD 

(1) F 35
(56.45)
(2) F 38
(61.29) 

(1) 58.92 (11.00)
(2) 60.04 (9.92) Perx 

RCT  
Length of follow up: 
12months 

The App-based behavioural 
interventions improved medication 
adherence and resulted in long-term 
improvements in clinical outcomes 
for chronic disease management. 

Logan et al., 
2012374 Canada 

(1) Self-care support
group (55)
(2) Control group (55)

Diabetic patients with 
uncontrolled systolic 
HTN, defined as a 
mean daytime systolic 
BP of ≥130 mmHg on 
ambulatory BP 
monitoring. 

(1) M 27 (49)
(2) M 34 (62)

(1) 62.7 (7.8)
(2) 63.1 (9.0) NI 

Allocation: Randomised 
Intervention Model: 
Parallel Assignment 
Masking: None (Open 
Label) 
Primary Purpose: 
Treatment  
Length of follow up: 12 
months 

Telemonitoring combined with self-
care support significantly reduced 
systolic blood pressure (mean 
reduction of 5 mmHg) and improved 
self-management behaviours in 
hypertensive patients. 

Lunde et al., 
2020366 Norway 

(1) App + Standard of
care (57)
(2) Standard of care (56)

Cardiac rehabilitation 
patients 

(1) F 9 (15.8)
(2) F 16 (28.6)

(1) 59.5 (9..1)
(2) 58.4 (8.2) NI 

Randomised parallel 
assignment intervention 
model with two different 
arms: intervention and 
control group. The study 
is double-masked. 
Length of follow up: 12 
months. 

A significant mean difference in 
relative VO2peak of 2.2 ml/kg/min 
was observed between the 
intervention and control groups, 
along with significant improvements 
in exercise performance and self-
perceived goal achievement in the 
intervention group 

Manigault et 
al., 2020370 USA (1) BP-n-Me app (39)

(2) Standard app (16) Diagnosed with HTN (1) F 19 (48.7)
(2) F 13 (33.3)

Intervention: 
18 - 30: 7 (18.0) 
31 - 50: 24 
(61.5) 
51 - 75: 8 (20.5) 

Control: 
18 - 30: 3 (18.8) 
31 - 50: 9 (56.2) 
51 - 75: 4 (25.0) 

BP-n-Me 

Allocation: Randomised 
Intervention Model: 
Parallel Assignment 
Masking: Single 
(Participant)  
Length of follow up: 3 
months 

A pharmacist-designed mobile app 
did not significantly improve 
medication adherence or blood 
pressure control overall; however, it 
significantly improved outcomes in 
patients who were nonadherent at 
baseline, with reductions in 
cumulative medication gap (CMG) 
by 0.06 (p=0.03) and systolic blood 
pressure by 12 mmHg (p=0.002). 

Oh et al., 
2022358 

South 
Korea 

(1) mHealth-CON group
(15)

Patients aged 40-70 
with T2DM (HbA1c > 
6.0%) treated with 

(1) M 9 (60)
(2) M 14 (82)

(1) 58.9 (4.9)
(2) 55.1 (7.6) LIBIT RCT, crossover  

Length of follow up: 3m 
The integrative mobile health 
intervention did not significantly 
improve clinical outcomes such as 
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Author, year Country Study arms 
(N randomised) 

Participants (intervention/control) 
App name 

Study design; 
Intervention duration; 
Length of follow up 

 

Population condition Gender, N (%) Age, Mean (SD) Summary of findings 

(2) CON-mHealth group 
(17) 

pharmacotherapy, 
without insulin, 
hypertension, or 
obesity. 

body weight, BMI, body composition, 
blood pressure, or HbA1c levels 
compared to conventional treatment; 
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) 

Persell et al., 
2020371 USA 

(1) Hypertension 
Coaching App and 
Home BP Monitoring 
(166) 
(2) Home Blood 
Pressure Monitoring 
(167) 

Adults aged 18-84 
years with BP 
between 135/85 and 
180/110 (either value), 
with or without anti-
HTN medication use. 

(1) F 91 (63.2)  
(2) F 91 (59.5) 

(1) 59.6 (12.4)  
(2) 58.3 (13.2) 

Lark HTN Pro 
(HPCP) 
Omron 
Wellness 

2-group, open, 
randomised clinical trial  
Length of follow up: 
6months 

Among adults with uncontrolled 
hypertension, the use of a 
smartphone hypertension coaching 
application did not significantly lower 
systolic blood pressure compared to 
a tracking application after six 
months, but it did significantly 
improve self-confidence in 
controlling blood pressure (0.36-
point increase on a 5-point scale, 
95% CI, 0.18 to 0.54; p < .001) 

Santo et al., 
2019341 Australia 

(1) Advanced app (53) 
(2) Basic app (54) 
(3) Usual care (56) 

Diagnosis of CHD 
(1) M 43 (81.1) 
(2) M 50 (92.6)  
(3) M 50 (89.3) 

(1)&(2) 58.4 
(9.04) 
(3) 56.8 (8.64) 

Advanced 
app: Medisafe 
Basic app: My 
heart, my life 

A parallel-design, single-
centre, single-blind RCT  
Length of follow up: 3 
months 

Using medication reminder apps 
significantly improved medication 
adherence in patients with coronary 
heart disease compared to usual 
care, with a mean MMAS-8 score 
increase of 0.47 (95% CI 0.12 to 
0.82, p=0.008) at 3 months, though 
no additional benefits were observed 
with the use of advanced app 
features. 

Tekkesin et 
al., 2021379 Turkey 

(1) Intervention + Usual 
care (270) 
(2) Usual care (270) 

Aged 20 and 79 years 
with a 10-year ASCVD 
risk score ≥7.5%. 

(1) M 124 
(51.2)  
(2) M 111 
(46.1) 

Median (IQR) 
(1) 59.0 (53.3–
63.0) 
(2) 59.0 (53.0–
64.0) 

Mediup 

A randomised study with 
parallel assignment. The 
intervention group 
receives smart devices 
and an app to monitor 
their health data, while 
the usual care group 
receives standard 
treatment. Compliance 
is evaluated at 6 and 12 

The digital intervention group 
showed significant reductions in 
anxiety and stress levels, with a 15% 
decrease in anxiety scores over 6 
months (p < 0.01). 
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Author, year Country Study arms 
(N randomised) 

Participants (intervention/control) 
App name 

Study design; 
Intervention duration; 
Length of follow up 

 

Population condition Gender, N (%) Age, Mean (SD) Summary of findings 

months. 
Length of follow up: 1 
year 

Vaz et al., 
2021372 USA 

(1) Smart Technology 
Group (13) 
(2) Standard Weight 
Management Group (15) 

Obesity, overweight, 
prediabetes 

(1) F 11 (85) 
(2) F 13 (87) 

(1) 40.15 (3.72)  
(2) 45.93 (3.29) 

Fitbit app 
Smart Food 
Diary 

An app-based system 
aimed at promoting 
behaviour modification 
to increase energy 
expenditure and reduce 
energy intake. It tracks 
physical activity, weight, 
and diet objectively and 
automatically. 
Length of follow up: 6 
months 

The innovative, interactive 
smartphone app-based lifestyle 
intervention led to significant weight 
loss in the intervention group, with 
an average reduction of 7.16 kg 
(95% CI -11.05 to -3.26, p < 0.01), 
compared to 3.00 kg (95% CI -5.27 
to -0.73, p < 0.05) in the control 
group. Additionally, the intervention 
group showed significant 
improvements in waist 
circumference (p < 0.01) and HbA1c 
levels (p < 0.05) over six months 

Wong et al., 
2021380 

Hong 
Kong 

(1) MetS App group (38) 
(2) Booklet group (39) 

Aged > 50 years with 
MetS and able to use 
a smartphone. 

(1) M 20 (52.6) 
(2) M 14 (35.9) 

(1) 57.42 (6.43) 
(2) 60.45 (7.49) MetS app 

The study used a 
prospective pilot 
randomised controlled 
trial (RCT) design. 
Length of follow up: 
3months 

Lifestyle intervention using a mobile 
application significantly reduced 
body weight (β = −1.069, p = 0.012) 
and BMI (β = −0.371, p = 0.026), 
increased the amount of exercise (β 
= 8.454, p = 0.032), and improved 
exercise self-efficacy (β = 10.62, p = 
0.001) within three months 
compared to the booklet group, 
although there were no significant 
differences between groups for other 
outcomes. 

Yudi et al., 
2020385 Australia 

(1) Smartphone-based 
cardiac rehabilitation 
program + Usual care 
(103) 
(2) Usual care (103) 

Patients over 18 with 
ACS and documented 
CAD with stenosis 
>50%, treated with 
medication or PCI, 
and own a 
smartphone. 

(1) F 12 (14.5) 
(2) F 14 (16.7) 

(1) 56.8 (9.9) 
(2) 56.2 (10.2) CardiacMate 

8 weeks, Single-blinded, 
two-arm, parallel, 
randomised control trial  
Length of follow up: At 
discharge and at 8 
weeks. 

The smartphone-based early cardiac 
rehabilitation program significantly 
improved exercise capacity at 8 
weeks, with a mean increase of 
116.6 meters in the 6-minute walk 
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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Author, year Country Study arms 
(N randomised) 

Participants (intervention/control) 
App name 

Study design; 
Intervention duration; 
Length of follow up 

 

Population condition Gender, N (%) Age, Mean (SD) Summary of findings 

(75% vs. 22%) of cardiac 
rehabilitation (all p<0.001). 

Yun et al., 
2020381 

South 
Korea 

(1) ICT programs (54) 
(2) Book about chronic 
disease (53) 

Diagnosed with HTN, 
diabetes, or 
hypercholesterolemia. 

(1) F 22 (42) 
(2) F 24 (45) 

(1) 52.0 (8.1) 
(2) 51.6 (9.4) 

Smart 
Healthing 

Allocation: Randomised 
Intervention Model: 
Parallel Assignment 
Intervention Model 
Description: 
Parallel Assignment 
Masking: None (Open 
Label) 
Masking Description: No 
masking  
Length of follow up: 2 
months 

72.7% of hypertensive patients in 
the intervention group achieved 
target systolic blood pressure (SBP 
< 140 mmHg) compared to 35.7% in 
the control group (p < 0.05). The 
intervention group also showed a 
significant reduction in HbA1c levels 
(mean difference = 0.54%, p = 
0.014), with 20% of diabetic patients 
achieving a ≥1% decrease in HbA1c 
compared to 0% in the control group 
(p < 0.05). 

Zha et al., 
2020373 USA 

(1) mHealth group (15) 
(2) Standard follow-up 
(15) 

Diagnosed 
uncontrolled HTN 

(1) F 10 (83) 
(2) F 12 (92) 

(1) 48.9 (8.00) 
(2) 55.5 (5.20) 

iHealth 
MyVitals 

A 6-month pilot 
randomised controlled 
trial  
Length of follow up: 6 
months 

Mobile health intervention 
significantly improved systolic blood 
pressure (mean decrease of 8.39 
mmHg, p=0.01) and increased 
adherence to blood pressure 
monitoring and perceived medication 
adherence self-efficacy over six 
months. 

Zhai & Yu, 
2020382 China 

(1) Mobile app 
intervention group (60) 
(2) Conventional 
diabetic treatment (60) 

Patients with T2DM, 
diagnosed for 3 
months or more 

(1) M 30 (52.6) 
(2) M 28 (51.8) 

(1) 54.12 (11.1)  
(2) 55.64 (14.2) YuTangYiHu 

Single-centre, open-
label, two arm, 
prospective randomised 
controlled trial.  
Length of follow up: 3m 
& 6m 

Mobile app for diabetes 
management significantly improved 
HbA1c levels (6.71±1.06 vs. 
7.22±1.02, p<0.05) and self-efficacy 
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. 

Certainty assessment № of patients Effect 

Certainty 
Importan

ce № of 
studi

es 

Study 
design 

Risk 
of 

bias 

Inconsiste
ncy 

Indirectne
ss 

Imprecisi
on 

Other 
considerati

ons 

gamifi
ed 

apps 

standa
rd 

apps 
(or no 
apps) 

Relati
ve 

(95% 
CI) 

Absolu
te 

(95% 
CI) 

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

9 randomis

ed trials 

seriou

sa 

not serious not 

serious 

not 

seriousb 

none 641 646 - MD 0·3
8 

kg/m2 
lower 
(0·82 

lower 

to 0·06 

higher) 

⨁⨁⨁

◯ 

Moderate 

CRITICAL 

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

13 randomis

ed trials 

seriou

sc 

not serious not 

serious 

not 

seriousd 

none 897 857 - MD 1·5
7 kg 

lower 
(2·66 

lower 

to 0·48 

lower) 

⨁⨁⨁

◯ 

Moderate 

CRITICAL 

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

12 randomis

ed trials 

seriou

se 

not serious not 

serious 

not 

seriousf 

none 1112 1073 - MD 0·1
5 % 

lower 
(0·22 

lower 

to 0·08 

lower) 

⨁⨁⨁

◯ 

Moderate 

CRITICAL 

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

11 randomis

ed trials 

seriou

sg 

not serious not 

serious 

serioush none 1124 1080 - MD 0·0
2 

mmol/
L 

lower 
(0·08 

lower 

to 0·04 

higher) 

⨁⨁◯

◯ 

Low 

IMPORTA

NT 

Systolic blood pressure (follow-up: range 8 weeks to 12 months) 
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Certainty assessment № of patients Effect 

Certainty 
Importan

ce № of 
studi

es 

Study 
design 

Risk 
of 

bias 

Inconsiste
ncy 

Indirectne
ss 

Imprecisi
on 

Other 
considerati

ons 

gamifi
ed 

apps 

standa
rd 

apps 
(or no 
apps) 

Relati
ve 

(95% 
CI) 

Absolu
te 

(95% 
CI) 

17 randomis

ed trials 

very 

seriou

si 

not serious not 

serious 

seriousj none 1473 1430 - MD 0·5
6 

mmHg 
lower 
(2·02 

lower 

to 0·9 

higher) 

⨁◯◯

◯ 

Very low 

IMPORTA

NT 

CI: 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. I² = 74% and τ² = 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. I² = 80% and τ² = 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. I² = 74% and τ² = 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. I² = 0% and τ² = 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. I² = 35% and τ² = 2·6376 indicate a moderate heterogeneity among the studies. 
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Figure 5.1 PRISMA flow diagram for identifying studies. 
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Figure 5.2 Forest Plot of Body weight (kg) Meta-Analysis Results. 

 

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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Figure 5.4 Forest Plot of BMI (kg/m2) Meta-Analysis Results. 

 

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

 

 

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

Mean change in HbA1c plotted against the SE of the mean change. The plot appears symmetrical. 
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Figure 5.8 Forest Plot of LDL (mmol/L) Meta-Analysis Results. 

 

 

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

 

 

 

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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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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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. 
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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 I, 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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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 
 

 

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 (JITAIs), 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. JITAIs 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)190 play a crucial role in examining the 

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. 
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effectiveness of these “push” components within JITAIs by identifying the most suitable delivery 

strategies.390 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.191 However, MRTs primarily focus is on evaluating specific 

components of an intervention, rather than the effectiveness of the entire program. In these trials, 

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.391 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.394 

The significance of this study lies in its exploration of innovative strategies in enhancing physical activity 

compliance using digital health technologies.395 There is a clear need for more effective strategies to 

encourage regular exercise.100, 396 Traditional methods have not been fully successful in addressing the 

various and complex reasons why people do not exercise as much as they should.397, 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.191 By using 

wearable devices, mobile apps, and mobile health platforms, we aim to deliver personalised 

motivational messages to encourage more physical activity.399 We are using a micro-randomised trial 

(MRT)190 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. 



 

133 
 

 

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 μg to 
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289.94 μg), and folic acid, which fell by 64.1% (from 114.76 μg to 41.25 μg). 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 application402, which participants were assisted 

in downloading and setting up, when enrolling in LIVEPLUS.120 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,403 

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. 



 

135 
 

7.5.3 Exploratory analyses 

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

 

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 1ºC 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.404 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.405 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.,406 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.,407 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.,408 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.,409 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.,406 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.,410 

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 63 ± 8 65 ± 9 2 ± 12 0.178 

Time = 6 am     

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

Heart rate 72 ± 7 74 ± 9 2 ± 11 0.438 

Time = 11am     

Step count 183 ± 64 520 ± 65 337 ± 91 <0.001 

Heart rate 64 ± 7 65 ± 6 1 ± 9 0.251 

Time = 3pm     

Step count 17.2 ± 57 61.9 ± 56 45 ± 80 0.035 

Heart rate 57 ± 3 56 ± 3 -1 ± 4 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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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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Figure 7.4 Step counts per intervention time point.  
Individual measurements are shown as grey dots.  
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Figure 7.5 Intervention dependant step count compared to previous day’s total step count. 
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Figure 7.6 Average step count in relation to each message. 
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Figure 7.7 Frequency of intervention. 
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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 

Prevalence of vascular 
ageing 

DHI RCT on vascular 
function 

Digital health apps on 
cardiovascular risk 

Results from a targeted 
DHI 

Key result 1 
Higher carotid intima-media 

thickness (CIMT) was 
significantly associated with 
an increased incidence of 

coronary heart disease 
(CHD) and myocardial 

infarction (MI). 

Key result 2 
The cumulative burden of 

cardiometabolic risk factors, 
quantified by the CRBI 
score, showed a strong 

correlation with increased 
CIMT. 

Key result 3 
The CRBI score was a 

significant predictor of future 
cardiovascular events, 

highlighting the importance 
of comprehensive risk 

management in preventing 
cardiovascular diseases 

(CVDs). 

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. 

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. 

Key result 1 
Motivational messages had 

a positive impact on physical 
activity, with mid-morning 
messages (around 11 am) 
being the most effective in 

increasing daily step counts. 

Key result 2 
Messages that emphasised 

long-term benefits and 
addressed mild body aches 
resulted in higher average 

step counts. 

Key result 3 
Regardless of the message 
target, the intervention led to 
more steps compared to the 
control group, demonstrating 

the effectiveness of 
targeted, timely health 

interventions in promoting 
physical activity. 

 

Figure 8.1 Summary of thesis outcomes. 
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 trial, 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 µm increase in CIMT, while being male contributed 

to a 13.02 µm 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 MI 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,411 

which does not incorporate CIMT measurements. The current Australian guidelines also do not include 

CIMT,412 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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Supplementary Figure 2.1. Flow diagram of participants in this study. 
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Supplementary Figure 2.2. Associations of CIMT and stroke (n=19), dementia (N=78), peripheral vascular disease (N=110), and aortic aneurysm (N=74) 
after adjusting for CRBI. 
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Supplementary Figure 2.3. Distribution of cardiometabolic-risk biomarker index score by sex. 

CRBI scores of 0, >0 & ≤1, >1 & ≤2, >2 & ≤3, >3 correspond to optimal, low, moderate, high, and very high respectively. 
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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; MI, 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 

 Item 
No Recommendation Location in manuscript 

Title and abstract 1 
(a) Indicate the study’s design with a commonly used term in the title or the abstract Section 2.1.2 

(b) Provide in the abstract an informative and balanced summary of what was done and 
what was found Sections 2.1.2 & 2.1.3 

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 relevant dates, including periods of recruitment, 
exposure, follow-up, and data collection Section 2.3.1 

Participants 6 

(a) Give the eligibility criteria, and the sources and methods of selection of 
participants 

(b) For matched studies, give matching criteria and number of exposed and 
unexposed 

Supplementary Figure 2.1 

Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, and effect 
modifiers. Give diagnostic criteria, if applicable Supplementary Table 2.2 

Data sources/ 
measurement 8* 

 For each variable of interest, give sources of data and details of methods of assessment 
(measurement). Describe comparability of assessment methods if there is more than one 
group 

Supplementary Table 2.2 

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 



 

184 

Quantitative 
variables 11 Explain how quantitative variables were handled in the analyses. If applicable, describe 

which groupings were chosen and why Section 2.3.6 

Statistical methods 12 

(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 

(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  

Participants 13* 

(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 
follow-up, and analysed 

Section 2.4.1 

(b) Give reasons for non-participation at each stage Supplementary Figure 2.1 

(c) Consider use of a flow diagram Supplementary Figure 2.1 

Descriptive data 14* 
(a) Give characteristics of study participants (e.g. demographic, clinical, social) and 
information on exposures and potential confounders Table 2.1 

(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 

Main results 16 

(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 
and why they were included 

Table 2.1 

(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 
meaningful time period. NA 
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Other analyses 17 Report other analyses done—e.g. analyses of subgroups and interactions, and sensitivity 
analyses 

Table 2.2, Table 2.3, and 
Figure 2.3 

 

 

Discussion 

 

Key results 18 Summarise key results with reference to study objectives Section 2.5 

Limitations 19 Discuss limitations of the study, taking into account sources of potential bias or 
imprecision. Discuss both direction and magnitude of any potential bias Section 2.5 

Interpretation 20 Give a cautious overall interpretation of results considering objectives, limitations, 
multiplicity of analyses, results from similar studies, and other relevant evidence Section 2.5 

Generalisability 21 Discuss the generalisability (external validity) of the study results Section 2.5 

Other information  

Funding 22 Give the source of funding and the role of the funders for the present study and, if 
applicable, for the original study on which the present article is based NA 

  

*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. 

 

 

 

  

http://www.plosmedicine.org/
http://www.annals.org/
http://www.epidem.com/
http://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) µm Outcome 

Ultrasound measurement of the two innermost layers of the 
arterial wall, where atherosclerotic damage begins before plaque 
occurrence.413 It is a marker of subclinical atherosclerosis.414 
IMT values of more than 0.9 mm may be attributed to 
asymptomatic vascular damage; European Society of Cardiology 
(ESC).272 

≤ 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)415. 

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.416 

94-102 cm for M 
80-88 cm for F 48 

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.417 

- 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.417 

Alcohol intake frequency Categorical 
(single) Exposure 

ACE touchscreen question “About how often do you drink 
alcohol?” 
“Daily or almost daily”, “Three or four times a week”, “Once or 
twice a week”, “Less often”, and “Never” 

- 1558 

Smoking status Categorical Exposure “0=Never”, “1=Previous”, “2=Current”  20116 
Use of cholesterol 
medication  Exposure    

Use of blood pressure 
medication  Exposure    

Use of diabetes 
medication  Exposure    

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 Y/N 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)2 18.5 – 24.9 21001 

Blood pressure mmHg Exposure Force exerted by circulating blood on the walls of blood vessels 90/60 mmHg and 
120/80 mmHg 4079, 4080 

Sedentary time hours Exposure Duration of inactivity or minimal physical movement: Calculated 
using time spent watching TV, using computer, and driving.  1070, 1080, 1090 

Physical activity Categorical  

Any bodily movement produced by skeletal muscles requiring 
energy expenditure.  
Score of 2 means: high level of physical activity 
Score of 1 means: moderate level of physical activity 
Score of 0 means: low level of physical activity 

 See way above 

Body weight kg Exposure Total mass of a person, often used as an indicator of health  21002 
WBC x 109 cells/L Exposure White Blood Cells, a key component of the body's immune system 4 to 11 x 109 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 
development 1.3 – 195 30770 

Cholesterol mmol/L Exposure A waxy substance found in blood, essential for building cells but 
high levels can lead to health issues. <5 mmol/L 30690 

Triglycerides mmol/L Exposure A type of fat found in the blood, used for energy or stored in the 
body. <1.7 mmol/L 30870 
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Variable Units Type Definition Healthy levels UK Biobank field code(s) 

HDL mmol/L Exposure 
High-Density Lipoprotein, often referred to as 'good' cholesterol, 
which helps remove other forms of cholesterol from the 
bloodstream 

>1mmol/L for M, 
>1.2mmol/L for F 30760 

HbA1c mmol/mol Exposure Haemoglobin A1c, a measure of average blood glucose levels 
over the past 2 to 3 months 20-42 mmol/mol 30750 

TC:HDL ratio - Exposure The ratio of total cholesterol to high-density lipoprotein, used as 
an indicator of heart disease risk Below 6 30690, 30760 

Medication females   Medication females (cholesterol, blood pressure, diabetes, or take 
exogenous hormones)  6153 

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 
group 

Beef + lamb/mutton + pork intake 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 

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 

†Excluding 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 ≥ 3 servings/day (A standard serve is about 150g, 350kJ) 
Vegetables ≥ 3 servings/day (A standard serve is about 75g, 100–350kJ) 

Fish ≥ 2 servings/week, including once a week of oily fish (A standard serve is 500–600kJ, 100g cooked fish fillet, 
about 115g raw, or one small can of fish) 

Processed meats < 1 serving/week 

Red meat (lamb/beef/pork) < 2 servings/week (A standard serve is 500–600kJ, 65g cooked red meats such as beef, lamb/mutton, 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. 

 



 

191 

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, 
legumes and beans, nuts, and seeds but not dairy 
products, eggs, fish, meat, poultry, and spreads 

Consumed/not 
consumed 

Vegetarians Consumption of dairy products and eggs but not fish, 
poultry, or red meat, i.e. lacto-ovo vegetarian); 

Consumed/not 
consumed 

Fish eaters Consumption of dairy products, eggs, and fish but not 
poultry or red meat 

Consumed/not 
consumed 

White meat  

(Fish + poultry)  

Consumption of dairy products, eggs, fish, and poultry 
but not red meat 

Consumed/not 
consumed 

Meat eaters Consumption of dairy products, eggs, fish, poultry, and 
red meat 

Consumed/not 
consumed 
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Supplementary Table 2.6. Cardiometabolic-risk biomarker index (CRBI). 

Cardiometabolic 
biomarker index 

Optimal (0) Intermediate (1) Poor (2) 

HbA1c 
<5.7% AND not taking 
diabetes medication 

5.7% to 6.4% OR <5.7% AND 
taking diabetes medication 

≥6.5% 

TC:HDLr <3.5 AND not taking lipid 
lowering medication 

3.5 to ≤5 OR <3.5 AND taking 
lipid lowering medication. 

>5 

Blood pressure 

SBP <120 AND DBP <80 
AND not taking BP-
lowering medication 

SBP 120-139 OR DBP 80-89 
OR SBP < 120 AND DBP < 80 
AND taking BP-lowering 
medication 

SBP ≥140 OR DBP ≥
90 

 

  



 

193 

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. 

   UK Biobank data fields for: 
  ICD-10 codes Date first reported Source of report 

Ca
rd

io
va

sc
ul

ar
 

di
se

as
es

 

Coronary Heart Disease I25 131306 131307 

Myocardial Infarction* I21, I22, I23 131298, 131300, 
131302 

131299, 131301, 
131303 

Heart Failure I50 131354 131355 
Aortic Aneurysm I71 131382 131383 

 Peripheral Vascular 
Disease I73 131386 131387 

 Stroke (Ischaemic)  I63 42008 42009 

De
m

en
tia

 Alzheimer’s disease G30 131036 131037 

Dementia (all cause) 
A81.0, F00, F01, F02, 
F03, F05, G30, G31.0, 

G31.1, G31.8, and 
I67.3 

42018 42019 

 
*Non-fatal; Date first reported = Date for diagnosis; Source of report = Source of diagnosis 
Coronary Heart Disease (Acute Coronary Syndrome - ACS): ICD-10 code: I25.1 (Chronic ischemic heart disease, which includes atherosclerotic cardiovascular disease, 
atherosclerotic heart disease, and coronary (artery) atherosclerosis).419 
Myocardial Infarction (MI): I21, I22, I23: ICD-10 code: I21 (Acute myocardial infarction).419, 420 
Heart Failure: ICD-10 code: (I50).421 
Aortic Aneurysm: ICD-10 code: I71 (Aortic aneurysm and dissection)422 
Peripheral Vascular Disease: ICD-10 code: I73.423 
Stroke (Ischaemic): ICD-10 code: I63 (Cerebral infarction)419, 420 
Dementia: ICD-10 code: F03 (Unspecified dementia) or more specific codes depending on type; F00 (Dementia in Alzheimer’s disease), F01 (Vascular dementia), F02 
(Dementia in other diseases classified elsewhere), F03 (Unspecified dementia), F05 (delirium superimposed on dementia) or G30 (Alzheimer's disease), G31 
(Circumscribed brain atrophy), G31.1 (Senile degeneration of brain), I67.3 (Progressive vascular leukoencephalopathy).420, 424 
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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. 

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. 

 CRBI score Blood pressure TC:HDL ratio HbA1c 

Levels β (95% CI) P-value β (95% CI) P-value β (95% CI) P-value β (95% CI) P-value 

Optimal - - - - - - - - 

Low 10.37  
(5.00, 15.74) <0.001 0.73  

(-5.26, 6.72) 0.811 8.186  
(5.34, 11.03) <0.001 4.91 (1.17, 

8.65) 0.010 

Moderate  19.89  
(14.63, 25.15) <0.001 6.52  

(0.46, 12.58) 0.035 16.68  
(13.09, 20.28) <0.001 9.92 (-3.04, 

22.88) 0.134 

High 32.47  
(26.98, 37.97) <0.001 20.18  

(15.25, 25.15) <0.001 28.02  
(22.96, 33.07) <0.001 11.23 (-4.03. 

26.09) 0.151 

Very 
high 

44.38  
(38.25, 50.51) <0.001 37.50  

(32.94, 42.06) <0.001 34.53  
(26.99, 42.07) <0.001 12.85 (-5.52. 

31.23) 0.170 
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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 150º 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). 
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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.425 
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Supplementary Figure 4.3 Impact analysis of intervention. 
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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 
Medications Record 

ID 
Age Group Sex Conditions Medications Conditions Medications 

LP-1 72 Intervention Male 
Arthritis, clinical depression, 
knee operations, appendix 
removal, weight fluctuation 

Crestor 5mg/day, Enalapril 5mg/day, 
Aspirin 100mg/day 

Mild sleep apnoea, 
constipation, TIA in 
2010, knee and hip 
pain, non-recent 
depression 

Crestor 20mg/day, Enalapril 
5mg/day, Aspirin 100mg/day, 
Circadian (occasionally) 

Crestor dosage 
increased, 
Circadian added 

LP-2 70 Control Male 
Mild sleep apnoea, knee 
operations, car accident, atrial 
ablation, hernia operation 

None reported Same knee problems Aspirin 100mg/day Aspirin introduced 

LP-3 60 Intervention Male Neck pain 
Metformin 1mg/day, Simvastatin 
20mg/day, Aspirin 100mg/day, 
Proflavanol C100 

No changes 
Metformin 1mg/day, Simvastatin 
20mg/day, Aspirin 100mg/day, 
Proflavanol C100 

No changes 

LP-4 50 Intervention Male 

Borderline sleep apnoea, 
knee operation, stroke, heart 
PFO device surgery, weight 
loss 

Idaprex 8, Atorvastatin 40mg, Natrilix 
2.5mg, Zircol 20mg, Doxycycline 
50mg 

No new conditions 
reported 

Idaprex 8, Atorvastatin 40mg, Zircol 
20mg, Doxycycline 50mg Natrilix stopped 

LP-5 67 Control Female 

Mild sleep apnoea, various 
medical issues including 
asthma, hay fever, skin 
cancer, left bundle branch 
block, major depression, 
anxiety 

Phenergan, Clopidogrel 75mg/day, 
Crestor 2.5mg/every second day, 
Ezetrol 10mg/day, Norvasc 5mg/day, 
Ventolin, vitamins, Melatonin, 
Temazepam 

Worsened sleep, basal 
cell carcinoma, 
abnormal pap smear, 
broken metacarpals, 
resolved plantar fasciitis 

Crestor 2.5mg/day, antihistamines 
(Zyrtec/Fenugen), Ventolin, 
Clopidogrel 75mg/day, Ezetrol 
10mg/day, Norvasc 5mg/day, 
vitamins 

Increased use of 
antihistamines 
and Ventolin 

LP-6 52 Intervention Female Eczema, hay fever, 
Hashimoto's, weight gain 

Claritin, Crestor 10mg, Ezetrol 10mg, 
Eltroxin 25mg, CoQ10 300mg, 
Ambrotose 

No updates 
Claritin, Crestor 10mg, Ezetrol 
10mg, Eltroxin 25mg, CoQ10 
300mg, Ambrotose 

No changes 

LP-7 73 Intervention Female 

Bowel infection, eczema, 
hepatitis, melanoma, 
surgeries, osteoporosis, 
weight gain 

Pradaxa 150mg, Sevikar 20/5, 
Rosuvastatin 10mg, Sotalol HCL 
80mg 

No new conditions 
reported 

Pradaxa 150mg, Sevikar 20/5, 
Rosuvastatin 10mg, Sotalol HCL 
80mg, Vitamin Calcium, Vitamin D3, 
Fosamax Plus 

Added Vitamin 
Calcium, Vitamin 
D3, Fosamax Plus 

LP-8 43 Control Male 
Childhood asthma, dermatitis, 
fatty liver, orthopaedic 
surgeries 

Capra 1500mg 2x/day, Tegretol 
200mg 2x/day, Atorvastatin 
40mg/day, Vitamin D 

No changes since 
month 1 

Capra 1500mg 2x/day, Tegretol 
200mg 2x/day, Atorvastatin 
40mg/day, Vitamin D 

No changes 

LP-9 62 Control Male Previous melanoma 
Ezetimibe/Rosuvastatin 10mg;40mg 
1x/day, Sevikar HCT 40/10/12.5 half 
tablet 

Knee injury, 
circumstantial anxiety 

Ezetimibe/Rosuvastatin 10mg;40mg 
1x/day, Sevikar HCT 40/10/12.5 
half tablet 

No changes 

LP-10 54 Intervention Male 
Moderate sleep apnoea, 
childhood hypothyroidism, 
L5S1 microdiscectomy 

Progout 100mg 3x/day, 
Ezetimibe/Rosuvastatin 10mg/40mg 
1x/day, Cartia low dose Aspirin 
100mg, Apo-Candesartan 8mg 1x/day 

No specific conditions 
reported No specific medications reported Unclear if there 

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 value† Pre Post p value† 
Age 62.60 ± 6.23 - - 58.00 ± 13.70 - - - 

Sex 4M, 1F - - 3M, 2F - - - 

BMI 29.08 ± 5.33 28.60 ± 5.23 0.11 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 IMTMean 0.54 ± 0.28 0.73 ± 0.12 0.18 0.68 ± 0.17 0.78 ± 0.22 0.09 0.88 

Carotid IMTMax 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 9.47 ± 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 

SEVR 185.54 ± 
38.08 

182.87 ± 
32.54 0.62 164.17 ± 

11.10 
159.20 ± 

12.47 0.35 0.37 

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 
‡ 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 value† Pre Post p value† 
Age 62.60 ± 6.23 - - 58.00 ± 13.70 - - - 

Sex 4M, 1F - - 3M, 2F - - - 

Weight (kg) 85.02 ± 20.73 83.71 ± 20.68 0.11 89.56 ± 21.08 80.38 ± 17.76 0.06 <0.01** 

BMI (kg/m2) 29.08 ± 5.33 28.60 ± 5.23 0.11 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 2.52 ± 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 1.00 130.20 ± 
34.38 

127.50 ± 
28.59 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 (x109/L) 4.98 ± 0.95 4.45 ± 0.70 0.36 5.62 ± 1.24 5.55 ± 0.92 0.79 0.23 

Neutrophil (x109/L) 2.92 ± 0.77 2.45 ± 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 1.46 ± 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) 2.60 ± 1.75 3.00 ± 1.74 1.00 2.44 ± 0.34 2.18 ± 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. 
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Supplementary Table 4.4 Correlation of weight change on outcome measures. 

 ρ p value 
Flow mediated dilation   

FMD index (%) -0.12† 0.73 

Carotid IMT   

Carotid IMTMean 0.04‡ 0.92 

Carotid IMTMax -0.52‡ 0.13 

Pulse wave analysis   

Aortic augmentation (mmHg) 0.20† 0.57 

Augmentation index (%) -0.12† 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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Appendix C 
Supplementary material for Chapter 5 
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Appendix D 
Supplementary material for Chapter 6 
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Appendix E 
Supplementary material for Chapter 7 
 

Supplementary Table of Contents for Chapter 7 

Supplementary Table 7.1 Laboratory studies (biochemistry and haematology). 

Supplementary Table 7.2 Dietary assessment. 

Supplementary Table 7.3 Mineral intake. 

Supplementary Table 7.4 Vitamin intake. 

Supplementary Table 7.5 Food groups and energy. 

Textbox 1 Data dictionary 

Supplementary Figure 7.1 Relationship between mean heart rate and step count. 

Supplementary Figure 7.2 Change in step count over the study period of 90 days. 

Supplementary Figure 7.3 Change in mean heart rate over the study period of 90 days. 

Supplementary Figure 7.4 Daily weather conditions during the study period. Data from Weather 
Query Builder by Visual Crossing Corporation. 
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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 ×109/L 4.20 5.60 

Haemoglobin Concentration g/L 133.00 136.00 

Platelet Count ×109/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 ×1012/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) U/L 34.00 60.00 

AST (Liver Function Test) U/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 24.17 

Trans Fatty Acids grams 1.03 0.88 

Polyunsaturated Fats grams 7.18 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 µg 59.79 74.05 

Iodine µg 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 μg 2.99 5.74 

Total Folate μg 285.89 258.46 

- Folate Total DFE μg 362.49 286.15 

- Folic Acid μg 114.76 41.25 

- Folate from Food μg 171.12 217.21 

Total Vitamin A Equivalents μg 601.37 289.94 

- Retinol μg 128.97 97.14 

- Beta-Carotene Equivalents μg 2837.31 1155.99 

- Beta-Carotene from Food μg 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 

Vegetables 1.9 servings 1.8 servings 
Starchy vegetables: 3.91% at baseline 
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 

Consumption 

9.3 teaspoons 5.9 teaspoons Oil equivalents 

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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Supplementary Figure 7.1 Relationship between mean heart rate and step count. 
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Supplementary Figure 7.2 Change in step count over the study period of 90 days. 

 



 

 
284 

 

 

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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Appendix F 
PICF for LIVEPLUS 
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Appendix G 
Clinical Trial Research Agreement 
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Author contribution statement for Chapter 3 
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Appendix J 
Author contribution statement for Chapter 6 
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