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Abstract  

Background 

The microcirculation makes up approximately three-quarters of the circulatory 

system but has attracted little attention as a target for cardiovascular disease (CVD) 

prevention, particularly in early life. Retinal microvascular parameters allow 

noninvasive assessment of the microcirculation, with adverse parameters (e.g., 

narrower retinal arterioles, wider venules) predicting CVD events in adults. In 

children, it is largely unknown when such microvascular changes become evident, 

their determinants and the underlying mechanisms.  

Aims 

In a large population-based sample of Australian children and mid-life adults (their 

parents), I aimed to determine whether: 

1) adverse retinal vascular calibre and preclinical large arterial phenotypes 

covary;  

2) body mass index (BMI) and waist-to-height ratio (WHtR; child only) over 

the preceding decade predict retinal vascular calibre; 

3) inflammation mediates the association between obesity and retinal vascular 

calibre; 

4) traditional CVD risk factors and large arterial phenotypes are related to 

retinal geometric parameters.   

Methods 

Participants: 1,288 11–12 year-olds (51% girls) and 1,264 parents (88% mothers). 

Cross-sectional measures: Retinal vascular calibre and (child only) geometric 

parameters; large arterial phenotypes (pulse wave velocity, PWV; carotid arterial 

elasticity; carotid intima-media thickness, CIMT); blood pressure (BP); BMI; 

WHtR; and metabolites (e.g., LDL, HDL cholesterol and the inflammation marker 

Glycoprotein Acetyls, GlycA). Biennial longitudinal measures: BMI and (child 

only) WHtR. Analysis: In all aims, linear regression models were used, and Aim 3 

used causal mediation analysis. 
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Results 

Aim 1: In children, narrower retinal arteriolar and wider venular calibre showed 

modest associations with faster PWV and lower elasticity but not with CIMT. In 

adults, results were stronger, and there was weak evidence of an association between 

wider venular calibre and higher CIMT.  

Aim 2: In children, higher BMI from age 4–5 years onwards was increasingly 

associated with adverse arteriolar calibre, but not venular calibre at 11–12 years. 

Effects were similar in adults. Less favourable BMI and WHtR trajectories predicted 

narrower arteriolar calibre.  

Aim 3: Compared to children with normal BMI, those with obesity had: (i) narrower 

arteriolar calibre, which was not mediated by inflammation; and (ii) wider venular 

calibre, which was partly mediated by inflammation. In adults with obesity, this 

association between obesity and wider venular calibre was fully mediated by 

inflammation. Findings were similar for WHtR. 

Aim 4 (in children only): BMI, systolic BP and PWV showed modest associations 

with lower arteriolar fractal dimensions, whereas only systolic BP was associated 

with arteriolar tortuosity. There was less evidence of associations with venular 

geometric parameters.  

Conclusion 

Preclinical phenotypes of large arteries and microcirculation have some shared, but 

mainly unique pathways to CVD, with shared pathways becoming more evident 

across the life course. The adverse impact of obesity on retinal microvasculature 

begins early in life, more markedly on arteriolar than venular parameters, with 

modest venular effects largely mediated by inflammation. In children, retinal 

geometric parameters did not add novel information about CVD risk beyond the 

vascular calibre. The microvascular parameter, retinal vascular calibre, may offer 

additional value to CVD prevention from childhood onwards, especially when 

combined with other risk assessment measures. 
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Preface 

Overview 

This doctoral thesis includes five manuscripts published in international peer-

reviewed journals. The doctoral candidate contributed to over 50% of each paper. 

This thesis uses unit record data from the Longitudinal Study of Australian Children 

(LSAC). The study is conducted in partnership between the Department of Social 

Services, the Australian Institute of Family Studies and the Australian Bureau of 

Statistics. The findings and views reported here are those of the thesis author and 

should not be attributed to these government bodies.  

The thesis also uses data from the Child Health CheckPoint (CheckPoint), led by 

principal investigator Prof Melissa Wake and project manager Dr Susan Clifford. 

CheckPoint data are stored at the Murdoch Children’s Research Institute in 

Melbourne, where this PhD was undertaken. I uniquely contributed to the generation 

of the CheckPoint study’s retinal microvascular parameters. This involved taking 

responsibility for all aspects of retinal vascular calibre scoring protocol development 

and data management. Two expert teams from Centre for Eye Research Australia in 

Melbourne, Australia and Zhongshan Ophthalmic Centre in Guangdong, China 

provided intellectual support, training and scoring assistance. Key tasks involved 

being the liaison between the Melbourne and China team given I am fluent in both 

English and Chinese, overseeing reliability testing, sending images securely between 

scoring teams and feedbacks between groups and helping translate and solve 

queries. In addition, I scored 83% (n= 1,064) of child retinal images (20–40 minutes 

per image) to generate retinal geometric parameters.   

My supervisory team comprised a multi-disciplinary team, including Dr Kate Lycett 

(primary supervisor), Prof Melissa Wake, Prof David Burgner, Prof Tien Yin Wong 

and Prof Mingguang He. This team oversaw all aspects of the study and preparation 

of the five included manuscripts.   
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Paper 1 (a systematic review and meta-analysis) is published in Microcirculation. I 

conceived and designed the study, extracted, analysed and interpreted the data and 

wrote the first draft of the manuscript and produced the final version. Ms Xiao 

assisted with screening and extracting data. Prof Wong and Prof He assisted in 

interpreting the results. Dr Lycett, Prof Wake and Prof Burgner provided oversight 

of the study and day-to-day support. All co-authors read, provided critical feedback 

and approved the final manuscript.  

• Liu M, Wake M, Wong TY, He M, Xiao Y, Burgner D and Lycett K. 

Associations of retinal microvascular calibre with intermediate phenotypes 

of large arterial function and structure: A systematic review and meta-

analysis. Microcirculation. 2019:e12557. 

Paper 2 (small and large vascular phenotype associations) is published in 

Microcirculation. I conceived this study with support from my supervisory team, 

performed all data analyses, wrote the first draft of the manuscript and produced the 

final version. My supervisory team oversaw all aspects of the study and manuscript 

preparation. Dr Grobler, Prof Juonala, Prof Dwyer advised on statistical issues and 

interpretation. All authors critically reviewed the manuscript and approved the final 

manuscript.   

• Liu M, Lycett K, Wong TY, Grobler A, Juonala M, He M, Dwyer T, 

Burgner D and Wake M. Associations of retinal microvascular calibre with 

large arterial function and structure: a population-based study of 11–12 year-

olds and mid-life adults. Microcirculation. 2020:e12642.  

Paper 3 (decade-long obesity-related measures and retinal vascular calibre) is 

published in the International Journal of Obesity. I conceived the study, performed 

all data analyses, wrote the first draft of the manuscript and produced the final 

version. Prof Wake advised on data drawn from LSAC’s rich longitudinal data, as 

she was the study’s health advisor for close to a decade. Prof Burgner, Prof Wong 

and Prof He provided intellectual support and assistance with interpretation. Dr 

Lycett helped create BMI trajectories and provided supervisory support. Prof Olds 

led CheckPoint’s body composition measures. Dr Kerr, Prof Juonala, Prof Dwyer 



vi 

 

advised on statistical issues and interpretation. All authors critically reviewed the 

manuscript and approved the final version.  
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Chapter 1. Introduction 

Cardiovascular disease (CVD), the leading cause of death worldwide, is largely 

preventable. Quantifying risk has largely relied on the assessment of traditional 

CVD risk factors, but can be enhanced by noninvasive assessment of blood vessels, 

such as preclinical large arterial phenotypes. However, the microcirculation, which 

makes up three-quarters of the circulatory system, has received much less attention. 

The retinal microcirculation can be noninvasively captured via retinal imaging 

technique. Quantified retinal microvascular parameters (e.g., retinal vascular calibre 

and geometric parameters) from retinal images have been shown to predict adverse 

CVD events late in life. It remains unclear when and how the microvascular 

pathophysiology contributes to CVD pathogenesis across the life course. 

Understanding this could help researchers and clinicians evaluate the utility of 

retinal microvascular parameters as a tool to assist CVD risk prediction and 

management early in life. This is important as the pathogenic process of CVD has 

already begun in childhood, implying opportunities for early intervention, 

recognised to be more effective than later. 

Measuring large arterial phenotypes informs the status of preclinical cardiovascular 

health from macrocirculation. Looking at the association of retinal microvascular 

parameters with preclinical large arterial phenotypes could then help understand the 

correlation between the phenotypes of micro- and macro-circulation underlying the 

same cardiovascular system. This could also enhance our knowledge of whether 

assessing both phenotypic measures can improve CVD risk prediction. However, it 

has not been well studied, especially in children.  

Obesity is a well-known risk factor for CVD risk, and a burning issue, especially in 

the context of Australian society. Two-thirds of Australians aged 18+ are overweight 

or obese, while one in 10 children is obese. Historic studies suggested that high body 

mass index (BMI) can predict changes to the retinal microvascular parameters. Few 

studies have examined how BMI across early or mid-life, or how cumulative 

patterns of repeated BMI over time, relate to developing retinal microvascular 

parameters. This could be important because distinct BMI trajectories differentially 

alter the risk of CVD later in life. 
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The underlying mechanism of how obesity is associated with adverse microvascular 

parameters remains unclear. Inflammation is suggested to play a key role in animal 

experiments, but little evidence exists from population-based studies. At the 

population level, the question of whether inflammatory pathways explain the 

association between obesity and retinal microvasculature can be addressed within a 

statistical model: causal mediation analysis.  

This thesis drew on the population-based cross-sectional Child Health CheckPoint 

study nested within the Longitudinal Study of Australian Children, comprising 

nearly 2000 child-parent pairs at child age 11–12 years. It aimed to describe whether 

adverse retinal vascular calibre and preclinical large arterial phenotypes covary 

(Aim 1). The doctoral thesis then examined if BMI and waist-to-height ratio over the 

preceding decade predict retinal vascular calibre (Aim 2). The doctoral thesis further 

investigated the association of inflammation and retinal vascular calibre, and 

whether inflammation mediates the relationship between obesity and retinal vascular 

calibre (Aim 3). The study also measured novel retinal geometric parameters in 

addition to the commonly measured retinal vascular calibre. Finally, the doctoral 

thesis investigated whether CVD risk factors and preclinical large arterial 

phenotypes are associated with these new parameters (Aim 4). 

1.1 Chapter summary 

Chapter 2 is a review of the literature. This chapter is divided into four sections. 

The first section outlines why we are interested in additional assessment parameters 

of the microcirculation for CVD risk prediction. The second section provides 

information on measuring retinal microvasculature as a potential ‘window’ to the 

cardiovascular system and the epidemiology of retinal microvascular parameters 

(retinal vascular calibre and geometric parameters). The third section summarises 

the physiological and pathophysiological features of the retinal microvasculature and 

our understanding of its determinants (e.g., genetic, traditional CVD risk factors). 

The fourth section summarises the current knowledge of the more novel retinal 

geometric parameters and the fact that there is lack of evidence from children.  
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Chapter 3 outlines four aims of the thesis and hypotheses and what the findings 

could add to our understanding of the microvasculature and its role in CVD risk 

prediction. 

Chapter 4 describes the results of my published systematic review and meta-

analysis that is published in Microcirculation and informs Aim 1 of this thesis. The 

paper examines the associations of retinal microvasculature and preclinical large 

arterial phenotypes and highlights the need for more research on this topic early in 

life.  

Chapter 5 describes the methods for the population-based study in which this thesis 

sits, the Longitudinal Study of Australian Children and its physical and biomarkers 

wave, the Child Health CheckPoint. It provides details of the study design and 

participants, study procedures, all relevant measures, and the statistical methods 

used. The chapter has a strong focus on the retinal microvascular parameters and 

outlines my unique contribution of generating these parameters.  

Chapter 6 is the first of four results chapters. It provides the results of Aim 1 in the 

form of a paper published in Microcirculation. The paper examines the associations 

of retinal vascular calibre with preclinical large arterial phenotypes in children aged 

11–12 years and mid-life adults (the children’s parents).  

Chapter 7 is the second results chapter. It provides the results for Aim 2 in the form 

of a paper published in the International Journal of Obesity. The paper examines 

whether BMI and waist-to-height ratio over the preceding decade affect retinal 

vascular calibre in children aged 11–12 years and mid-life adults. 

Chapter 8 is the third results chapter. It provides the results for Aim 3 in the form of 

a paper published in Scientific Reports. The paper examines whether the 

inflammatory biomarker GlycA is associated with the retinal vascular calibre. It also 

examines whether GlycA mediates the association between obesity and retinal 

microvasculature in children aged 11–12 years and mid-life adults. 

Chapter 9 is the fourth and final results chapter. It provides the results for Aim 4 in 

the form of a paper published in Microvascular Research. The paper examines 

whether traditional CVD risk factors and preclinical large arterial phenotypes are 

associated with retinal geometric parameters in children aged 11–12 years.  
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Chapter 10 provides a critical discussion of the results, extending on the summary 

provided in each results chapter. Firstly, it outlines the principal findings of each 

aim and the overall strengths and limitations of the study. Secondly, it interprets the 

findings in light of existing studies and explores a range of possible explanations for 

the variation in some of our findings. This is followed by describing the implications 

of the findings: i) from a life course perspective, ii) in terms of clinical implications, 

and iii) from a mechanistic perspective. Finally, additional questions are raised, 

which warrant further investigation. This includes questions around whether body 

mass or the body composition component leads to the retinal microvascular 

variation and future directions that artificial intelligence technology could offer a 

real-time retinal microvascular parameter assessment. 

Chapter 11 draws together important conclusions from this thesis. 
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Chapter 2. Literature review 

2.1 Overview 

This literature review introduces parameters measured from microcirculation, 

henceforth referred to as microvascular parameters, and outlines their potential for 

assessing cardiovascular disease (CVD) risk across the life course. It summarises the 

current burden of CVD and argues that microvascular parameters may help evaluate 

CVD risk early in life. The literature review is broadly split into four sections. 

The first section outlines why microvascular parameters could be used as an 

additional risk assessment approach for assessing CVD risk. It summarises what we 

know about CVD, current measures of CVD risk (e.g., traditional CVD risk factors 

and preclinical large arterial phenotypes) and what might be gained by assessing 

microcirculation.  

The second section details retinal microvasculature as a window to visualise the 

human microcirculation, and the available techniques to quantify retinal 

microvascular parameters (e.g., retinal vascular calibre and geometric parameters) 

have high reproducibility. This section summarises the current evidence on how the 

retinal microvascular parameters change across the life course, as well as their 

association with clinical CVD events and preclinical cardiovascular health. Current 

evidence highlights knowledge gaps in our understanding of retinal microvascular 

parameters with large arterial phenotypes. This informs the first aim of the thesis.  

The third section summarises the causes of retinal microvascular parameter variation 

by explaining the potential mechanisms and determinants. It reviews what is known 

about genetic and traditional CVD risk determinants of retinal vascular calibre. 

Obesity and inflammation are of particular focus in this thesis. They are interrelated 

factors implicated in the pathogenesis of CVD, but for which little evidence yet 

exists with regard to the microvasculature. Current gaps in research include 

insufficient longitudinal evidence of obesity and retinal vascular calibre, and few 

studies consider inflammation as a potentially important mechanism. These points 

will be addressed in the second and third aims of the thesis.  
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The fourth section summarises current evidence on retinal geometric (as opposed to 

calibre) parameters. These novel parameters include fractal dimension, tortuosity 

and branching patterns, and are postulated to offer additional CVD risk information 

beyond traditional retinal vascular calibre. The scant literature in this area provides 

the basis for the fourth aim of the thesis.  

2.2 PART ONE: Microvascular parameters could offer new CVD 

insights  

CVD is the leading cause of death globally, despite being largely preventable. 

Prediction relies largely on assessing traditional CVD risk factors. However, 

traditional CVD risk factors (such as smoking, physical inactivity, poor diet – see 

2.2.3 below) explain only about half of the CVD risk – meaning that other factors 

are yet to be identified. Recently, the noninvasive assessment of large arteries in 

asymptomatic individuals was found to enhance CVD prediction, but this has not 

been widely used clinically due to logistic and financial barriers. Another aspect of 

the cardiovascular system, microcirculation, has received relatively little attention. 

Microcirculation has been implicated in CVD pathogenesis, and abnormalities of 

microcirculation have been found to coexist with macrocirculation damage. Thus, 

measuring microvascular parameters may offer new insights into the prediction and 

prevention of CVD.  

In this section, I summarise what is known about CVD and the major risk 

assessment measures of traditional CVD risk factors and preclinical large arterial 

phenotypes, and explain why assessing microcirculation could offer additional value 

to CVD. 

2.2.1 CVD remains the leading cause of death globally  

2.2.1.1 What is CVD and its burden? 

CVD includes diseases of the heart, brain and blood vessels.1 Due to different 

causes, the types of CVD can be broadly classified as atherosclerotic (ischaemic 

heart disease or coronary artery disease, cerebrovascular disease [e.g., stroke], 

hypertension and peripheral vascular disease) or other types (congenital heart 

disease, rheumatic heart disease, cardiomyopathies and cardiac arrhythmias).1 
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Across all categories, coronary artery disease and stroke account for over 80% of 

CVD burden.2 

As the leading cause of death and years of life lost, CVD was estimated to account 

for 17.8 million deaths globally in 2017.3 It is also the primary cause of death in 

Australia: more than 1 in 4 (27%) deaths were attributed to CVD in 2017, with 

coronary artery disease and stroke accounting for 17.9% of all deaths.4 CVD is also 

a major economic burden for individuals and government in Australia. Premature 

death from CVD mostly occurs between the age of 35 and 64 years, meaning CVD 

affects the labour force more than any other disease.5 The global cost of CVD was 

estimated at AUD$1,267 billion in 2010.6 In Australia, health expenditure on CVD 

was AUD$10.4 billion in 2015-16, accounting for 8.9% of all health expenditure.7  

2.2.1.2 CVD origins from childhood  

Historically, CVD has largely been considered a disease of ageing, and prevention 

efforts remain heavily focus on mid to late adulthood. However, it is now firmly 

established that CVD has its roots in childhood,8 with risk factors in childhood and 

adolescence linked to later CVD.9 For example, the Cardiovascular Risk in Young 

Finns cohort study followed 1,809 children for 27 years since baseline (1980, age 3-

18 years); they showed that childhood risk factors, such as obesity, high blood 

pressure and high cholesterol levels, predicted increased atherosclerosis progression 

rates in adulthood.10 The more recent life course approach to CVD emphasises that 

experiences early in life may have long-term effects on the development of CVD;11 

this suggests that intervention strategies should begin in childhood, in order to be 

effective and reduce the risk of CVD in adulthood. It is only recently that CVD 

public health campaigns have started to turn their focus towards children.12  

2.2.2 CVD is preventable 

Despite the burden of CVD, evidence suggests that CVD is largely preventable.13 

Although remaining the leading cause of death (see above), the proportion of deaths 

from coronary artery disease and stroke had declined substantially since the peak in 

the late 1960s and early 1970s, when CVD was responsible for 55% of all global 

deaths each year.14 By 2017, this proportion had reduced to 32% of all global 

deaths.3 This decrease is mostly attributed to increased knowledge and action to 
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reduce the modifiable lifestyle risk factors,14-16 which will be discussed in the 

following section.  

More recently, an increasing number of people without these modifiable lifestyle 

risk factors are experiencing adverse CVD events.17 Since CVD develops from 

childhood, long before its overt symptoms appear, the preclinical changes of 

cardiovascular health should be assessed and monitored. Noninvasive assessment of 

blood vessels is a potential way to measure cardiovascular health in people without 

manifest CVD across the life course.18 The preclinical phenotypes from different 

sites of blood vessels will be introduced in Sections 2.2.4 and 2.2.5, respectively, 

with their value to CVD risk management outlined. 

2.2.3 Traditional risk factors are not the whole answer  

Key traditional risk factors for CVD that can be easily assessed include smoking, 

physical inactivity, poor diet, high levels of cholesterol, glucose and blood pressure,  

and excess weight.19 These risk factors are modifiable, hence reducing them can 

lower CVD risk.16, 20 For example, cigarette smoking is estimated to be responsible 

for 10% of all deaths from CVD,21 while high levels of cholesterol, glucose, blood 

pressure collectively contributed to over 30% of deaths from coronary artery disease 

and stroke, data since 2000.22-24  

However, these modifiable risk factors in total can only explain around half of the 

CVD risk.16, 20 This suggests that other important factors are being overlooked. 

Recent evidence has shown that the number of people without pre-existing 

traditional risk factors but are diagnosed with CVD is rising. For example, up to 

40% of new cases were risk-factor-free on arrival in one Australian case series.17 

Such evidence suggests that residual risk may become increasingly important in the 

future. Consequently, other risk assessment approaches and markers are needed to 

measure populations that were traditionally considered asymptomatic – thereby 

improving the efficacy of prevention interventions.  

In the following section, I introduce the noninvasive assessment of blood vessels, 

which could measure preclinical cardiovascular health of people with or without 

traditional risk factors.18 These approaches are particularly important to monitor 
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cardiovascular health from childhood, as CVD has its roots in childhood and its 

symptom may take time to manifest.   

2.2.4 Large arterial phenotypes are useful but not clinically feasible 

According to blood vessel size and flow dynamics, the blood circulation can be 

divided into two components. The macrocirculation comprises the heart and large- 

and medium-sized blood vessels.25 The microcirculation is the circulation of blood 

in the smallest blood vessels (diameter less than 300 µm).26 To measure preclinical 

cardiovascular health, most current tests assess large arteries in macrocirculation, 

which are introduced in this section. Preclinical assessment of microcirculation is 

introduced in the next section. 

2.2.4.1 What are preclinical large arterial phenotypes? 

Assessing the function and structure of large arteries offers a snapshot of preclinical 

cardiovascular health, given that variation in both has been linked to CVD. This 

could be particularly important for individuals without any clinical symptoms and 

those whose traditional CVD risk factors fall below decisional thresholds.18 Large 

arteries, such as the carotid artery, aorta and coronary artery, are the most commonly 

measured sites.18 Widely used measures are pulse wave velocity (PWV) and carotid 

intima-media thickness (CIMT), which assess the function and structure of large 

arteries. 

PWV is defined as the velocity at which the pressure waves, generated by the 

systolic contraction of the heart, propagate along the arterial tree (Figure 2-1(a)).27 It 

is generally accepted as a simple, noninvasive, robust, and reproducible method to 

determine the rigidity of the arterial wall (arterial stiffness). A higher value of PWV 

corresponds to lower vessel compliance and distensibility.28 CIMT is defined as the 

thickness of the innermost two layers of an artery wall, tunica intima and tunica 

media (Figure 2-1(b)).29 Assessing carotid arteries can identify the area of increased 

wall thickness, which represents a hallmark of atherosclerosis. 
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Figure 2-1 Assessment of pulse wave velocity and carotid intima-media thickness 

 (a) Pulse wave velocity (PWV); PWV is calculated as the surface distance between 

the two recording sites L (metres) divided by the time delay between two waveforms 

Δt (seconds); (b) B-mode ultrasound still image of the carotid artery; IMT: intima-

media thickness, LI: lumen-intima, MA: media-adventitia. Figure adapted from 

ref.30,31. 

2.2.4.2 Assessing large arteries enhances CVD risk prediction 

Mounting evidence has shown the value of these preclinical assessments in CVD 

risk management. A systematic review with data from 17,635 individuals (10% of 

whom had experienced CVD events) has provided evidence that PWV improves 

model fit and reclassifies risk for future CVD.32 The pooled hazard ratios (HRs) per 

one standard deviation (SD) higher in loge PWV increased the risk for coronary 

artery disease by 23% (95% CI 1.11 to 1.35) and the risk for stroke by 28% (95% CI 

1.16 to 1.42), after adjusting for traditional CVD risk factors.32 Interestingly, the 

predictive value was stronger in younger than older subjects.32 This review found 

that adding PWV into risk prediction models also increased the number of 

participants who were correctly classified, particularly among younger individuals at 

intermediate risk, and improved the overall 10-year classification by 13%.32 

Systematic reviews and meta-analyses also show that CIMT improves CVD risk 

prediction.33, 34 For example, Lorenz and colleagues pooled results from eight 

studies with a total of 37,097 participants and found that the age- and sex-adjusted 
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overall estimates of the relative risk of myocardial infarction and stroke were 1.15 

(95% CI 1.12 to 1.17) and 1.18 (95% CI 1.16 to 1.21) respectively, per 0.10 mm 

common CIMT difference.33 Den Ruijter and colleagues had similar findings when 

pooling data from 14 population-based cohorts with 45,828 individuals of median 

follow-up of 11 years.34 They additionally compared the predictive value of CIMT 

with traditional risk prediction models and found that, for people with intermediate 

risk, adding CIMT to the model may improve the 10-year classification by 3.6% 

(95% CI 2.7 to 4.6).34  

2.2.4.3 Limitations of assessing large arterial phenotypes clinically 

Although the preclinical large arterial phenotypes do improve CVD risk prediction, 

they are not yet performed routinely in clinical settings. There are several major 

concerns. Firstly, there are no unified measurement methods.35 Lack of 

standardisation across studies limits data synthesis and meta-analyses.34 Secondly, 

patients have been shown to report feelings of discomfort during the process of 

measurement; for example, it is not easy to assess the pulsation from obese 

patients.36 Thirdly, there are cost-effectiveness concerns. Den Ruijter and colleagues 

found that adding a single CIMT measure to routine evaluation of coronary artery 

disease risk resulted in small health benefits: 1-3% low absolute risk of myocardial 

infarction in asymptomatic 50–59 year old men and women but with an additional 

cost of US$100-300 per test.37 It also takes time for the health benefits to outweigh 

the initial CIMT measurement costs – the cost-effectiveness will be acceptable for 

men within 30 years and for women within 10 years.37 Fourthly, these measures 

only assess the preclinical status of large arteries without considering other 

components of the circulation.  

Because of these concerns, the assessment of preclinical large arterial phenotypes 

has not been widely used in practice. With the development of technology, the 

phenotypic measures of small vessels from microcirculation can be assessed and 

quantified. One way to measure this is through quantification of microvascular 

parameters, which may add value to CVD management and are introduced in the 

following section.  
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2.2.5 Microvascular parameters may offer a way forward 

The small vessels in the microcirculation have attracted much less attention in terms 

of their potential value to CVD prevention. This seems surprising, given that at any 

given time, only 25% of our blood is in the macrocirculation, with the remaining 

75% circulating through the microcirculation38 and shouldering distinct 

responsibilities in the body. The microvasculature has been essentially invisible due 

to technical limitations for a long time. Only recently has the potential value of 

microvascular parameters been uncovered with the development of advanced 

visualisation and quantification technologies.  

In this section, I first introduce the physiologic function of microcirculation. 

Secondly, I review the pathophysiological connection between micro- and 

macrocirculation and their shared mechanisms, such as hyperglycaemia, 

dyslipidaemia and hypertension. This knowledge then informs the aims of this thesis 

by raising the possibility that the microcirculation may provide additional 

information for CVD risk assessment.  

2.2.5.1 General features of microcirculation 

The primary role of human microcirculation is to optimise the exchange of gases, 

nutrients and metabolites between blood and surrounding tissues. In other words, its 

main function is to meet metabolic demands for organs, tissues, and most cells of the 

body through blood flow. A key secondary role of the microcirculation is to avoid 

large fluctuations in hydrostatic pressure via capillary modulation. This is vital as 

70–90% of the systemic arterial pressure may be delivered directly to the 

microcirculation. This makes the microcirculation essential in determining the local 

and overall peripheral resistance and hence influencing blood pressure.39, 40 A well-

modulated microcirculation is required for the vascular system to fulfil its 

fundamental role.  

Microvasculature comprises the small arterioles, venules and capillaries with 

diameters from about five to a few hundred μm.41 In the microvasculature, multiple 

abnormalities may occur in the structure, including rarefaction of arterioles, 

capillaries and venules, decreased arteriolar diameter, and increased wall-to-lumen 

ratio of small arteries.42 These structural changes of microvasculature are not only 
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related to microvascular disease but also macrovascular disease, such as coronary 

artery disease.43 

2.2.5.2 Cross-talk between micro- and macrocirculation 

Abnormalities in microcirculation may lead to macrocirculation damage, which may 

happen in a vicious cycle, as depicted in Figure 2-2. Microcirculation plays an 

important role in stabilising permeability, vascular tone, and hemostasis.44 Structural 

alterations of the microvasculature (as is common in diabetes) can result in the 

elevation of peripheral resistance and increased blood pressure.45 Higher blood 

pressure increases large arterial stiffness, which may in turn alter blood pressure and 

flow patterns, leading to an increase in pressure and flow pulsatility.46 The increase 

in pulsatility will cause damage to the microcirculation.47 Furthermore, increased 

arterial stiffness favours the development of arterial structural changes, such as 

increased CIMT.45 These changes may eventually lead to adverse CVD events.   

 

Figure 2-2 A vicious cycle of aggravation between micro- and macrocirculation 

Abbreviations: BP, blood pressure; IMT, intima-media thickness; LVH, left 

ventricular hypertrophy; PP, pulse pressure. Image initially published in ref.48; 

reproduced with permission. 
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2.2.5.3 Micro- and macrovascular disease frequently coexist 

Historically, diseases have tended to be classified based on distinct parts of the 

body.43 For example, hypertension mainly influences large arteries, such as 

increased arterial stiffness, while diabetes primarily leads to small vessel damage, 

such as diabetic retinopathy. The two conditions were classified based on changes in 

the structure and function of large and small arteries, respectively.43 With the 

recognition of ‘cross-talk’ between micro- and macrocirculation, these diseases were 

found to be interrelated. In particular, concurrent arterial damage can be seen in both 

small arteries (e.g., in heart, brain, retina, kidneys) and large arteries in hypertensive 

individuals. Similarly, long-term follow-up studies in patients with type 2 diabetes 

have shown that microvascular disease complications (e.g., diabetic retinopathy) are 

associated with future risk for macrovascular disease (e.g., myocardial infarction).49 

Additionally, the coexistence of both micro- and macrovascular disease was 

associated with a 2.06-fold higher 10-year risk of death than people who had only 

one disease.49  

2.2.5.4 Micro- and macrovascular damage may share mechanisms 

Risk factors for CVD are well recognised, as outlined in Section 2.2.3. It has been 

found that microvasculature is also determined by these risk factors, and shared 

mechanisms may initiate and promote both micro- and macrovasculature 

abnormality.50 For instance, hyperglycaemia, dyslipidaemia, hypertension and 

hyperinsulinemia could lead to endothelial dysfunction, which presents in both small 

and large vascular damage. Hypercholesterolemia-induced inflammatory events 

have been seen not only in large arteries, such as coronary arteries, but also in the 

microvasculature.51 Thus, examining microcirculation could provide additional 

information when discussing the risk of CVD. 

2.3 PART TWO: Retinal microvasculature – a window to the 

cardiovascular system 

Although microcirculation is known to be important in cardiovascular health, its role 

is not fully elucidated. The retina is a unique ‘window’ that allows the local 

microvasculature to be visualised directly and noninvasively. It is now realised that 
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the retinal imaging technique offers an exceptional opportunity for the investigation 

of not only the retinal but also, by inference, the systemic microvasculature. Retinal 

microvascular parameters can be quantified from a photograph of the retina that 

shows its microvasculature. These parameters have been found to predict CVD 

events, especially coronary artery disease and stroke. New hand-held retinal cameras 

and auto-scoring deep learning system mean that measuring retinal microvascular 

parameters is becoming ever simpler and with excellent reproducibility. It moves the 

application of retinal microvascular parameters towards a viable CVD risk 

assessment approach across the life course.  

However, it remains unclear when in the life course retinal vascular and 

cardiovascular health begin to co-vary. Understanding this could help researchers 

and clinicians assess the utility of retinal microvascular parameters as a tool to assist 

with CVD risk prediction and management.  

In this section, I provide a detailed literature review on measuring microvascular 

parameters from the eyes; how these parameters change across the life course; the 

associations of retinal microvascular parameters with clinical CVDs; and preclinical 

cardiovascular health, measured by large arterial phenotypes.  

2.3.1 Microvasculature can be seen from the retina 

Advanced technology has been developed to allow microcirculation to be measured 

in animal, clinical and epidemiological studies.52 The assessment of microcirculation 

can be performed on different types of organs and tissue, according to the technique 

and device used. For example, Laser Doppler Flowmetry can measure blood flow of 

microcirculation on any area of intact skin, while videomicroscopy can provide a 

direct view of microcirculation through organs with a thin epithelial layer, such as 

the sublingual region.53 However, these assessments are not ideal for studying CVD 

risk due to equipment limitations.53 The major sites of target organ damage from 

CVD are microcirculation of the heart, brain and kidneys, which are difficult to 

measure noninvasively. Thus, the assessment of microcirculation should be a proxy 

for target organ damage in these areas. Researchers have found that assessing the 

retinal microcirculation from the eyes could be the window to study CVD risk, given 
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the physiological features of the human retina and the fact that assessment is easy to 

undertake.    

2.3.1.1 Characteristics of the human retina 

Physiologically, ocular structures of the retina are optically transparent for image 

formation, meaning that the retinal tissue can be visualised from the outside and is 

accessible for imaging noninvasively (Figure 2-3).54 Additionally, the retina is a 

highly metabolically active tissue with a double blood supply. This function allows 

direct noninvasive observation of the circulation.54 

 

Figure 2-3 A human eye structure (adapted from ref .55)  

2.3.1.2 Retinal microvasculature is a surrogate for systemic microvasculature 

The typical features of the retina provide researchers with a spot to look into the 

subtle variations of retinal microvasculature noninvasively. There are several 

reasons to support the assessment of retinal microvasculature in CVD-related 

research. One of the essential reasons is the homology between the retinal 

microvasculature and other microvascular beds. For example, retinal vascular signs 

vary with hypertensive arteriolar changes in the brain and myocardium.56, 57 There is 

also a close relationship between retinal and cerebral microvasculature, as they have 

a common origin: the internal carotid artery. The retinal arteriole pathological 
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changes parallel the small cerebral arteries, which cause white matter lesions and 

may lead to stroke.58  

Investigating retinal microvascular variation could also provide a proxy for other 

vascular beds that are difficult to assess, such as coronary microvasculature. It has 

been shown that retinal arteriolar narrowing is strongly associated with the presence 

and severity of coronary artery occlusion and reduced myocardial perfusion.59-61 

Thus, retinal microvasculature has become a surrogate marker to examine the 

changes in systemic microcirculation. Retinal microvascular parameters, quantified 

using computer-based software, can help to understand the variation in retinal 

microvasculature with the associations of CVD.  

2.3.2 Standard microvascular parameters can be quantified from retinal 

images  

2.3.2.1 Retinal imaging technique 

The most common way to measure retinal microvasculature is through imaging 

techniques. There are two widely used retinal imaging techniques: fundus 

photography and optical coherence tomography (OCT). Both techniques image the 

back of the eye. The invention of fundus photography occurred in the mid-19th 

century.62 This simple procedure involves an experienced operator taking photos, 

with or without mydriasis (e.g., dilation of the pupil), while the patient’s chin and 

forehead are positioned against small cushioned rests. Figure 2-4 shows a retinal 

image taken by fundus photography.   

Retinal images taken by fundus photography have been used for a long time to 

follow, diagnose and treat eye diseases, such as macular degeneration and glaucoma. 

In the 1890s, retinal vascular ‘sign’ was first described by Marcus Gunn in three 

patients with kidney disease and hypertension and 12 patients with stroke.63 From 

that, more and more evidence showed that changes seen on retinal images are 

associated with many systemic diseases such as diabetic retinopathy from diabetes, 

hypertensive retinopathy from long-term hypertension and multiple sclerosis.54 

Nowadays, the retinal image is used as a key method to monitor diabetic 

retinopathy. Ophthalmologists read the abnormal signs on the image (e.g., 
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microaneurysms, haemorrhages, hard exudates and cotton-wool spots) to evaluate 

the severity of microvascular damage.64  

 

Figure 2-4 Retinal image taken by fundus photography 

The other retinal imaging technique, OCT, was invented in 1991.65 This technique 

offers three-dimensional information on retinal microvasculature and the most 

recently developed OCT angiography even allows the retinal capillary circulation to 

be visualised.66 The human retina is supplied by both retinal vessels and 

choriocapillaris (e.g., the large capillary network beneath the retina). OCT 

angiography may provide extra information on the development of CVD than retinal 

vessels, which is under investigation.67  

Evaluation of retinal microvascular parameters most commonly relies on images 

obtained from fundus photography; this is how we analysed microvascular 

parameters in this PhD project. Although OCT can also extract data on retinal 

microvascular parameters, it is less studied than fundus photography. The data 

extraction is not straightforward, as the analysis of retinal microvasculature requires 

direct and indirect signs of the vessels;67 there are differences between retinal 

microvascular parameters analysed from OCT and retinal fundus images; 

furthermore, how these parameters perform in CVD risk assessment has been less 

studied.68, 69 Lastly, the cutting-edge artificial intelligence based on deep learning 

algorithms discovered the CVD risk information contained in retinal fundus images 

(see next section). In this thesis, the retinal microvascular parameters discussed later 

are analysed from retinal fundus images.  

https://www.sciencedirect.com/topics/medicine-and-dentistry/microaneurysm
https://www.sciencedirect.com/topics/medicine-and-dentistry/exudate
https://www.sciencedirect.com/topics/medicine-and-dentistry/cotton-wool-spots
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2.3.2.2 Deep learning system uncovers CVD risk from retinal images 

Deep learning system consists of a neural network of interconnected layers of 

nonlinear processing units.70 It is the most commonly used machine learning method 

for data extraction and transformation and has attracted tremendous research interest 

in medicine, especially ophthalmology.71 Recently, Peng and colleagues developed a 

deep learning system, which unexpectedly predicted traditional CVD risk factors 

from retinal fundus images.72 The system was trained with data from 284,335 United 

Kingdom (UK) Biobank participants and 236,234 United States (US) EyePACS 

participants. The study also validated the system in two independent datasets from 

the UK Biobank (n= 12,026) and the EyePACS database (n= 999). The results 

showed that the system could accurately predict a series of traditional CVD risk 

factors, such as age, smoking and systolic blood pressure, with area under the 

receiver operating characteristic curve (AUC) up to 0.97.72 The deep learning system 

also predicted the risk of major adverse cardiac events within five years, with an 

AUC of 0.70.72 These findings provide further support that retinal images contain 

CVD risk information.73 In the next section, I outline the methods of measuring 

retinal microvascular parameters from retinal fundus images. 

2.3.2.3 Microvascular parameters quantified from retinal images 

The image quantification technique was developed to provide more information 

from retinal images – specifically, to quantify the microvascular parameters of the 

retinal microvasculature. Parr and Spear first proposed calculating the central retinal 

equivalent for arteries as early as 1974.74 This was extended to retinal veins by 

Hubbard and colleagues in 1999.75 Over the last two decades, computer-based 

software has been developed based on the proposed algorithm to include retinal 

vessel diameters measured in epidemiological and clinical studies (Table 2-1). The 

principle of vessel diameter analysis is to measure the red blood cell column width 

inside the vessels.76 In addition to vessel diameters, advanced systems can analyse 

other features of the retinal microvasculature, such as geometric parameters: fractal 

dimension, tortuosity and branching patterns. The semi-automated systems only 

allow vessels in a specific range to be analysed, while the fully automated systems 

can analyse vessels across the whole retina automatically.
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Table 2-1 Retinal microvascular parameter analytic platforms 

Software Research & development organisation Feature Microvascular parameters analysed 

Retinal Analysis (RA) Department of Ophthalmology & Visual 

Sciences, University of Wisconsin, US 

Semi-automated Retinal arteriolar calibre, retinal venular 

calibre 

Integrative Vessel Analysis 

(IVAN) 

University of Wisconsin, US Semi-automated Retinal arteriolar calibre, retinal venular 

calibre, arteriole-to-venule ratio 

Singapore “I” Vessel 

Assessment (SIVA) 

Singapore Eye Research Institute in 

collaboration with the National University 

of Singapore, Singapore 

Semi-automated Retinal arteriolar calibre, retinal venular 

calibre, arteriole-to-venule ratio, fractal 

dimension, tortuosity, branching 

patterns 

Vessel Assessment and 

Measurement Platform for 

Images of the Retina 

(VAMPIRE) 

University of Dundee in collaboration with 

the University of Edinburgh, UK 

Semi-automated Retinal arteriolar calibre, retinal venular 

calibre, arteriole-to-venule ratio, fractal 

dimension, tortuosity, branching angles, 

bifurcation 

Quantitative Analysis of 

Retinal Vessel Topology and 

siZe (QUARTZ) 

Collaborated work by researchers from the 

National University of Sciences and 

Technology, Pakistan, St. Georges 

University of London, and Kingston 

University London, UK 

Fully automated Retinal arteriolar width, retinal venular 

width, tortuosity 

Automated Retinal Image 

Analyser (ARIA) 

Chinese University of Hong Kong, China Fully automated Retinal arteriolar calibre, retinal venular 

calibre, tortuosity, symmetry of 

branches and bifurcation angles 
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It has been acknowledged that the absolute (raw) measurements of the retinal 

microvascular parameters have poor to moderate correlations across different 

software.77 This may be due to differences in vessel tracing algorithm protocol and 

retinal vessel border definition.77 However, the strength of associations between 

traditional CVD risk factors and retinal microvascular parameters are similar.78 This 

means that although the absolute value analysed from different software cannot be 

used interchangeably, their findings in CVD-related research are comparable. Thus, 

in this thesis, we assessed the retinal microvascular parameters in two systems: 

Integrative Vessel Analysis (IVAN, University of Wisconsin, Madison, US) and 

Singapore “I” Vessel Assessment (SIVA, Singapore Eye Research Institute in 

collaboration with the National University of Singapore, Singapore). These systems 

have been validated in large population-based cohort studies with robust 

reproducibility.  

The IVAN software was developed and validated in the Atherosclerosis Risk in 

Communities Study, a large population-based cohort study, which examined the 

retinal vascular signs of atherosclerosis in 11,114 middle-aged adults.75 The 

software measures arteriolar and venular diameters (retinal vascular calibre) from 

retinal images. It offers two unique features: the assessment is quick (around 2–5 

minutes per image scoring), and results are of substantial reproducibility. In several 

large population-based epidemiological studies, the intra- and inter-grader 

correlation coefficient ranged from 0.67 to 0.99, proving this image scoring tool to 

be a highly precise and reliable research tool for objective assessment of structural 

retinal vascular changes.79 

The SIVA software was developed to provide more information on retinal vessel 

architecture, in addition to retinal vascular calibre, which has been increasingly used 

in recent years.80 SIVA measures a wider range of vessels on the retinal image and 

additional retinal geometric parameters, such as: 1) fractal dimension, which 

summarises the whole branching pattern of the retinal microvascular tree; 2) 

tortuosity, which is the relative length variation between the curvatures of the vessel 

and the shortest distance of the vessel path; 3) branching angle, which is the first 

angle subtended between two daughter vessels at each bifurcation.81  
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These parameters could inform more geometric variation of the microvasculature. 

SIVA is a semi-automated software that requires the assistance of trained graders to 

assess each image. The reproducibility of each new parameter is high in adults, with 

intraclass correlation coefficient (ICC) ranging from 0.78 to 0.99.82  

The retinal microvascular parameters analysed from these tools provide us with an 

opportunity to examine the characteristics of retinal microvasculature across the life 

course. How these parameters change with age is outlined in the following section. 

These parameters can help us understand how cumulative microcirculatory changes 

related to an individual’s lifetime exposure to lifestyle and environmental factors. 

Thus, retinal microvascular parameters could serve as a tool to measure preclinical 

cardiovascular health across the life course. The evidence of retinal microvascular 

parameters with CVD in adults and with cardiovascular health in different life stages 

will be shown in Sections 2.3.4 and 2.3.5, respectively. 

2.3.3 Retinal microvascular parameters evolve across the life course  

Before examining the associations of retinal microvascular parameters with CVD, 

researchers have tried to understand the natural history of these parameters. Most of 

the evidence relates to retinal vascular calibre, with less evidence on the more novel 

geometric parameters. The overall trend for both retinal vascular calibre and 

geometric parameters is that they decrease with age (e.g., smaller arteriolar and 

venular calibre, lower fractal dimension and straighter vessel tortuosity). Details are 

summarised below.  

2.3.3.1 Retinal vascular calibre across the life course 

Retinal vascular calibre has been assessed in generally healthy participants across 

the life course, including one study in infancy. In 20 healthy weight Australian 

infants born at term, Kandasamy and colleagues showed that on average retinal 

arteriolar and venular calibre was 85.5 µm and 130.0 µm respectively.83 Two large 

cohorts (n> 1,000) were conducted separately in Australian and Dutch children aged 

about six years. In these cohorts retinal arteriolar and venular calibre were nearly 

double that of Kandasamy’s newborn data (mean arteriolar calibre 159.0 to 159.6 

µm, mean venular calibre 219.0 to 222.3 µm).84, 85 Several studies in mid-childhood 

(e.g., age 10–12 years), including the Child Health CheckPoint study, on which this 
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thesis is based, suggest that there is little change in the natural history of retinal 

arteriolar and venular calibre at age 11–12 years (mean arteriolar calibre 149.3 to 

159.5 µm, mean venular calibre 217.2 to 231.1 µm).86-89 To date, there are no 

studies in children aged 13–18 years.  

There is also a dearth of studies in early- and mid-adulthood. The Child Health 

CheckPoint study, one of the few studies to consider mid-adulthood, showed that at 

mean age 44 years, retinal arteriolar and venular calibre are lower than what was 

reported in mid-childhood.89 In late adulthood (age range 59–78 years), findings are 

mixed. Some studies suggest that retinal arteriolar and venular calibre are larger in 

adults than in children,90, 91 while others suggest the contrary, with smaller calibre 

measurements in adults compared to children.92, 93  

In order to visualise the overall life course trend, I plotted 15 population-based 

studies with large sample sizes (e.g., n> 1,000) into a graph (Figure 2-5).89 From the 

fitted two exploratory linear regression models on the graph, we can see that from 

childhood to adulthood, venular calibre narrows slightly at a rate of approximately -

1.2 μm (95% CI -0.37 to 0.14) per decade, while arteriolar calibre decreased slowly 

at a rate of -0.02 μm (95% CI -0.21 to 0.17) per decade.89 
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Figure 2-5 Retinal arteriolar and venular calibre change with age 

The figure is adapted from ref.89, reported by our team. Full texts can be seen in 

Appendix C. Abbreviations: Gen R, Generation R Study; Syd Myo, The Sydney 

Myopia Study; SCORM, Singapore Cohort Study of the Risk Factors for Myopia; 

CheckPoint_Child, Child Health CheckPoint data on children; Syd Chi, The Sydney 

Childhood Eye Study; GZ twin, The Guangzhou twin eye study; CheckPoint_Parent, 

Child Health CheckPoint data on parents; ARIC, Atherosclerosis Risk In 

Communities; MESA, Multi-Ethnic Study of Atherosclerosis; BDES, Beaver Dam 

Eye Study; Troms, The Tromsø Eye Study; BMES, Blue Mountains Eye Study; 

Rotterdam, The Rotterdam Study; CHS, Cardiovascular Health Study. 

2.3.3.2 Retinal geometric parameters across the life course 

Much less is known about the natural history of retinal geometric parameters 

compared to the vascular calibre. Only one study was conducted in children. Among 

10-year-old Malaysians (n= 166), mean arteriolar and venular fractal dimension 

were 1.22 and 1.19 respectively, and mean arteriolar and venular simple tortuosity 

were 1.09 and 1.10 respectively.94 Two studies in adults – the Flemish Study on 

Environment, Genes and Health Outcomes (n= 240, age range 19–86 years)81 and 

the Australian Heart Eye Study (n= 1,187 adults, mean age 61 years)95 – suggested 

that the fractal dimension and tortuosity decrease with age (e.g., become sparser in 
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fractal dimension and straighter in vessels trace). For example, in the Flemish study, 

linear regression considering other CVD risk factors showed that fractal dimension 

(β coefficient -0.002, 95% CI -0.021 to -0.008) and simple tortuosity (β coefficient -

0.006, 95% CI -0.011 to -0.001) decreased with every decade of age increase.81  

2.3.4 Retinal microvascular parameters are implicated in CVD 

2.3.4.1 Retinal vascular calibre and CVD 

The association of retinal vascular calibre (quantified via computer-based software 

IVAN) with CVD has been widely studied in population-based cohorts. The first 

study to look at this association was the Atherosclerosis Risk in Communities Study, 

a prospective study that investigated the aetiology of atherosclerosis and its clinical 

sequelae.96 A total of 10,470 participants (mean age 60 years) without CVD events 

had retinal photos taken in 1993–1995.97 At its follow-up, roughly 16 years later, 

there were 6,515 CVD events and deaths. In both sexes, those with a higher risk of 

death and stroke were participants with wider retinal venular calibre (HR 1.13, 95% 

CI 1.08 to 1.18; HR 1.18, 95% CI 1.07 to 1.31; per one SD increase) and narrower 

arteriolar calibre (HR 1.06, 95% CI 1.01 to 1.11; HR 1.14, 95% CI 1.03 to 1.26; per 

one SD decrease).97 

This finding has been replicated in different cohorts and confirmed in a recent meta-

analysis.98 The individual participant meta-analysis examined associations between 

retinal vascular calibre and the risk of coronary artery disease 5 to 14 years later.98 

Of the 22,159 participants (mean age 62 years) from the six population-based 

prospective studies included in the meta-analysis, 2,219 (10.0%) had experienced 

incident coronary artery disease events.98 Wider retinal venular and narrower 

arteriolar calibre were each associated with an increased risk of coronary artery 

disease in women but not men. In women, the pooled multivariable-adjusted HRs 

were 1.16 (95% CI 1.06 to 1.26) per 20μm increase in venular calibre, and 1.17 

(95% CI 1.07 to 1.28) per 20 μm decrease in arteriolar calibre.98  

The researchers used the same six population-based cohorts to examine whether 

retinal vascular calibre is associated with the incidence of stroke.99 They found that 

945 (4.5%) patients had experienced an incident stroke.99 From the meta-analysis, 

wider retinal venular, but not arteriolar, calibre predicted stroke (pooled HR 1.15, 
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95% CI 1.05 to 1.25, per 20 μm increase in venular calibre), with no substantial 

differences between the sexes.99 

2.3.4.2 Retinal geometric parameters and CVD 

In addition to retinal vascular calibre, novel geometric parameters have also been 

shown to be associated with CVD. For example, in a population-based cohort of 

3,303 middle-aged participants, those with suboptimal fractal dimension (lowest and 

highest quartiles) had a 50% higher 14-year coronary artery disease mortality than 

those with optimal fractal dimension, after adjusting for traditional CVD risk 

factors.100 In the Australian Heart Eye Study survey, 104 (8.9%) of the 1,680 

participants had arterial fibrillation; participants in the second tertile of fractal 

dimension compared to the highest group had a 92% higher likelihood of having 

atrial fibrillation after adjusting for potential confounders.101 Similarly, in a case-

control study with acute ischemic stroke patients (557 cases, 557 controls), 

decreased fractal dimension and increased tortuosity predicted ischemic stroke 

events.102 The results showed that a one SD decrease in the arteriolar and venular 

fractal dimension was associated with a higher risk of stroke (odds ratio [OR] 2.28, 

95% CI 1.80 to 2.87; OR 1.80, 95% CI 1.46 to 2.23), while a one SD increase in 

arteriolar and venular tortuosity was associated with a 56% and 49% higher risk of 

stroke (OR 1.56, 95% CI 1.25 to 1.95; OR 1.49, 95% CI 1.27 to 1.76).102 

2.3.5 Retinal microvasculature and large arterial phenotypes relationships 

(Aim 1)  

Physiologically, the retinal microvasculature and large arteries share elements of 

pulsatile transmission of pressure and flow as part of the circulatory system, 

although they represent different sections of the vascular tree.43 Retinal vascular 

calibre, like large arterial phenotypes, are influenced by traditional CVD risk 

factors,79, 103, 104 but the degree and rate that the small and large vascular phenotypes 

impact on one another is unclear. Understanding the association between the two 

kinds of preclinical phenotypes could help us determine whether damage to both 

parts of the vascular tree usually happens in unison, or whether variation in each 

profile occurs at different rates. This knowledge also help us understand whether 

assessing both could improve CVD risk prediction. In addition, the common 
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measures of retinal microvasculature and large arteries have both advantages and 

disadvantages in usage, see Table 2-2. Exploring their association may inform the 

practical utilisation. 
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Table 2-2 Comparison between micro- and macrovascular measures 

Measure Description Vessel site Device Clinically 

availability 

of device 

Advantages Limitations 

Pulse wave 

velocity (PWV) 

PWV is the velocity at 

which the blood 

pressure pulse propagates 

through the circulatory 

system, usually an artery or 

a combined length of 

arteries. It measures arterial 

stiffness.  

Large arteries; 

most 

commonly 

carotid and 

femoral artery. 

Magnetic resonance 

imaging, vascular 

ultrasound, 

echotracking, 

mechanotransducers 

and tonometric 

devices.27 

MRI and 

ultrasound 

are 

available. 

Highly reproducible; 

widely validated as the 

gold standard for 

measuring arterial 

stiffness. 

The device is 

expensive; 

measurement 

requires some skills; 

measurement causes 

discomfort.106 

Carotid intima-

media thickness 

(CIMT) 

CIMT is the thickness of 

the inner two layers of the 

carotid artery—the intima 

and media. It measures the 

extent of atherosclerosis.  

Carotid artery. High resolution 

ultrasound or 

magnetic resonance 

imaging 

Available. Radiation-free; relatively 

easy to acquire 

regardless of patient 

anatomy; relatively 

inexpensive, and perform 

on widely available 

equipment. 

Only presents arterial 

wall and fails to 

capture the 

complexity of plaque 

features but only; not 

easy to perform in 

children.  

Retinal 

microvascular 

parameters 

Parameters quantified from 

retinal fundus images, 

including retinal vascular 

calibre, branching angle, 

tortuosity, and fractal 

dimension. The variation of 

retinal microvascular 

parameters indicates the 

health of systemic 

microvasculature. 

Retinal blood 

vessels. 

Fundus camera Available. Low cost technology; 

highly reliable; 

measurement without 

contact; can be used in 

mass screening. 

The scoring process 

is semi-automated 

including subjective 

decisions. 
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Several studies have explored the association between retinal vascular calibre and 

large arterial phenotypes, such as CIMT and PWV, but their findings are 

inconsistent. Therefore, I conducted a systematic review to synthesise current 

literature and pooled the research findings to quantify the associations using meta-

analysis methods. The systematic review included 26 studies, with the most 

commonly measured arterial phenotypes being PWV (9 studies) and CIMT (10 

studies). The systematic review and meta-analysis publication can be found in 

Chapter 4. The findings are summarised in the following section. 

2.3.5.1 Summary of findings from systematic review to inform Aim 1 

Nine studies examined the association of retinal vascular calibre and PWV. Six 

studies showed that narrower retinal arteriolar calibre was associated with higher 

PWV. Four studies reported the association of retinal venular calibre and PWV,85 of 

which two showed significant associations. It is noteworthy that one study was 

performed in children aged six.85 This study suggested that wider venular calibre 

was associated with higher PWV (β coefficient 0.04, 95% CI 0.01 to 0.08, per SD 

increase in retinal venular calibre).85 Other measures of arterial function, such as 

arterial compliance and arterial distensibility, showed significant associations with 

narrowing arteriolar calibre but not venular calibre.107, 108 

All studies that measured the association of retinal vascular calibre and CIMT were 

restricted to late adulthood. Of the 10 studies, seven found narrowing retinal 

arteriolar calibre or lower arteriole-to-venule ratio was associated with increased 

CIMT.109-115 Five studies reported the association between retinal venular calibre 

and CIMT, but only two found that wider retinal venular calibre was significantly 

associated with greater CIMT.115, 116
 However, other structural measures, such as 

aorta calcification and carotid plaque, were not associated with retinal arteriolar 

calibre or venular calibre.109  

2.3.5.2 Summary of meta-analysis findings to inform Aim 1 

Five adult studies with eligible data were included in the meta-analysis, with the 

pooled results showing that narrower arteriolar calibre was associated with faster 

PWV (correlation coefficient (r) -0.17, 95% CI -0.25 to -0.10).117 The random-
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effects meta-analysis showed little evidence of an association between retinal 

venular calibre and PWV (r= -0.03, 95% CI -0.23 to 0.07).117 

The meta-analysis also included five adult studies examining CIMT, with results 

showing that narrower arteriolar calibre was associated with greater CIMT (r= -0.05, 

95% CI -0.09 to -0.02).117 As with PWV, there was little evidence of an association 

between retinal venular calibre and CIMT.117 

2.3.5.3 Limited knowledge of small and large vascular phenotype associations 

across the life course 

Studies examining the association between retinal vascular calibre and large arterial 

phenotypes have predominately focused on adults in the late stage of the life course. 

They show that large arteries may share some pathophysiologic processes with the 

microvasculature late in life, but when this shared association begins is still 

unknown. What is known is that CVD risk factors in childhood are related to 

adverse changes in preclinical large arterial phenotypes in later life.118, 119 Thus, 

examining the association in younger populations may help to understand the nature 

of the relationship between retinal microvascular parameters and preclinical large 

arterial phenotypes.  

If the two kinds of vascular phenotypes already co-vary prior to emergent disease, 

this would suggest that the relationship is not solely the result of dysregulation, 

potentially advancing the understanding of CVD pathogenesis. With technology and 

artificial intelligence putting retinal imaging into the mainstream clinical and 

population research realm, microvascular status could potentially enter precision 

prediction models for future CVD.18 Before this could take place, we would need to 

understand the small vessels’ unique and shared contributions with more traditional 

large artery measures.  

Most previous studies have only assessed one aspect of large arterial health (e.g., 

functional or structural phenotypes), but not both in the same individuals.16 

Assuming that large arterial dysfunction precedes structural changes, retinal 

microvascular associations with large arterial function might emerge earlier than 

with large arterial structure.19 Thus, investigating the association between large 
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arterial function and structure together with retinal microvasculature in the same 

participants could help us understand the temporal sequence in the association.  

In this PhD project, I have a unique opportunity to explore these research questions 

using data from the Child Health CheckPoint study. The first aim of this thesis will 

examine associations between retinal vascular calibre and preclinical large arterial 

phenotypes in Australian children aged 11–12 years and mid-life adults (the 

children’s parents). 

2.4 PART THREE: Contributors to retinal microvascular variation   

Although retinal microvascular parameters could be a potential risk predictor for 

CVD, the underlying mechanisms of retinal microvascular alterations are yet to be 

fully elucidated. It is postulated that multiple processes can lead to changes in retinal 

microvascular parameters, such as genetics and the shared traditional CVD risk 

factors.  

In the next section, I first outline the current understanding of the physiological and 

pathophysiological features of the retinal microvasculature. Secondly, the potential 

determinants of retinal microvascular parameters are reviewed. I then further focus 

on two important factors, obesity and inflammation, that inform Aims 2 and 3 of this 

thesis.  

2.4.1 Mechanisms of retinal microvascular variation 

2.4.1.1 Physiological features of retinal microvasculature 

The retinal blood vessels are different from the large blood vessels, which consist of 

three layers with collagen and elastin filaments. There are two layers of retinal blood 

vessels. One is the endothelium, which is the common structural component of all 

small blood vessels throughout the body.120 The other is the perivascular cells (e.g., 

pericytes), which are smooth muscle cells or mural cells that envelop the surface of 

the vascular tube.121 The retina has the highest pericyte density in the body.121 The 

key physiological functions of the endothelium are maintaining antithrombotic 

surface and the vasomotor tone, while pericytes can control microvascular 

remodelling and angiogenic switching.120  

https://en.wikipedia.org/wiki/Collagen
https://en.wikipedia.org/wiki/Elastin
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Retinal vessels present a high adaptation ability and may present acute and chronic 

variation in response to stimuli. The acute adjustments involve changes in the 

vascular smooth muscle tone, while the chronic adjustments involve changes to the 

wall structure.122 Under systemic disease or chronic conditions, such as diabetes and 

hyperglycaemia, the loss of pericytes change the vascular structure and result in 

changes to vessel diameters.121 How these changes happen is described in the 

following section. 

2.4.1.2 Pathophysiological changes of retinal microvasculature  

Depending on the source of abnormality, the pathophysiological changes can be 

grouped as functional and structural. Functional abnormality is the dysfunction of 

the endothelium, while structural abnormalities are vascular remodelling and 

vascular rarefaction. Functional changes may lead to structural changes. 

Functional decline in the endothelium is a common feature of microvascular 

pathophysiology.123 Endothelial dysfunction results in reduced angiogenic capacity, 

impaired vasodilatory function and abnormal expression of adhesion molecules, 

with the latter amplifying the interaction between circulating factors and 

inflammatory cells.123 The impaired endothelial function can contribute to the 

development of microvascular insulin resistance, which results in impaired capillary 

recruitment.124 The reduction in capillary density can cause chronic tissue hypoxia, 

leading to sustained inflammation.125 Beyond that, the functional abnormality 

influences the vascular structure and perivascular inflammation, altering the release 

and clearance of inflammatory cytokines.126 The structural changes following the 

functional abnormality include thickening of basement membranes, stiffness of 

resistance arterioles and a decrease in lumen size.127  

The pathophysiological structural changes can be observed by measuring retinal 

microvascular parameters. With the exception of genetic factors discussed in the 

following section, the traditional CVD risk factors influence the variation of retinal 

microvascular parameters to varying degrees, as seen in Section 2.4.3. 
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2.4.2 Genetic factors and retinal microvascular parameters  

2.4.2.1 Heritability of retinal microvascular parameters 

The heritability of retinal vascular calibre has been reported with substantial 

correlation within families. For example, the parent-child correlations for retinal 

arteriolar and venular calibre in the Beaver Dam Eye Study (n= 341, age range 43–

86 years) were 0.24 and 0.27 respectively;128 in the Flemish Study on Environment, 

Genes and Health Outcomes (n= 174, aged 20+ years) the correlations were 0.13 

and 0.20;129 and in the Strabismus Amblyopia and Refractive Error in Singaporean 

Children study (n= 304, parent: mean age 40 years, child: mean age 9 years) they 

were 0.12 and 0.31.130 Our Child Health CheckPoint team (n= 1,186 pairs, mean age 

44 and 12 years) found similar parent-child correlations (0.22 and 0.23 for arteriolar 

and venular calibre).90 Our stratified analyses also showed little difference between 

mother-child pairs (0.20 and 0.22 for arteriolar and venular calibre) and father-child 

pairs (0.32 and 0.29 for arteriolar and venular calibre).89 The correlations of retinal 

vascular calibre for twins are higher than for parent-child pairs, with higher 

correlations observed in monozygotic twins (0.60 to 0.8 and 0.63 to 0.88 for 

arteriolar and venular calibre) than dizygotic twins (0.25 to 0.54 and 0.28 to 0.72 for 

arteriolar and venular calibre).88, 128, 131, 132 Similarly, in 67 pairs of monozygotic 

twins (mean age 70 years) the correlation coefficients of retinal geometric 

parameters were moderate to high (0.52 and 0.64 for arteriolar and venular fractal 

dimension, 0.71 and 0.69 for arteriolar and venular tortuosity).133 The heritability of 

tortuosity was also lower in dizygotic twin pairs (correlation coefficient 0.10 to 

0.56).134 

2.4.2.2 Genes in relation to retinal microvascular parameters 

Genome-wide association studies have identified several genetic loci associated with 

retinal vascular calibre.131, 135 For example, the Beaver Dam Eye Study found that 

retinal arteriolar and venular calibre were linked to multiple genetic loci – some loci 

were unique for arterioles or venules, while others were common to both.136 

Furthermore, these genetic loci were found to overlap with genes that determined the 

pathophysiological process, such as hypertension, endothelial dysfunction and 

vasculogenesis.136 Congruently, another study with 24,000+ multiethnic participants 
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from seven cohorts extended this finding; the single-nucleotide polymorphism 

rs201255422 was associated with retinal arteriolar calibre, as well as both systolic 

and diastolic blood pressure.137 Thus, genetic factors can determine the retinal 

microvascular parameters and may be a fundamental factor in the association of 

retinal microvascular parameters with CVD risk factors.  

2.4.3 Traditional CVD risk factors and retinal vascular calibre 

As described in Section 2.2.3, smoking, poor diet, lack of physical activity, high 

blood pressure, high cholesterol and excess weight are well-established risk factors 

associated with CVD. In this section, the associations of these factors with retinal 

vascular calibre will be reviewed. Evidence on the retinal geometric parameters will 

be presented in Section 2.5 

2.4.3.1 Smoking and retinal vascular calibre 

Smoking is related to worse retinal vascular calibre in middle-age and older adults. 

Cross-sectionally, the Rotterdam study (n= 5,674, mean age 59 years) found that 

compared with non-smokers, current smokers had wider arteriolar (mean difference 

5.0 µm, 95% CI 3.9 to 6.0) and venular calibre (10.0 µm, 95% CI 8.3 to 11.4). 

Former smokers also had wider arteriolar calibre (1.3 µm, 95% CI 0.4 to 2.3) and 

venular calibre (2.5 µm, 95% CI 1.2 to 3.9), but to a lesser extent.109 The Blue 

Mountains Eye Study (n= 3,654, age 49 years+) confirmed the cross-sectional 

association of current and past smokers with wider arteriolar and venular calibre at 

baseline analysis.138 The association persisted at the five-year follow-up, with heavy 

smokers showing the biggest change in venular calibre.138 Hence, long-term 

smoking was found to have cumulative effects on retinal microvasculature. 

Fortunately, a Japanese study has shown that this cumulative effect can be mitigated 

by giving up smoking. Those who had ceased smoking for over 10 years had similar 

mean retinal arteriolar (128.4 vs. 128.3 µm) and venular calibre (195.8 vs. 195.4 

µm) to participants who had never smoked.139  

2.4.3.2 Dietary intake and retinal vascular calibre 

Some evidence showed that both the consumption of specific foods and long-term 

dietary intake patterns may influence retinal microvascular variation. For example, 

the population-based cross-sectional Sydney Childhood Eye Study (n= 888, mean 
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age 12.7 years) showed that consumption of higher long-chain omega-3 

polyunsaturated fatty acid, fish and/or dairy food was associated with wider retinal 

arteriolar and narrower venular calibre (e.g., a better retinal microvascular profile), 

while consumption of soft drinks and carbohydrates was associated with the 

reverse.140-142 In adults with higher cardiovascular risk, high consumption of low-fat 

milk, yoghurt, and cheese, and low consumption of red meat have also been 

associated with wider arteriolar and narrower venular calibre.143 However, this 

finding was not replicated in a randomised control trial (RCT) in overweight adults 

with high CVD risk. The RCT assessed the influence of fruit and vegetable 

consumption (2/4/7 portions per day) on changes in retinal vascular calibre in 62 

participants (mean age 57 years).144 The intervention of fruit and vegetable 

consumption for 12 weeks did not change either retinal vascular calibre or the 

participant’s overweight condition (body weight, total body fat, blood pressure or 

lipid profile).144  

In addition to specific food groups, overall food consumption patterns may have a 

cumulative risk for retinal microvasculature. Our study group generated dietary 

trajectories based on the 24-hour dietary recall survey of the Longitudinal Study of 

Australian Children from 2–3 to 10–11 years. We found that compared with children 

who followed an ‘always healthy’ trajectory, those who followed a ‘never healthy’ 

trajectory had similar retinal vascular calibre.145 In contrast, the association was 

evident in an adult study. In the Irish Nun Eye Study (n= 1,233, mean age 76.3 

years), unhealthy dietary patterns (defined as high intake of sugar and sweets, chips, 

high-fat dairy products and french fries) were associated with wider venular and 

narrower arteriolar calibre.146 The discrepancy between the child and adult studies 

highlights the cumulative risk of food consumption patterns for worse retinal 

microvasculature and informs a window of opportunity for preventive intervention 

from childhood.  

2.4.3.3 Physical activity, sedentary behaviour and retinal vascular calibre 

The benefits of physical activity and negatives of sedentary lifestyles (often due to 

screen time) on retinal vascular calibre have been shown in both children and adults. 

The Sydney Childhood Eye Study (n= 1,492) found that, in children aged six years, 
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those who spent more time doing outdoor activities (the highest tertile) had wider 

retinal arteriolar calibre (mean difference 2.2 µm, 95% CI 0.65 to 3.71) than those in 

the lowest tertile (p for trend <0.01); and children who spent more time watching 

TV had narrower arteriolar calibre (highest vs. lowest quartile: mean difference 2.3 

µm, 95% CI 0.73 to 3.92, p for trend <0.01).147  

Analogous associations were seen in adults. For instance, in the Australian Diabetes, 

Obesity and Lifestyle Study, a population-based cross-sectional study (n= 2,024, age 

25+ years), those who watched TV for at least two hours per day had 4.71 µm wider 

venular calibre (95% CI 1.37 to 8.04) compared to those who watched less than two 

hours of TV per day.148 As with the Atherosclerosis Risk in Communities Study (n= 

12,492, mean age 60 years), they found that participants with higher levels of 

physical activity were about 10% less likely to have wider venular calibre (OR= 

0.91, 95% CI 0.83 to 0.99).149 

2.4.3.4 Blood pressure and retinal vascular calibre 

As discussed in Section 2.2.5.1, the key role of microcirculation is to regulate blood 

pressure, which is reflected in the association between blood pressure and retinal 

microvascular parameters. This finding is consistent across children and adults, with 

elevated blood pressure shown to have major impacts on retinal vascular calibre.80   

In a recent systematic review and meta-analysis by Kochli and colleagues, all 12 

cross-sectional studies in children aged 4.6 to 16.2 years (n= 13,412) showed 

associations of high blood pressure with adverse arteriolar calibre, but less evidence 

with venular calibre.150 They pooled six studies with eligible data into meta-analysis 

and showed that with each unit higher of systolic and diastolic blood pressure, retinal 

arteriolar calibre narrowed by 0.63 µm (95% CI -0.92 to -0.34) and 0.60 µm (95% CI 

-0.95 to -0.25) respectively.150 However, the meta-analysis did not support the 

associations with retinal venular calibre (pooled β coefficient -0.07, 95% CI -0.21 to 

0.06; -0.06, 95% CI -0.14 to 0.03).150 In adults, analogous findings were observed 

across several studies, including the Atherosclerosis Risk in Communities study,151 

Multi-Ethnic Study of Atherosclerosis,152 the Rotterdam study109 and the Beaver 

Dam Eye Study.153  
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Using Mendelian randomisation, Li and colleagues have shown a causal relationship 

between elevated blood pressure and retinal arteriolar narrowing.154 In their Asian 

cohort of 6,528 participants (mean age 58.1 years), a genetic risk score of blood 

pressure was used as an instrument. The Mendelian randomisation model presented 

that each 10 mmHg increase in diastolic blood pressure and mean arterial blood 

pressure was associated with a 4.5 μm decrease (95% CI -7.9 to -1.0, p= 0.01) in 

retinal arteriolar calibre, but not associated with venular calibre.154  

2.4.3.5 Blood cholesterol levels and retinal vascular calibre 

It is consistent in the adults’ but not children’s studies that higher levels of LDL 

cholesterol, total cholesterol and triglycerides, and lower levels of HDL cholesterol 

were related to poor retinal microvascular parameters. In children with a median age 

of six years (n= 4,145), there is little evidence to support the association of blood 

cholesterol levels with retinal vascular calibre.155 The association was not evident in 

children aged 11 years either.156 

In adults, the Atherosclerosis Risk in Communities study (n= 8,794, mean age 60 

years) found that each interquartile range increase of triglycerides was associated 

with 0.5 µm (95% CI -0.9 to -0.1) narrower arteriolar calibre; and each interquartile 

range increase of LDL cholesterol was associated with 0.9 µm (95% CI 0.5 to 1.2) 

wider venular calibre.157 Similarly, the Multi-Ethnic Study of Atherosclerosis (n= 

5,979, age 45–84 years) found that per SD (15 mg/dL) higher HDL cholesterol was 

associated with 1.13 µm narrower retinal venular calibre (p= 0.001), while per SD 

(31 mg/dL) higher LDL cholesterol was associated with 0.63 µm wider venular 

calibre (p= 0.02).93  

2.4.3.6 Obesity and retinal vascular calibre 

Obesity is a well-known risk factor for CVD risk158 and a burning issue, especially 

in the context of Australian society. Two thirds (67%) of Australians aged 18+ are 

overweight or obese, while one in 10 children is obese.159 Thus, I am particularly 

interested in the association of obesity with retinal microvasculature. There is a 

wealth of evidence showing that obesity has substantial impacts on poor retinal 

microvasculature. This is discussed in detail in the following section, where I review 
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associations of obesity-related measures with retinal vascular calibre and build the 

rationale for Aim 2 of this thesis.  

2.4.4 Obesity and retinal vascular calibre (Aim 2) 

2.4.4.1 Wealth of cross-sectional evidence on obesity-related measures and retinal 

vascular calibre 

Meta-analyses in adults and children have found consistent results of high body 

mass index (BMI) with poorer retinal vascular calibre. Boillot and colleagues’ meta-

analysis of 12 cross-sectional studies with more than 44,000 individuals (nine in 

adults and three in children)104 showed that a higher BMI was associated with 

narrower arteriolar calibre and wider venular calibre in both adults and children.103 

Specifically, a one kg/m2 increase in BMI was associated with a difference of 0.07 

µm (95% CI -0.08 to -0.06) in arteriolar calibre and 0.22 µm (95% CI 0.21 to 0.23) 

in venular calibre in adults.104 Similar results were found in children.104 Kochi and 

colleagues’ recent systematic review and meta-analysis of 13 studies in children 

observed similar findings.150 In their meta-analysis, eight studies with 5,003 

participants were included: results showed that in children a one kg/m2 higher BMI 

was associated with -0.37 µm (95% CI -0.50 to -0.24) lower retinal arteriolar calibre 

and 0.35 µm (95% CI 0.07 to 0.63) wider venular calibre.150 The effect of BMI on 

retinal vascular calibre is larger in children than in adults, based on the two meta-

analyses.  

2.4.4.2 Less longitudinal evidence of obesity-related measures and retinal vascular 

calibre 

Given that obesity in youth persists into adulthood,160, 161 the question of whether 

long-term BMI/weight status adversely impacts the microvasculature warrants 

attention. To the best of our knowledge, only eight studies have examined this 

question: four in adults and four in children.162-165 The four children’s studies had 

inconsistent results (see Table 2-2). In a Belgium cohort, Van Aart and colleagues 

studied the relationship between changes in BMI and other obesity-related factors 

and retinal vascular calibre.162 They did not find an association between BMI and 

retinal microvasculature over a seven-year period; however, higher body fat was 

associated with retinal vascular calibre. In contrast, a UK study by Tapp and 



39 

 

colleagues showed that BMI changes over eight years, especially at 5–5.5 and 8.5–

10 years, were associated with wider venular calibre.164 Similarly, in Singaporean 

children, Kurniawan and colleagues showed that a one kg/m2 higher BMI at age 7–9 

years predicted -0.17 µm (95% CI -0.83 to -0.12) narrower arteriolar calibre and 

0.76 µm (95% CI 0.26 to 1.26) wider venular calibre five years later.163 Inversely, 

arteriolar and venular calibre at baseline weakly predicted BMI at follow-up.163 

Hence, this longitudinal study suggests that BMI is more likely to influence retinal 

vascular calibre on the causal pathway, rather than the other way around. Our study 

team has looked at whether longitudinal BMI pattern is associated with retinal 

vascular calibre in a small sample (n= 187, mean age 14 years), but did not observe 

significant findings.166 

Studies in adults consistently show that there are long-term associations between 

BMI and retinal vascular calibre. Both Saito and colleagues (900 Japanese 

participants, mean age 59 years)167 and Shankar and colleagues (2,089 American 

participants, mean age 60 years)168 showed that middle-aged participants with wider 

retinal venular calibre at baseline were at higher risk of incident obesity at follow-up 

5–15 years later. Gong and colleagues explored the associations of longitudinal BMI 

variability with retinal vascular calibre over five years in an elderly Chinese cohort 

(n= 3,494, mean age 59 years):165 findings showed that higher BMI over time was 

associated with retinal microvascular alterations. Klein and colleagues found that in 

adults of similar age (n= 4,573, mean age 64 years) increasing BMI over five years 

had more profound influences on retinal vascular calibre in participants who had 

normal weight status, than those who were overweight or obese at baseline.153 

Although there is no evidence for middle-aged adults, based on current evidence for 

children and older adults, there might be a cumulative impact of higher BMI on 

retinal microvasculature across the life course.  
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Table 2-3 The association between BMI and retinal vascular calibre in longitudinal childhood studies 

Study Ref. Country, 

study 

Sample size 

(female) 

Mean age(y) Analysis of BMI 

changes 

(two-time points) 

Evidence of association 

Retinal arteriolar calibre Retinal venular calibre 

2017; Van 

Aart. et al. 
162 

Belgium, 

The 

IDEFICS 

study 

171 (46.2%) Start: 

5.3y (2008) 

Follow-up:  

12.4y (2015) 

2008–2015 

2010–2015 

2011–2015 

2012–2015 

2013–2015 

No significant association was 

seen for BMI changes and 

arteriolar calibre.  

No significant association was 

seen for BMI changes and 

venular calibre. 

2017; 

Hanvey. et 

al.166 

Australia, 

The PEAS 

Kids 

Growth 

Study 

187 (54.5%) Start:  

2 weeks (2000) 

Follow-up: 

14 years (2014) 

first 2 years of life (at 2 

weeks and 2, 4, 8, 12, 

18, and 24 months), 4, 

6.5, 10 and 14 years 

* High normal or consistently overweight trajectories were not 

associated with arteriole-to-venule ratio. 

2014; 

Kurniawan, 

E.D. et 

al.163 

Singapore, 

The 

SCSRFM 

Study 

421(50.8%) Start:  

7.9 (2001) 

Follow-up: 

11.9(2006) 

2001–2006 Cross-sectional analysis 

BMI was associated with 

narrower arteriolar calibre at both 

2001 and 2006 visit. 

 

Longitudinal analysis 

Changes in BMI were not 

associated with arteriolar calibre.  

Cross-sectional analysis 

BMI was associated with wider 

venular calibre at both 2001 and 

2006 visit. 

 

Longitudinal analysis 

Each 1 kg/m2 increase in BMI 

was associated with a 

significant increase in venular 

calibre (0.597 µm; p = .044), 

but not with arteriolar calibre. 

2013; 

Tapp, R.J. 

et al.164 

UK, The 

ALSPAC 

1067 (51%) From 2–10y 2–5y 

5–5.5y 

6.5–7y 

7–8.5y 

8.5–10y 

 

No association between BMI 

changes and arteriolar diameters. 

Positive association between 

BMI change at 5–5.5 (β= 0.18, 

95% CI 0.01 to 0.35) and 8.5–

10 years (β= 0.05, 95% CI -

0.003 to 0.56) with venular 

diameter. 

 

Abbreviations: The IDEFICS study; The SCORM Study, The Singapore Cohort Study of Risk Factors for Myopia; The ALSPAC, Avon Longitudinal Study of 

Parents and Children; BMI, body mass index. 
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2.4.4.3 Limited knowledge of longitudinal obesity patterns with retinal 

microvasculature across the life course 

Although previous studies clearly demonstrated that higher BMI is associated with 

worse retinal microvasculature, few studies have examined how BMI across early or 

mid-life, or cumulative patterns of repeated BMI over time – relates to developing 

retinal microvascular parameters. This could be important, since distinct BMI 

trajectories may differentially alter the risk of CVD later in life.169, 170 For example, a 

longitudinal study over 23 years found that a high-increasing childhood BMI 

trajectory was associated with poorer indicators for adult preclinical cardiovascular 

health (e.g., CIMT and left ventricular mass index), compared to a normal BMI 

trajectory.171 If retinal microvascular parameters are surrogate markers of preclinical 

cardiovascular health observed from microcirculation, longitudinal impacts of BMI 

would be embedded in worse retinal microvasculature. Such research may help to 

identify if people with typical BMI patterns have different microvascular profiles; 

targeting these people would contribute to early CVD risk management. 

In addition, most studies have focused on BMI. Of course, BMI does not 

comprehensively represent obesity,172 as it does not distinguish between fat and 

muscle.173 Thus, we need studies that also explore other obesity-related measures, 

such as waist-height ratio (WHtR),174 which has been found to be more predictive of 

CVD.155, 165, 175  

Furthermore, if retinal vascular calibre changes reflect cumulative life course 

responses to systemic risk factors,80 and if adiposity tracks strongly through life,176 

then associations should be larger in adults than in children. However, this is yet to 

be investigated. If there is a gradient in the risk with age, this adds further weight to 

the importance of early obesity prevention.   

In Aim 2 of this thesis, I will examine whether retinal vascular calibre is predicted 

by firstly, BMI and WHtR at multiple time points, and secondly, BMI and WHtR 

trajectories, all spanning the preceding decade in two generations: children aged 11–

12 years and mid-life adults.  
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2.4.5 Inflammation and retinal vascular calibre (Aim 3) 

Inflammation is well known for its role in the pathogenesis of CVD, given its 

contribution to the earliest steps of atherogenesis.177 The elevated levels of some 

inflammatory biomarkers, such as C-reactive protein (CRP) and interleukin-6 (IL-6), 

have been shown to predict adverse CVD events.178, 179 It is noteworthy that therapy 

targeting inflammatory markers has been shown to lower the rate of recurrent CVD 

events in a clinical trial.180 The Canakinumab Anti-inflammatory Thrombosis 

Outcomes Study (CANTOS), a large RCT with 10,061 patients (mean age 61 years) 

of previous myocardial infarction, targeted interleukin-1β using Canakinumab for a 

median follow-up of 3.7 years. The RCT found that the treatment group was 15% 

less likely to have secondary CVD events.180 

Inflammatory processes have also been implicated in microvascular health variation 

through animal experiments.181, 182 For instance, an experiment found that after 

injecting lipid hydroperoxide into the vitreous of rats, the number of leukocytes 

increased in the retinal microvasculature, and led to a widening retinal venular 

diameter.179 However, a limited number of population-based studies have explored 

whether inflammatory biomarkers are associated with the retinal microvasculature in 

humans. Of the existing studies, results are inconsistent.93, 109, 155-157, 183-194 Moreover, 

while obesity is the key driver of inflammation (Figure 2-6),125 most studies 

examining the association of inflammation and microvasculature have failed to 

consider the role of obesity.183, 194 If the role of inflammation in the association of 

obesity and microvasculature can be understood, it could provide a potential 

therapeutic target to maintain stable and healthy microcirculation, and could even 

help lower the risk of developing CVD. 

In this section, I will first summarise the current evidence on inflammation and 

retinal microvascular parameters from a systematic review and meta-analysis. I will 

then illustrate the gaps in the current evidence to inform Aim 3 of this thesis.  
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Figure 2-6 Mechanism of obesity, inflammation and CVD 

2.4.5.1 Inflammation and retinal vascular calibre – a systematic review and meta-

analysis 

Several studies have examined associations between different markers of 

inflammation and retinal vascular calibre, with inconsistent findings. There was no 

systematic reviews or meta-analyses of inflammation and retinal microvascular 

parameters in either the general population or those with CVD and related 

conditions. Investigating this association will help us understand whether we can 

observe the association of inflammation and retinal vascular variation at the 

population level. In addition, we can see whether there are any differences in this 

association among people with different health conditions. My colleague (Ms Claire 

Lovern) and I, therefore, performed a systematic review and meta-analysis to 

quantify the associations of various inflammation markers with retinal vascular 

calibre. 
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We identified studies in Medline, Embase and PubMed on the following topics: 1) 

retinal vascular calibre; 2) inflammatory markers; and 3) observational studies. 

Studies drawn from general population samples and individuals with disease 

conditions (‘patients’) were included. The search was limited to studies published in 

English or Chinese, with no limitations on the date of publication, meaning all 

studies up to February 2020 were included. 

Of the 2,383 studies identified, 28 met inclusion criteria (general population 19, 

patients 9). Most data were cross-sectional from mid-life adults (43 to 68 years), 

while three studies focused on children. Various inflammation markers were studied, 

most commonly CRP (20 studies) and white blood cell count (8 studies). Studies 

that reported either correlation coefficients or linear regression coefficients were 

eligible for meta-analysis. Thus, data were pooled using meta-analysis from 10 of 20 

studies measuring CRP (general population 6, patients 4) and four of eight studies 

measuring white blood cell count (all in the general population).  

Findings from our narrative review (for all studies) and meta-analysis (of studies 

that could be combined) were highly consistent. The meta-analysis showed little 

evidence of association between CRP with retinal arteriolar calibre (r= 0.01, 95% CI 

-0.00 to 0.03 in the general population, and r= -0.06, 95% CI -0.18 to 0.06 in 

patients, Figure 2-7(A)). The association with venular calibre was only seen in the 

general population group (r= 0.08, 95% CI 0.04 to 0.11), but not in the patient group 

(r= 0.03, 95% CI -0.06 to 0.12, Figure 2-7(B)). White blood cell count was 

associated with both arteriolar and venular calibre, with stronger associations seen 

for venular calibre (r= 0.18, 95% CI 0.04 to 0.32). The association with arteriolar 

calibre was in the unexpected direction (r= 0.05, 95% CI 0.01 to 0.09). Findings 

from the three studies in children were mixed.  



45 

 

 

2.4.5.2 Limited knowledge of inflammation and retinal microvasculature across 

the life course 

Our systematic review and meta-analysis suggest that inflammation is a key 

mechanism of variation in retinal vascular calibre, which can be observed from 

population-based studies. In adults, inflammatory markers have been most 

consistently associated with venular rather than arteriolar calibre.155, 183, 194 Less is 

known about the associations of inflammatory markers and microvasculature in 

children; further, we do not know how inflammation contributes to retinal 

microvascular variation across the life course. 

Figure 2-7 Associations of CRP and retinal vascular calibre 
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Given that retinal microvascular parameters are suggested to reflect cumulative 

lifespan exposures, chronic inflammation markers should be considered in analysing 

this association. Previous studies were more likely to perform with acute-phase 

reactants, such as high-sensitivity CRP. A newly described inflammatory marker, 

glycoprotein acetyls (GlycA), is suggested to be more indicative of chronic and 

cumulative inflammation in adults and in early life.195, 196
 However, data on GlycA 

are sparse, and the association with retinal microvascular parameters has not been 

studied. 

2.4.5.3 Limited knowledge of obesity-induced inflammation with retinal 

microvasculature across the life course 

In Section 2.4.4, we noted that obesity, one of the leading risk factors for CVD, has 

adverse effects on retinal microvasculature even in childhood, and that inflammation 

is thought to play a key role in this relationship (Figure 2-6 above).125 Whether the 

impact of obesity on retinal microvasculature occurs via inflammation has not been 

discussed in population-based studies. It is also unclear whether the inflammation 

pathway between obesity and retinal microvasculature could become more important 

with age. Understanding the magnitude of this association would inform the extent 

to which inflammation intervention could help lower the adverse impacts of obesity 

on microvasculature among different populations.  

To address these knowledge gaps, Aim 3 of this thesis will examine associations of 

the chronic inflammation marker GlycA with retinal microvasculature, as well as the 

extent to which the association between obesity and retinal microvasculature is 

mediated through GlycA. The analyses will explore these associations across the life 

course based on two generations: children aged 11–12 years and mid-life adults.  

2.5 PART FOUR: Less is known about retinal geometric 

parameters than vascular calibre (Aim 4) 

As discussed in Section 2.3.2, advanced software now allows the overall assessment 

of retinal vascular architecture on a large scale. The additional retinal microvascular 

parameters captured via the novel SIVA software include fractal dimension, vessel 

tortuosity and branching patterns. In contrast to the retinal vascular calibre, which 

only contains information on vessel diameters, SIVA captures novel parameters that 
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reflect geometric features across the overall retinal microvasculature, which could be 

important. 

It is assumed that the design of the retinal vascular tree follows the optimisation 

principle, based on the theory of minimum work.5 This was originally postulated by 

Murray in 1926 and has later been validated for the retinal tree.197 It is hypothesised 

that when the architecture of the vascular tree is compromised, the efficiency of 

metabolic transport will be affected, which is reflective of wider microcirculation 

damage.198 These changes may increase the risk of future diseases such as CVD. 

However, retinal geometric parameters have been far less studied than retinal 

vascular calibre. 

2.5.1 Traditional CVD risk factors and retinal geometric parameters 

Section 2.3.4.2 mentioned that retinal geometric parameters predict CVD in adults. 

There are also studies examining the traditional CVD risk factors with these novel 

geometric parameters in adults. However, limited evidence exists for children. In 

adults, retinal geometric parameters have been associated with higher blood 

pressure, cholesterol levels, BMI and levels of inflammation.6,8  

In the Singapore Malay Eye Study (n= 1,913, mean age 57.6 years), adults with 

elevated blood pressure showed cross-sectional associations with lower fractal 

dimension, lower arteriolar tortuosity and higher venular tortuosity. Lower HDL 

cholesterol level was significantly associated with higher venular tortuosity.199 The 

inverse associations of higher blood pressure and lower fractal dimension are 

consistent across multi-ethnic groups.200, 201 A Chinese study (n= 2,169, mean age 

51.9 years) further showed that lower fractal dimension was not only seen with 

prehypertension status (systolic blood pressure of 120–139 mmHg and diastolic 

blood pressure of 80–89 mmHg; β coefficient -0.008, 95% CI -0.013 to -0.002) and 

hypertension status (-0.013, 95% CI -0.022 to -0.005), but also observed in 

individuals with hypertension history (-0.007, 95% CI -0.012 to -0.002).202  

The association of BMI with retinal geometric parameters is less understood; of the 

few studies available, findings are mixed. One study of 166 Malaysian children 

(mean age 9.6 years) found that children with obesity had slightly higher venular 

fractal dimension and tortuosity (mean difference: fractal dimension 0.015 (95% CI 
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0.001, 0.030), tortuosity 0.006 (95% CI 0.001, 0.012)).95 On the contrary, the 

Sydney Childhood Eye Study (n= 2,353, median age 12.7 years) showed that higher 

BMI was not significantly associated with retinal fractal dimension.203 Likewise, the 

Child Heart and Health Study in England (CHASE) (n= 986, aged 10–11 years) did 

not observe a significant association between waist circumference or fat mass index 

and arteriolar tortuosity.204 Alternatively, they found that levels of triglyceride, total 

and LDL cholesterol, and diastolic blood pressure (for one SD increase 3.7% (95% 

CI 1.2 to 6.4), 3.3% (0.9 to 5.8), 3.1% (0.6 to 5.6), and 2.3% (0.1 to 4.6), 

respectively) were positively associated with increased arteriolar tortuosity.204  

Very few studies have investigated inflammation and retinal geometric parameters, 

and the findings are inconsistent. The only child study, the CHASE study (n= 1,642, 

mean age 9.8 years), did not suggest that CRP was associated with arteriolar 

tortuosity.204 In the Lothian Birth Cohort 1936 Study (n= 655, mean age 72.5 years) 

CRP was weakly correlated with venular tortuosity (correlation coefficient r= 0.12, 

p<0.01), but not correlated with other geometric parameters (e.g., arteriolar and 

venular fractal dimension, or arteriolar tortuosity) in older adults.78 However, no 

other studies have investigated other inflammatory biomarkers with retinal 

geometric parameters.  

2.5.2 More research is needed on retinal geometric parameters from childhood 

Although it is suggested that retinal geometric parameters would provide additional 

information beyond the vascular calibre, there is not enough evidence to support 

this, especially in children. In Aim 4 of this thesis, I will investigate whether CVD 

risk factors and preclinical large arterial phenotypes present similar associations 

with retinal geometric parameters in the same cohort. If they provide additional 

information beyond the vascular calibre, this may suggest that measuring the overall 

architectural variation would be useful. Equally, if they do not provide any novel 

information or have similar patterns of association, this suggests that the 

measurement of vascular calibre alone may be enough.   
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Chapter 3. Thesis aims & hypotheses 

3.1 Aims 

In a large population-based sample of Australian 11–12 year-olds and mid-life 

adults, this thesis aims to examine whether: 

1) retinal vascular calibre variations associate with preclinical large arterial 

phenotypes;  

2) BMI and waist-to-height ratio (WHtR; child only) over the preceding decade 

predict retinal vascular calibre; 

3) inflammation mediates any association seen between obesity and retinal 

vascular calibre; and 

4) traditional CVD risk factors and large arterial phenotypes affect retinal 

geometric parameters.   

 

Figure 3-1 PhD thesis aims illustration 

3.2 Hypotheses 

It is hypothesised that:  

Aim 1: narrower retinal arteriolar calibre and wider retinal venular calibre will be 

associated with poorer large artery functional and structural phenotypes, and 

associations will be stronger in mid-life adults than children;  
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Aim 2 a): associations between BMI and/or WHtR across multiple time points and 

retinal vascular calibre will be evident from early childhood, with stronger 

associations in mid-life; 

Aim 2 b): being persistently overweight or obese across the preceding decade will 

carry greater impairment on retinal vascular calibre, compared to those who 

are always with normal weight status; 

Aim 3 a): higher levels of inflammation will be associated with adverse retinal 

vascular calibre, and associations will be stronger for venular than for 

arteriolar calibre;  

Aim 3 b): inflammation will mediate the association between obesity and retinal 

vascular calibre; and 

Aim 4: CVD risk factors and preclinical large arterial phenotypes will be associated 

with retinal geometric parameters in mid-childhood. 

3.3 What can this project add? 

Through the literature review, it became apparent that most research to date has 

focused on adults late in the life course (e.g. > 55 years), with less evidence relating 

to early-to-mid adulthood and few studies in childhood. It is well-known that CVD 

has its roots in childhood and progresses with age.205 In this PhD project, I have the 

opportunity to examine the associations in two generations: mid-childhood and mid-

life. In our cohort, the same measure was assessed on the same day by the same 

staff, ensuring less measurement errors. This cross-generational design may enable 

us to efficiently infer temporal strengthening of associations with age – data that 

would otherwise take decades to observe. No studies have included these two age 

groups (ie, childhood and mid-life) to examine the life course variation. By doing so, 

we can examine whether associations strengthen with age early in life, as is the case 

with the life course epidemiology of CVD development. 

This PhD project is based on a longitudinal study of parents and children that has 

followed up participants for over 10 years. This gives me a unique opportunity to 

explore the association between cumulative patterns of repeated obesity-related 

measures over time with retinal microvascular parameters. This could be important, 
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since long-term adiposity may have a cumulative impact on CVD.167, 168 If people 

with specific patterns of adiposity trajectories (e.g., always obese for a decade) have 

poorer retinal microvasculature than people with normal weight status, the findings 

will have important public health implications. Such findings highlight the 

subclinical effects of long-term obesity. Moreover, interventions are warranted to 

target those with worse microvasculature, as microvascular abnormality will further 

contribute to the development of CVD.  

With the rich source of data, I can explore one of the important mechanisms 

underlying retinal microvascular variation: inflammation. The inflammation 

pathway has been suggested as a key mechanism for the obesity-associated 

microvascular abnormality in experiments. In Aim 3 of this PhD, the mediation 

analysis approach can inform, at the population level, whether inflammation likely 

lies on the pathway of obesity and retinal microvascular parameters. Such a finding 

will be meaningful for a potential therapeutic target. If targeting inflammation 

pathways can reduce the adverse effect of obesity, then intervention could help 

maintain a stable and healthy microcirculation in the eye and/or other vascular beds 

(e.g., in the kidney or brain), which may eventually help lower the risk of 

developing CVD. 

Our study also measured novel retinal geometric parameters that are associated with 

CVD events in adults. There is also evidence showing that microvascular geometric 

parameters have been associated with CVD risk factors and preclinical large arterial 

phenotypes in adults;101, 207 however, findings from the few children’s studies are 

mixed.95, 208  Examining whether the novel retinal geometric parameter presents 

similar associations as retinal vascular calibre can inform if they provide additional 

information beyond vascular calibre by mid-childhood.  
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Chapter 4. Associations of retinal vascular calibre with large 

arterial phenotypes: A systematic review and meta-analysis 

4.1 Overview 

Chapter 4 describes a systematic review and meta-analysis, providing a 

comprehensive summary of current evidence on the associations of retinal vascular 

calibre with large arterial phenotypes. The findings showed that retinal vascular 

calibre was modestly associated with large arterial function and weakly associated 

with large arterial structure, with stronger evidence in patients with cardiometabolic 

disease. Except for one study in children, other studies were in old adults. This 

review highlights the needs for more research on childhood associations, which is 

undertaken in the first aim of this thesis (Chapter 6).  

This systematic review is published in Microcirculation, with the published paper 

and supplementary materials forming this chapter. Preclinical large artery functional 

and structural phenotypes are referred to as intermediate phenotypes of large arterial 

function and structure in this paper. 

• Liu M, Wake M, Wong TY, He M, Xiao Y, Burgner D and Lycett K. 

Associations of retinal microvascular calibre with intermediate phenotypes 

of large arterial function and structure: A systematic review and meta-

analysis. Microcirculation 2019:e12557. 



53 

 

4.2 Published paper 
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Table 1S. Full search strategy developed in conjunction with institution librarian 

Medline search  

1. Heart Rate/ or Aging/ or Aorta, Abdominal/ or Aorta/ or Cardiovascular Diseases/ or exp 

Hypertension/ or exp Carotid Artery, Common/ or Carotid Arteries/ or Coronary Artery 

Disease/ or Coronary Vessels/ or exp Carotid Artery Diseases/ or Atherosclerosis/ or 

Arteriosclerosis/ 

2. exp Retinal Vessels/ or exp Retinal Artery/ or exp Retinal Vein/ or retinal diseases/ or 

exp diabetic retinopathy/ or hypertensive retinopathy/ 

3. exp Ultrasonography/ or dg.fs. or exp Photography/ or Carotid Intima-Media Thickness/ 

or exp Pulse Wave Analysis/ or Blood Flow Velocity/ or tunica intima/ or exp tunica 

media/ or exp Vascular Stiffness/ or exp Elasticity/ or Blood Pressure/ or Vasodilation/ 

or Endothelium, Vascular/ or Calcinosis/ or Vascular Calcification/ or Ankle Brachial 

Index/ 

4. exp cohort studies/ or cross-sectional studies/ or follow-up studies/ or prospective 

studies/ or risk factors/ or Risk Assessment/ or case-control studies/ or Regression 

Analysis/ or Multivariate Analysis/ or Mass Screening/ 

5. 1 and 2 and 3 and 4 

6. Exp animals/ not human*.sh. 

7. 5 not 6 

8. Limit to (English or Chinese) 

EMBASE search  

1. Cardiovascular Diseases/ or Cardiovascular risk/ or Common Carotid Artery/ or Carotid 

Artery/ or Coronary Artery Disease/ or Carotid Artery Diseases/ or Atherosclerosis/ or 

Arteriosclerosis/ or carotid atherosclerosis/ or coronary artery/ 

2. Retinal blood vessel/ or retina blood vessel occlusion/ or Retinal Artery/ or Retinal Vein/ 

or retinal diseases/ or diabetic retinopathy/ or hypertension retinopathy/ or eye 

photography 

3. Arterial wall thickness/ or Pulse Wave/ or Blood Flow Velocity/ or artery intima/ or 

artery media/ or artery intima proliferation/ or arterial Stiffness/ or artery compliance/ or 

augmentation index/ or vasodilatation/ or vascular endothelium/ or tonometry/ or 

computer assisted tomography/ or coronary artery calcium score/ or coronary artery 

obstruction/ or artery calcification/ or calcification/ or abdominal aorta/ or artery 

occlusion/ or ankle brachial index/ or ultrasound/ or dg.fs. or carotid artery obstruction/ 

4. Cohort analysis/ or cross-sectional studies/ or observational study/ or prospective study/ 

or risk factor/ or longitudinal study/ or controlled studies/ or Regression Analysis/ or 

logistic regression analysis/ or risk assessment/ or epidemiology/ or priority journal or 

multiple regression or major clinical study/ or population research/ 

5. 1 and 2 and 3 and 4 

6. Exp animal/ not human*.sh. 

7. 5 not 6 

8. Limit to (English or Chinese) 

Pubmed search  
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1. "Cardiovascular Diseases" OR Arterioscleros* OR Atheroscleros* OR “Coronary Artery 

Disease” OR “Carotid Artery Diseases” OR “Carotid Artery Disease” 

2. “retinal vessel” OR “retinal vessels” OR “retinal artery” OR “retinal vein” OR 

Microvessel* OR “Hypertension retinopathy” OR “Hypertensive retinopathy” OR 

“Diabetic retinopathy” OR “retinal vascular calibre” OR “retinal vascular caliber” OR 

“retinal arteriolar calibre” OR “retinal arteriolar caliber” OR “retinal venular calibre” 

OR “retinal venular caliber” OR “retinal vascular changes” OR “retinal blood vessels” 

OR “retinal blood vessel” OR "retinal arteriolar narrowing" OR "retinal 

microcirculation" OR "retinal vasculature" 

3. distensibility OR “Artery compliance” OR “Tunica Intima” OR “Tunica Media” OR 

“common Carotid arteries” OR “common Carotid artery” OR “Carotid artery” OR 

“Carotid Arteries” OR “Intima-Media Thickness” OR “Pulse Wave Velocity” OR “Pulse 

Wave Analysis” OR “arterial wall thickness” OR “arterial thickness” OR “arterial 

stiffness” OR "flow-mediated vasodilation" OR FMD OR "calcium score" OR "arterial 

tonometry" OR "carotid ultrasound" OR “ENDOPAT” 

4. NOTNLM OR publisher[sb] OR inprocess[sb] OR pubmednotmedline[sb] OR 

indatareview[sb] OR pubstatusaheadofprint 

5. (animal* OR rat OR rats OR mice OR murine OR pig OR pigs OR cow OR cows OR 

bovine OR sheep) NOT (human OR humans OR newborn* OR neonat* OR infan* OR 

pre-schooler* OR preschooler* OR child OR children OR childhood OR adolescen* OR 

pediatric* OR paediatric* OR youth* OR teen* OR teens OR teenage* OR adult OR 

adults) 

6. (1 and 2 and 3 and 4) not 5 
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Table 2S. Quality assessment for each included study 

Study ID [reference 

no.] 

Selection of study population 

Comparability 

of study 

groups 

Adequacy of 

outcome 

assessment Score 
Study 

quality 

Item 1 Item 2 Item 3 Item 4 Item 5 Item 6 Item 7 

Klein, R; 2000[31] 1 1 1 2 0 2 0 7 Moderate 

Wong, TY; 2003[19]  1 1 1 2 1 2 1 9 High 

Ikram, MK; 2004[32] 1 1 1 2 2 2 1 10 High 

Liao, D; 2004[33] 1 1 1 2 2 2 1 10 High 

van Hecke, MV; 

2006[34] 1 1 0 2 1 2 1 8 
Moderate 

Cheung, N; 2007a[35] 1 1 0 2 2 2 1 9 High 

Cheung, N; 2007b[36] 1 1 1 2 2 2 1 10 High 

Liew, G; 2008[37] 1 1 0 2 1 2 1 8 Moderate 

Wong, TY; 2008[38] 1 1 0 2 2 2 1 10 High 

Nguyen, TT; 2010[39] 1 1 1 2 2 2 1 10 High 

Gishti, O; 2015[17] 1 1 1 2 2 2 1 10 High 

Garcia-Ortiz, L; 

2015[40] 0 1 0 2 2 2 1 8 
Moderate 

Lin, F; 2015[41] 1 1 0 2 2 2 1 9 High 

Agladioglu, K; 2015[29] 0 0 0 2 0 2 1 5 Low 

Yang, JY; 2016[42] 1 1 0 2 0 2 1 7 Moderate 

Kawashima, K; 

2018[43] 
1 1 0 2 0 2 1 7 Moderate 

Masaidi, M; 2009[44] 0 0 0 2 2 2 1 7 Moderate 

De Silva, DA; 2012[45] 1 1 1 2 2 1 1 9 High 

Garcia-Ortiz, L; 

2012[46] 1 0 0 2 2 2 1 8 
Moderate 

Lammert, A; 2012[47] 1 0 0 2 1 2 1 7 Moderate 

Torres, FS; 2013[20] 1 0 0 2 2 2 1 8 Moderate 

Gopinath, B; 2014[48] 1 0 0 2 2 2 1 8 Moderate 

Triantafyllou, A; 

2014[18] 1 0 0 2 2 2 1 8 
Moderate 

Aissopou, EK; 2016[49] 1 0 0 2 2 2 1 8 Moderate 

Li, HY; 2016[30] 0 0 0 2 0 2 0 4 Low 

Daien, V; 2017[50] 1 0 0 2 2 2 1 8 Moderate 

Selection: (Maximum 5 stars) 

Item 1: Representativeness of the sample 

Item 2: Sample size 

Item 3: Non-respondents 

Item 4: Ascertainment of the exposure (Measurements) 

Comparability: (Maximum 2 stars) 

Item 5: The subjects in different outcome groups are comparable, based on the study design or analysis. Confounding 

factors are controlled. 

Outcome: (Maximum 3 stars) 

Item 6: Assessment of the outcome 

Item 7: Statistical test 
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Table 3S. Cross-sectional associations of retinal vascular calibre with other types of vascular intermediate phenotypes 

Lead author; year 
Populatio

n  

Vascular 

intermediate 

phenotypes 

Statistical methods  

Retinal arteriolar 

calibre 

(↓= worse)  

 
Retinal venular calibre 

(↑ = worse) 

 
Arteriole-to-venule ratio 

(↓ = worse) 

Magnitude of 

association 

p 

values 

 Magnitude of 

association 

p 

values 

 Magnitude of 

association 

p 

values 

Vascular function intermediate phenotypes 

Liao, D; 2004[33] General Arterial elasticity ANCOVA       ng * 

van Hecke, MV; 

2006[34] 
General 

Flow-mediated 

vasodilatation 

Linear regression model 

(standardized β) 

0.02 (-0.16, 

0.21) 
ng  

-0.04 (-0.16, 

0.09) 
ng  

0.05 (-0.08 to 

0.18) 
ng 

Cheung, N; 2007a[35] General 
Arterial 

compliance1 

Linear regression model 

(standardized β) 
ng **  ng 0.74    

Cheung, N; 2007b[36] General 
Aortic distensibility 
1 

Logistic regression 

model 
2.48 (1.72, 3.60) *  0.98 (0.68, 1.43) ng    

Nguyen, TT; 2010[39] General 
Flow-mediated 

vasodilatation 

Linear regression model 

(standardized β) 

-0.13 (-0.25, 

0.02) 
*  

0.14 (-0.36, -

0.13) 
***    

Garcia-Ortiz, L; 

2015[40] 
General 

Ankle-brachial 

index 
Pearson’s correlation -0.07 ng  -0.07 ng  0.005 ng 

Vascular structure intermediate phenotypes 

Klein, R; 2000[31] General Carotid plaque ANCOVA       ns ** 

Ikram, MK; 2004[32] General 

Aorta calcification a 
Linear regression model 

(standardized β) 

0.03 (-0.3, 0.4) ng 
 

0.4 (0.1, 0.8) ng 
 -0.001 (-0.002, 

0.001) 
ng 

Carotid plaque 

score a 
-0.2 (-0.5, 0.1) ng 

 
0.4 (0.1, 0.8) * 

 -0.002 (-0.003, -

0.001) 
* 

Wong, TY; 2008[19] General 
Coronary artery 

calcification a 

Linear regression model 

(standardized β) 
ns 0.42 

 
ns 0.30 

 
  

Gopinath, B; 

2014[48] 
Patient 

Presence of stenotic 

lesion 

Logistic regression 

model (women)  
2.22 (1.09, 4.53) * 

 
1.77 (0.88, 3.55) ng 

 
  

Logistic regression 

model (men) 
1.45 (0.99, 2.15) ng 

 
1.54 (1.03, 2.29) * 

 
  

Agladioglu, K; 

2015[29] 
General 

Internal carotid 

artery diameter  
Pearson’s correlation -0.11 0.48 

 
0.12 0.44 

 
  

Li, HY; 2016[30] Patient 
Carotid artery 

stenosis 
Chi-square test 6.92 0.08 

 
4.16 0.25 

 
1.50 0.71 

Asterisks (*) indicate significant associations at the following significance values:  <0.05, *; <0.01, **; <0.001, ***. 
1. Retinal microvascular calibre was regarded as the outcome variable in the analysis. 

Abbreviations: Patient, patient group; General, general population; ng, not given; ANCOVA, analysis of covariance; β, regression coefficient.
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Chapter 5. Materials and methods 

This thesis was conducted within the Longitudinal Study of Australian Children 

(LSAC) and its recent biological and physical wave, the Child Health CheckPoint 

(CheckPoint) study. The doctoral candidate’s unique contribution to this dataset was 

generating the retinal microvascular parameters from retinal images and completing 

the reliability tests.  

This chapter introduces LSAC’s study design, recruitment and assessment methods, 

and retention rates from waves 1 to 6 (e.g., up until the CheckPoint wave). This is 

followed by outlining CheckPoint’s recruitment and assessment methods, and data 

collection and data generation protocols for measures germane to the thesis aims 

(e.g., retinal microvascular parameters, preclinical large arterial phenotypes, obesity-

related measures, blood pressure and biomarkers). This chapter also summarises 

other relevant data collection protocols for measures that the thesis draws on as 

covariates and methods of deriving new variables (e.g., carotid arterial elasticity and 

anthropometric measures). Finally, the cohort profile with characteristics of 

participated samples and an overview of statistical analysis plans are presented. 

5.1 Study design 

The study design outlined in this section is for both LSAC and CheckPoint. Full 

methods for both LSAC and CheckPoint have been published elsewhere.207, 208  

5.1.1 The Longitudinal Study of Australian Children 

LSAC is the largest and only nationally-representative children’s longitudinal study 

in Australia.209 It is conducted by the Australian Government Department of Social 

Services, in partnership with the Australian Institute of Family Studies and the 

Australian Bureau of Statistics. LSAC is designed to create a modern Australian 

population-based childhood cohort study since born, to continuously examine the 

impact of Australia’s unique social and cultural environment on the millennium 

generation.209 The study aims to provide a strong evidence base for policy 

development and service delivery based on the understandings of a broad range of 

issues relating to child development. The design of LSAC included random sample 

selection, biennial data collection, family (primary caregiver and child) respondents, 
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linkage to other health care, education and census datasets, and open access for 

researchers. The adult respondents are the primary caregivers of the children, usually 

their biological parents, which refers to as ‘adults’ in this thesis. 

5.1.1.1 Sampling strategy and recruitment 

In 2004, LSAC recruited two childhood cohorts: 1) the Birth (‘B’) cohort with 5,107 

infants aged 3 to 19 months and 2) the Kindergarten (‘K’) cohort with 4,983 

children aged 4 to 5 years.209 A two-stage random sampling strategy was applied. 

First, 10% of all Australia postcodes were randomly selected, stratified by state and 

urban/rural locations. Then, researchers selected in-age children within those 

postcodes from Australia’s universal health care system, the Medicare database.211 

Medicare contains 98% of Australian children’s information by their first birthday. 

Very remote postcodes and postcodes with less than 20 children (n= 874 postcodes, 

3.2% of the population) were excluded. Data collection is ongoing and has been 

occurring in biennial waves of home visits from 2004.  

5.1.1.2 LSAC Birth cohort 

The B cohort has pregnancy and birth data by linking with Medicare, with data 

collection spanning children’s entire postnatal lives. In addition, the child and adult 

paired data collection design enables the understanding of families’ influences on 

child development and health. Table 5-1 summarises age and number of participated 

children in biennial waves of the B cohort from wave 1 to 6. Three-quarters of 

children retained at wave 6 data collection. 

Despite LSAC’s rich and comprehensive measures of the child’s psychosocial and 

demographic exposures, it lacked information on physical health measures. The 

exception was anthropometric measures that were collected from wave 2 onwards 

and blood pressure which was measured at wave 6. The addition of physiological 

measures and biomarkers could help to understand the early life mechanism 

underlying children’s health and wellbeing. To address this gap and enrich the 

ongoing LSAC B cohort, in 2015-16, our team undertook the Child Health 

CheckPoint, an inter-generational physical health and biomarkers wave. 
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Table 5-1 LSAC B Cohort recruitment and retention from wave 1 to 6 

Birth cohort Wave 1 

2004 

Wave 2 

2006 

Wave 3 

2008 

Wave 4 

2010 

Wave 5 

2012 

Wave 6 

2014 

Age range (yrs) 0-1 2-3 4-5 6-7 8-9 10-11 

 Number of participants 5,107 4,606 4,386 4,240 4,077 3,764 

 Retention rate 100% 90% 86% 82% 80% 75% 

 

5.1.2 The Child Health CheckPoint  

The CheckPoint was conducted as a cross-sectional data collection wave between 

LSAC’s waves 6 and 7. CheckPoint aimed to provide data on the distribution of 

cardiovascular, respiratory and other health problems, risk factors for future disease 

and biomarkers in Australian parent-child dyads. It creates a database of children’s 

and adults’ health both as outcomes of all previous LSAC waves and predictors of 

LSAC’s future waves (Figure 5-1). 

 

Figure 5-1 Child Health CheckPoint within the LSAC Birth cohort 

Originally published by our research team in ref.212; reproduced with permissions. 
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5.2 Ethical approval and consent 

LSAC data collection was approved by the Australian Institute of Family Studies 

Ethics Committee. Correspondingly, CheckPoint data collection was approved by 

the Australian Institute of Family Studies Ethics Committee (14-26), as well as The 

Royal Children's Hospital Melbourne Human Research Ethics Committee (33225D).  

Adults provided written informed consent for themselves and their children at each 

LSAC wave and the CheckPoint. In CheckPoint, optional consent was requested for 

the collection, storage and non-genetic analysis of biospecimens; genetic analyses of 

biospecimens; sharing images and samples with other researchers; access to the 

child’s birth data and dried newborn heel-prick blood samples that are stored 

indefinitely by most Australian states. Participants were aware that no health, 

genetic or other information would be returned to them, beyond a summary of 

physical health measurements provided at the end of the visit.  

5.3 Procedures  

5.3.1 Participant recruitment 

All B cohort families who took part in LSAC wave 6 data collection (2014) were 

eligible for CheckPoint (n= 3,764 families). During the wave 6 home visit, 

interviewers from Australian Bureau of Statistics introduced the upcoming 

CheckPoint study to families and asked them to provide written consent for their 

details to be passed onto the CheckPoint team for recruitment purposes. A total of 

3,513 families (93% of wave 6 families and 69% of the original cohort) agreed to be 

contacted by the CheckPoint team. Then, the Australian Bureau of Statistics passed 

the consenting families’ contact details to the CheckPoint team, who was based at 

the Murdoch Children’s Research Institute, Melbourne, Australia. 

The CheckPoint team mailed families a pre-notification postcard, followed by an 

invitation letter and the Information and Consent booklet, and then made a 

recruitment and scheduling call. Families were primarily offered an Assessment 

Centre (“Main” or “Mini”, see details in 5.3.3) appointment. Families living in 

regional and remote areas were offered contributions towards travel and 

accommodation costs to maximise participation. A Home Visit appointment was 
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offered to those who were not able to attend an Assessment Centre. The 

geographical distribution of the sample mirrored the Australian population. Overall, 

CheckPoint visited over 30 cities and towns over a 12-month period (Figure 5-2). 

 

Figure 5-2 CheckPoint data collection around Australia 

5.3.2 CheckPoint participants 

The CheckPoint invited the study child and one primary caregiver to participate in 

the comprehensive health assessments. Families can choose whom to attend, and 

whether or not this is a biological parent, which was in keeping with the 

methodology of main LSAC waves. In practice, this ‘attending parent’ was usually 

the mother (See Table 5-7 in Section 5.6.1.1). Of the 3,513 LSAC wave 6 families 

that agreed to be contacted by CheckPoint, 84% (n= 3,152) provided valid contact 

details; 1,875 of these families took part in the CheckPoint. However, one family 

withdrew consent after assessment, making the number of families with data 1,874. 

Figure 5-3 shows the flowchart of participation from LSAC wave 6 to CheckPoint.  
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Figure 5-3 Participants flow from LSAC wave 6 to CheckPoint 

5.3.3 Assessment visit types 

5.3.3.1 Assessment Centres 

CheckPoint set up the ‘pop-up’ Main and Mini Assessment Centres in 16 cities and 

towns. The Main Assessment Centres were set up in seven major Australian cities 

(Melbourne, Canberra, Sydney, Newcastle, Brisbane, Adelaide and Perth). On each 

operating day, up to 24 families took part, arriving every 15 to 30 minutes for a 3.5-

hour visit. Children and adults rotated through 17 stations assessing their heart and 

lung health, fitness, strength, vision, diet, anthropometry and more. At the end of 2 

to 8 weeks of data collection, the Main Assessment Centre was packed up and 

transported by road to the next city. Overall, most families (n= 1,356, 72%) attended 

the Main Assessment Centres. 
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Mini Assessment Centres were operated in regional cities where there was necessary 

infrastructure, and at least 40 eligible families were within the radius. The ‘pop-up’ 

centres were operated for up to a week between data collection periods in Main 

Assessment Centres. Participants that visited the Mini Assessment Centres were 

offered most of the assessments same as at the Main Assessment Centres for 2.5 

hours, except those requiring large equipment that was unable to be checked in as 

personal luggage on commercial flights (e.g., pQCT scanner, retinal fundus camera). 

5.3.3.2 Home Visits 

A 1.5-hour Home Visit was offered to those who were unable to attend a Main or 

Mini Assessment Centre. They occurred concurrently in regions where Main and 

Mini Assessment Centres took place and in other regional towns. Home Visit 

included a subset of measures that could be conducted at home by a trained research 

assistant using portable equipment. 

5.3.4 Data collection  

At Assessment Centres, every child and adult rotated separately through numerous 

15-minute assessment stations (except that child Lung Fun was 30 minutes), see 

Figure 5-4. Most stations were conducted one-on-one, but in some, the study child 

and adult both presented, and two children could present at any one time for some 

stations. The sequence of the stations was designed carefully to minimise systematic 

errors. For example, the use of bronchodilator administration at Lung Fun followed 

cardiovascular measures, and the snack station at Food Stop was scheduled after 

saliva and semi-fasting blood collection but before exercise. 

The measures relevant to this thesis were collected at the Measure Up station that 

included anthropometric measures (weight, height and waist circumference); Heart 

Lab that included measures of preclinical large arterial function and structure; Young 

Bloods that collected blood samples; and See Here where retinal images were 

collected. In Section 5.4, I outline details of how we measure and generate the data. 
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Figure 5-4 CheckPoint Main Assessment Centre assessment stations 

5.3.5 Data storage and transfer 

In CheckPoint, we save, backup and transfer all participant data use a secure web 

application: Research Electronic Data Capture (REDCap, Vanderbilt University, 

US). For direct measures, such as PWV and CIMT, data were generated from 

specific platforms and transferred to REDCap by our data manager. For other 

measures (e.g., anthropometry), the staff member transcribed data from relevant 

instruments into REDCap. Biospecimen barcode registration and tracking are also 

via REDCap. In addition, we used the FileZilla software with encrypted passwords 

to transfer retinal images from Melbourne to China for scoring. 

5.4 Measures  

Table 5-2 below summarises the assessment centre types, stations and equipment for 

each key measure. As this thesis also draws on data from the LSAC waves 1 to 6, 

relevant LSAC data are also shown in Table 5-2. 
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Table 5-2 LSAC and CheckPoint measures 

Construct & Measure 

LSAC  CheckPoint 

Equipment/instrument W1 W2 W3 W4 W5 W6  Main  Mini  
Station 

C A C A C A C A C A C A  C A C A 

Microvascular parameters                 

Retinal vascular calibre 
             

● ●   
 

Fundus camera EOS 60D SLR (Tokyo, Japan) and Integrative Vessel 

Analysis (IVAN, University of Wisconsin, Madison, US). 

Retinal geometric 

parameters 

             
●    

 

Fundus camera EOS 60D SLR (Tokyo, Japan) and Singapore I Vessel 

Assessment software (National University of Singapore, Singapore). 

Anthropometry                    

Height  ● ● ● ● ● ● ● ● ● ● ● 
 

● ● ● ● 
 

LSAC: Invicta stadiometer or laser stadiometer 

CheckPoint: Portable rigid stadiometer (Invicta IP0955, Leicester, UK). 

Weight ● ● ● ● ● ● ● ● ● ● ● ● 

 

● ● ● ● 
 

LSAC: Salter Australia glass bathroom scales (150 kg x 50 g), HoMedics 

digital BMI bathroom scales (180 kg x 100 g) or Tanita body fat scales 

were used. 

CheckPoint: 4-limb segmental (InBody230, Biospace, Seoul, Korea) or 

2-limb (Tanita BC-351, Kewdale, Australia) body composition scales. 

Waist circumference   ●  ●  ●  ●  ●  
 

● ● ● ● 
 

Steel anthropometric measuring tape (Lufkin Executive Diameter 

W606PM, Maryland, US). 

Large arterial phenotypes                    

Pulse wave velocity, blood 

pressure 

             
● ● ● ● 

 

Sphygmocor XCEL (AtCor Medical Pty Ltd., West Ryde, NSW, 

Australia) 

Carotid intima-media 

thickness 

             

● ● ● ● 
 

Portable ultrasound (GE Health Vivid-I BT06 with 10MHz linear array 

probe, Little Chalfont, UK) with electrocardiogram and Carotid Analyzer 

(Medical Imaging Applications, Coralville, IA, US). 

Biospecimen                    

Venous blood              

 

● ● ● ● 
 

S-Monovette vacutainers: 2.7ml potassium EDTA (05.1167.001), 9 ml 

K3 EDTA (02.1066.001), 7.5ml Lithium Heparin liquid (01.1608.001), 

9ml Serum Gel with Clotting Activator (02.1388.001), Sarstedt, 

Australia 

Abbreviations: LSAC, Longitudinal Study of Australian Children; W, study wave; C, child; A, attending adult; Main, Main Assessment Centre; 

Mini, Mini Assessment Centre.
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5.4.1 Retinal microvascular parameters 

Both retinal vascular calibre and geometric parameters are analysed in this project. I 

was responsible for and heavily involved in the image scoring process. As described 

in the literature review, retinal vascular calibre is the most commonly measured 

retinal microvascular parameter in population-based studies. The scoring of both 

child and adult retinal vascular calibre was conducted either at the Zhongshan 

Ophthalmic Centre in Guangdong, China (77%) or the Centre for Eye Research 

Australia in Melbourne, Australia (23%). As the Guangdong grading team were 

Chinese, I was responsible for all liaison regarding the scoring requirements, 

reliability tests, sending images and feedbacks between groups and helping translate 

and solve queries. After nearly six months of work, my efforts resulted in the 

complete retinal vascular calibre dataset (2,624 images).  

Retinal geometric parameters were not generated for adults due to time and funding 

limitations. The scoring of retinal geometric parameters was conducted either by 

thesis author at Murdoch Children’s Research Institute (83%) or graders at the 

Centre for Eye Research Australia (17%). Before starting the scoring, I completed a 

4-month training program at the Centre for Eye Research Australia. Then, I 

performed image scoring 3 to 4 hours per day for 10 months and completed the 

retinal geometric parameter dataset (1,283 images). I was also responsible for the 

reliability statistics and finalising documentation for the eventual public release of 

the data.  

5.4.1.1 Retinal imaging 

At See Here station, a trained research assistant explained the procedure of taking 

retinal photos to each participant; the room was then darkened once the participant 

sat in front of a fundus camera. The participant rested their chin and forehead on the 

headrest of the fundus camera and focused on the screen. With the instructions from 

the operator, the participants saw the screen for taking retinal photos with their right 

and left eye in turn. At least four digital photographs (one for each eye centring on 

the optic disc and macula) were taken using the standard protocol from the Centre 

for Eye Research Australia. Detailed information about retinal image collection and 
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preparation is provided in the See Here data collection Standard Operating 

Procedure (SOP) in Appendix A. 

CheckPoint retinal images were not taken at Mini Assessment Centres or Home 

Visit because the large, delicate camera was not portable. Few families refused to 

have the retinal image measure (Child n= 3, adult n= 2), and some families did not 

have this measure due to equipment failure or time constraints (Child n= 46, adult 

n= 37). Thus, around 70% of CheckPoint participants (1,307 children and 1,317 

adults) had retinal images available.  

5.4.1.2 Retinal vascular calibre 

Correlations of retinal vascular calibre between right and left eyes have been shown 

to be high (r> 0.71).213, 214 Thus, in our study, right eye images were selected as the 

first choice for scoring. This also allowed harmonisation with preclinical large 

arterial phenotypes obtained in CheckPoint, such as PWV and CIMT, which also 

assessed the right-sided circulation. Left eye images were scored only when right 

eye images were deemed ungradable. Issues preventing grading of images included 

poor focus with potentially blurring vessel edges, dark images which increase the 

difficulty for graders to visually validate the vessel trace, and confounding 

pathology (e.g., bright reflections) which can obscure the vessels. In total, all 2,624 

images were graded, and most images were scored from right eyes (87% and 92% 

for children and adults, respectively).  

One of four experienced graders (two from China and two from Australia) 

individually scored each image blinded to participant ID using the semi-automated 

software program IVAN (University of Wisconsin, Madison, US; Figure 5-5). The 

software can automatically identify retinal vessels as arterioles or venules from a 

specific grading area (0.5 to 1 disc diameter from the margin of the optic disc). 

Graders need to make corrections if the software misclassifies arterioles and 

venules. The software will then trace a segment of each vessel from the grading area 

automatically. After ensuring the vessel segments are traced properly, diameters of 

all the selected segments were measured by IVAN. The scoring procedure of each 

image took 3-5 minutes to complete (the scoring protocol can be seen in Appendix 

B). 
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For each participant, the average retinal vascular calibre of the six largest arterioles 

or venules were calculated according to the Big-Six (revised Knudston-Parr) 

formula.211 The software provides information about retinal arteriolar and venular 

calibre, and the arteriole-to-venule ratio can then be calculated (e.g., venular calibre 

divided by the arteriolar calibre). However, this ratio fails to capture the different 

pathophysiological pathways of the retinal arterioles and venules,189 so it was not 

included in this thesis. As outlined in the literature review, narrowing arteriolar 

calibre and widening venular calibre denote worse retinal vascular changes.80, 105 

 

Figure 5-5 The interface of image scoring software IVAN 

Arterioles are highlighted in red and venules in blue. The measured area of retinal 

vascular calibre is within 0.5 to 1.0 disc diameters away from the disc margin. 

IVAN inter-grader reliability was assessed by three of the four graders analysing a 

subset of 50 randomly chosen images, while the intra-grader reliability was assessed 

by the same three graders each re-grading 25 of the 50 randomly chosen images. 

(one of the graders’ reliability [Ms Lauren Hodgson] was missing. Since she had a 

rich experience of IVAN scoring and had high reliability records from previous 

work, her scoring (15%) is considered reliable and included in the dataset.) Two-

way mixed-effects intraclass correlation coefficients were calculated for the 

reliability analysis. Between graders, the interclass correlations were high at 0.79 

(95% CI 0.47 to 0.91), 0.92 (95% CI 0.77 to 0.96) for retinal arteriolar and venular 
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calibre, respectively. Within-grader, the intraclass correlations were also very high 

across the three graders, 0.90 to 0.99 (95% CIs 0.76 to 0.99) for arteriolar calibre 

and 0.92 to 0.98 (95% CIs 0.82 to 0.99) for venular calibre.  

5.4.1.3 Retinal geometric parameters 

Retinal geometric parameters (fractal dimension, tortuosity and branching angle) 

were generated for children using the semi-automated SIVA software (version 3.0; 

Figure 5-6).82 In total, 1,283 images were graded from children, and 93.4% of 

images were scored from right eyes.  

Three graders masked to participant ID conducted the scoring (two based at the 

Centre for Eye Research Australia and the thesis author based at Murdoch 

Children’s Research Institute). Similar to IVAN, the SIVA software can 

automatically detect and trace the optic disc, but it sets a wider grading grid on the 

retinal image, which is between 0.5 and 2.0 disc diameters away from the disc 

margin, and automatically trace vessel path. Graders need to check if the software 

accurately classifies vessels as either arterioles or venules, with manual vessel 

tracking required to ensure completed of each tracing. The average scoring 

procedure for each image took about 20-40 minutes. (The scoring protocol can be 

seen in Appendix B). 
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Figure 5-6 Interface of image scoring software SIVA 

Arterioles are highlighted in red and venules in blue. The measured area of retinal 

geometric parameters is demarcated by white circles 0.5 to 2.0 disc diameters away 

from the disc margin. 

Retinal fractal dimension is calculated using the ‘box-counting method’, which 

divides each photograph into a series of squares of various side lengths. Fractal 

dimension is defined as the gradient of logarithms of the number of boxes and the 

size of those boxes (Figure 5-7(a)). Tortuosity is calculated by the actual length of 

vessel divided by the Euclidean distance between the first and last points of that 

vessel (e.g., the length of the straight line connecting the two points, Figure 5-7(b)). 

Branching angle is defined as the first angle subtended between two daughter 

vessels at each vascular bifurcation (Figure 5-7(c)). 
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Figure 5-7 Retinal geometric parameters assessed via SIVA software 

The inter- and intra-grader reliability were assessed by three graders analysing a 

subset of 30 and 46 randomly chosen images, respectively. Two-way mixed-effects 

intraclass correlation coefficients were calculated. Between graders, the interclass 

correlations for retinal arteriolar and venular fractal dimension were 0.60 (95% CI 

0.42 to 0.76) and 0.59 (95% CI 0.41 to 0.75); for arteriolar and venular tortuosity 

were 0.86 (95% CI 0.77 to 0.92) and 0.78 (95% CI 0.66 to 0.87); and for arteriolar 

and venular branching angle were 0.61 (95% CI 0.44 to 0.76) and 0.19 (95% CI 0.06 

to 0.48). The within grader interclass correlations for retinal arteriolar and venular 

fractal dimension were 0.67 (95% CI 0.40 to 0.82) and 0.65 (95% CI 0.37 to 0.81); 

for arteriolar and venular tortuosity were 0.93 (95% CI 0.88 to 0.96) and 0.75 (95% 

CI 0.55 to 0.86); and for arteriolar and venular branching angle were 0.81 (95% CI 

0.66 to 0.90) and 0.49 (95% CI 0.08 to 0.72). Because the reliability is relatively low 

for branching angle, this parameter is not used in the analysis.   

5.4.2 Preclinical large arterial phenotypes 

Preclinical large arterial phenotypes, including functional phenotypes PWV and 

structural phenotype CIMT, were collected at the Heart Lab station across Main and 

Mini Assessment Centres. Home Visit families had PWV measures, but not CIMT, 

as the equipment for PWV measure was portable and feasible within the 1.5-hour 

home assessment. Another large artery functional phenotype, carotid arterial 
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elasticity, is derived from the data collected at Heart Lab station, which is 

introduced later in Section 5.5.1. 

Within the 15-min Heart Lab station, carotid ultrasound, PWV and blood pressure 

acquisition each took approximately five minutes. Ultrasound was performed first to 

provide sufficient supine participant time prior to PWV and blood pressure 

measurements.  

5.4.2.1 Carotid intima-media thickness  

Carotid artery images were obtained using a portable ultrasound machine and 10 

megahertz (MHz) linear array probe (Vivid-I, GE Healthcare, Chicago, IL, US). All 

participants lay supine with their head turned 45° to the left to expose the right side 

of the neck. The ultrasound probe was applied to the right side of the neck at around 

45° to the midline with concurrent 3-lead electrocardiogram (ECG) trace. The 

duration of the captured real-time B-mode ultrasound cine-loops was 10 cardiac 

cycles. One of the four operators acquired two images per participant with a third 

measurement taken if feasible. The procedure was conducted using standardised 

protocols developed in accordance with recommendations of the American Society 

of Echocardiography213 and Mannheim Consensus statements.216 

CIMT scores were analysed using Carotid Analyzer (Medical Imaging Applications, 

Coralville, IA, US). All carotid artery images were reviewed by one technician to 

select optimal loops that met key criteria: comprising a clear far wall intima-media, 

clear lumen, straight vessel, presence of the carotid bulb and an ECG trace. Raters 

calibrated the images using ultrasound image markers. The best quality 5 to 7 

cardiac cycle section of the loops were trimmed and extracted. These loops were 

further processed to Carotid Analyzer. CIMT was measured at the vessel region of 

the highest quality 5 to 10 mm from the carotid bulb. After algorithmic detection of 

the intima-media interface over the entire cine-loop, frames were manually adjusted 

as needed or rejected if the intima-media interface was unclear or blurred. Maximum 

CIMT values were used in analyses, which refer to the 3 to 5 frame average of the 

measured region. The higher score of CIMT represents a thicker carotid artery wall. 

Inter- and intra-rater reliability was assessed by re-analysing a subset of 105 

randomly selected images four times at the end of the scoring process. Images were 
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reassessed twice each by two raters in a balanced incomplete block design as not all 

raters assessed the complete subset. The intraobserver variability for the maximum 

CIMT values was 4.9% (95% CI 4.6 to 5.2), and the interobserver variability was 

6.2% (95% CI 5.2 to 7.2). Within-rater intraclass correlations was 0.62 (95% CI 

0.54 to 0.71) while the between-rater intraclass correlations was 0.59 (95% CI 0.49 

to 0.68). Further details are described elsewhere.217  

5.4.2.2 Pulse wave velocity 

The large arterial function was measured using the SphygmoCor XCEL device 

(AtCor Medical Pty, West Ryde, NSW, Australia) with the participants supine. The 

blood pressure cuffs were set up on the participant’s right arm and right leg to 

measure the arterial waveforms. Over a 10-second period, the SphygmoCor software 

detected the time taken for the arterial waveform to propagate from the carotid to the 

femoral artery. Distance travelled by waveforms was measured with a tape from the 

carotid pulse to the suprasternal notch, suprasternal notch to right femoral pulse and 

femoral pulse to top of thigh cuff. Each section length was entered into the 

SphygmoCor software individually, and the software can then calculate the total 

distance automatically.28 PWV was calculated automatically by the software as the 

ratio of the distance travelled by the pulse wave and the time delay between the 

waveforms (m/s). Data were collected one to three times for each participant, and 

the mean was calculated. A quicker PWV indicates higher levels of arterial stiffness. 

To assess inter-rater reliability, 112 recorded waves from a random sample of 40 

participants (20 children and 20 adults) were presented blindly to two analysts for 

review. The sample was stratified by an analyst, ensuring each analyst had originally 

assessed half the participants’ waveforms. Analysts needed to rate the quality of 

waveforms as 1 ‘good’, 2 ‘adequate’ or 3 ‘poor’. The majority of the sample 

waveforms were assessed as ‘good’ and none were of ‘poor’ quality. The positive 

agreement between two analysts was high (0.99). The absolute agreement by 

analysts was observed for 110 (98%) of the 112 waveforms assessed. 

5.4.2.3 Blood pressure 

Blood pressure was also collected using the SphygmoCor XCEL device. The 

brachial systolic and diastolic blood pressure were recorded at the brachial artery 
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with either a standard adult cuff (for arm circumference 23-33cm) or large adult cuff 

(for arm circumference 31-40cm). For children 11 to 12 years, the use of ‘adult’ 

brachial cuffs was deemed appropriate as the arm size is sufficient.218 Data were 

collected one to three times for each participant, and the mean was calculated. 

5.4.3 Anthropometry 

We drew on anthropometric measures from LSAC waves 1 to 6 and from the 

CheckPoint Measure Up station. Although the anthropometric data collection in 

LSAC and CheckPoint used different equipment, the measurement protocols were 

similar.  

5.4.3.1 LSAC anthropometry  

5.4.3.1.1 Height 

Height (cm) was measured directly for children from age two years. For children, 

height was measured using an Invicta stadiometer from Modern Teaching Aids in 

waves 2 to 3, and using a laser stadiometer in waves 4 to 6. Two measurements were 

taken, and a third measurement was taken if the two measurements differed by 0.5 

cm or more. The average of the two closest measurements was used. Adult’s height 

was self-reported at all waves. 

5.4.3.1.2 Weight 

From waves 2 to 6, the child’s weight (kg) was measured directly. In waves 2 and 3, 

a mixture of Salter Australia glass bathroom scales (150 kg * 50 g) and HoMedics 

digital BMI bathroom scales (180 kg * 100 g) were used. In waves 4 to 6, Tanita 

body fat scales were used. Weight was measured once to the nearest 50 g in bare feet 

and light clothing. Adult’s weight was self-reported at all waves. 

5.4.3.1.3 Waist circumference 

Waist circumference (cm) was only measured for children aged two years and older, 

but not for adults. Waist circumference was measured using a non-stretch 

dressmaker’s tape, positioning horizontally over the child’s navel. In all waves, two 

measurements were taken, and a third measurement was taken if the first two 

differed by 0.5 cm or more. The average of the two closest measures was used.  
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5.4.3.2 CheckPoint anthropometry 

In CheckPoint, children and adults had the exactly same anthropometric assessments 

in the Measure Up station. 

5.4.3.2.1 Height 

The Invicta stadiometer (IP0955) was used to measure participant’s height (cm). In 

light clothing without shoes or socks, participants stood straight with their heels, 

back and shoulders against the stadiometer and their head in the Frankfort plane. 

Two measurements were taken. If the two measurements differed by 0.5 cm or 

more, a third measurement was taken. The average height was calculated as the 

mean of all height measurements. 

5.4.3.2.2 Weight 

Bioelectrical impedance analysis (BIA) scales (InBody230 four-limb segmental 

body composition analyser) were used to measure weight (kg). Participants wore 

light clothing with no shoes or socks. Staff entered participant ID, age, sex and mean 

height into the BIA scales. Weight was then measured once (to the nearest 0.1 kg) 

with the participant standing on the scale footplates holding two horizontal handles. 

5.4.3.2.3 Waist circumference 

Waist circumference (cm) was measured on the skin (to the nearest 0.1 cm) at the 

narrowest point between the 10th rib and the top of the iliac crest using a steel 

anthropometric measuring tape (Lufkin Executive Diameter, W606PM). If no 

narrowing was present, the measurement was taken at the midpoint between these 

two landmarks. If two measurements differed by 1 cm or more, a third measurement 

was taken. The average waist circumference was calculated as the mean of all 

measurements. 

5.4.4 Biomarkers   

5.4.4.1 Venous blood 

Venous blood samples were collected from both children and adults in CheckPoint’s 

Young Bloods station at Main and most Mini Assessment Centres, but not at Home 

Visits due to logistics. Participants were asked to have an early light breakfast, and 



89 

 

they reported when they had last eaten or had a drink. The median fasting time was 

4.2 hours before phlebotomy. At a minimum, they fasted for the period during which 

they were completing other CheckPoint assessments (2.5 hours for children and 75 

minutes for adults).  

An experienced phlebotomist collected approximately 28 mL blood from the 

brachial vein of the non-dominant arm in a semi-reclining position. Participants who 

requested the option of topical anaesthetic cream had it applied to left and right 

antecubital fossas for 45 minutes before blood collection. Blood was collected in 

four vacutainers using a butterfly needle, so only a single venepuncture was 

required. Tubes were filled in the following order: 1) 2.7mL EDTA tube, 2) 9mL 

EDTA tube, 3) 9mL serum tube, 4) 7.5mL Lithium Heparin tube. EDTA and 

Heparin tubes were immediately inverted six times to ensure mixing with the 

anticoagulant. 

Blood samples were processed onsite within an hour into various blood fractions 

(whole blood, plasma, buffy coat and serum into 0.5mL aliquots, blood clot into a 

1.0mL FluidX screwcap tube) and frozen at -80 °C (Thermo Fisher Scientific, 

Waltham, US). All tubes were transferred to an on-site laboratory within four hours 

for storage. At the completion of each Assessment Centre, a single batch of all 

frozen samples was shipped on dry ice to the Melbourne Children's Bioresource 

Centre at the Murdoch Children’s Research Institute for long term storage at -80 °C 

(whole blood, plasma, serum and blood clot) or vapour phase liquid nitrogen (buffy 

clot). A temperature data logger was included in each shipment to confirm optimal 

temperature throughout. Samples were tracked using QR code scanners and 

FreezerPro Enterprise software (RuRo, Maryland, US).  

5.4.4.2 Biomarker analysis 

A single 0.5 ml serum aliquot for each participant was shipped in a single batch on 

dry ice to Nightingale Health (Helsinki, Finland) for metabolomics analysis. Proton 

nuclear magnetic resonance (NMR) spectroscopy metabolomics (Nightingale Ltd, 

Vantaa, Finland) was performed on all child and adult serum blood samples. The 

Nightingale® NMR metabolomics platform quantified 288 metabolic biomarkers 

from 0.35 mL of serum using the 2017 version quantification of Nightingale's 
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algorithm.219 Metabolomics data were linked to the participant by an external staff 

member using a linkage key. 

The experimentation, quality control, quantification algorithm, and applications of 

the NMR platform have been described elsewhere.219 The overall procedure can be 

seen in Figure 5-8. Briefly, samples are prepared and analysed using a Nightingale 

self-developed robotics-controlled and fully automated high throughput system. A 

spectrometer non-destructively measured the resonant frequencies of the isotopes 

within the sample, which were transformed into frequency domain spectra using 

Fourier transformation. Nightingale proprietary software converted the spectral 

information into absolute concentrations of metabolites, using advanced calculation 

algorithms based on Bayesian modelling. This thesis used Nightingale derived 

GlycA, LDL, HDL cholesterol and triglyceride.  

 

Figure 5-8 Process of high-throughput serum nuclear magnetic resonance 

metabolomics platform; figure adapted from ref.220 
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5.4.4.2.1 Glycoprotein acetyls 

GlycA refers to an NMR signal, which reflects chronic cumulative inflammation. It 

reflects the number of N-acetyl groups bound to circulating glycoproteins.219, 220 Its 

signal arises from mobile carbohydrate side-chains of circulating acute-phase 

glycoproteins such as α1-acid glycoprotein, α1-antichymotrypsin, α1-antitrypsin and 

haptoglobin.221 GlycA has been shown to have greater stability and lower intra-

individual variability than single acute-phase proteins.222 In population-based 

studies, higher GlycA is a robust predictor of all-cause of mortality and CVD, even 

after adjusting for other inflammatory biomarkers.223-225 Thus, GlycA is regarded as 

a stable biomarker to track systemic inflammation and chronic inflammatory 

conditions.195 

GlycA was directly derived from proton NMR spectroscopy. Levels of GlycA were 

calculated using Nightingale 2017 quantification algorithms and were reported in 

mmol/L in this thesis.  

5.4.4.2.2 Lipids 

The metabolomics profiling also covers standard lipid measures, such as the lipid 

composition measures of lipoprotein subclass particles are included in the overall 

number of metabolic measures. Increasing evidence has shown that increased levels 

of triglycerides and LDL cholesterol and decreased levels of HDL cholesterol are 

important risk factors for microvascular disease and CVD.226 This thesis used proton 

NMR derived LDL, HDL cholesterol and triglyceride. Levels of these lipids were 

calculated using Nightingale 2017 quantification algorithms and were reported in 

mmol/L in this thesis. 

5.4.5 Sociodemographic variables 

Sociodemographic variables include age, sex, gestational age, birth weight, family 

socioeconomic position (SEP) and smoking, which data source is from LSAC. 

5.4.5.1 Age and sex 

Age was calculated to nearest week using the date of birth, either imported from 

Australia’s Medicare database at the time of LSAC enrolment (child) or self-
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reported (adult), and date of assessment. Sex was self-reported by adults at the time 

of LSAC enrolment and imported from Medicare for children at LSAC enrolment.  

5.4.5.2 Gestational age and birth weight 

The LSAC wave 1 interviewer copied gestational age (in weeks) from the Parent 

Health Record, which is completed by the birthing hospital for the majority of 

families. If the record was not available, interviewers asked the participated adults 

“After how many weeks of pregnancy was [child] born?”  

Birth weight (kg) was also copied from the Parent Health Record. If the record was 

not available, interviewers asked adults “How much did child weigh at birth?”  

5.4.5.3 Family socioeconomic position 

LSAC constructed a composite measure for family SEP.227
 The variable summarises 

parent-reported overall household income, current or most recent occupation of each 

parent and highest achieved educational qualification of each parent. From parent 

questionnaires, each component was calculated as follows: 1) the log of the sum of 

both parents (where available) income for combined household income, 2) 

numerical social ranking scores for each parental occupation that were developed for 

research purposes, and 3) highest educational qualification for each parent. Each 

component of the score was scaled (mean 0 and SD 1), and an unweighted average 

was calculated out of three items in a single-parent household (combined income, 

occupation and education of the single parent), or over five items in a dual-parent 

household (combined income, occupation and education of both parent). The 

unweighted average in each LSAC wave was then standardised within the wave to 

have a mean 0, and SD of 1.  

In this thesis, LSAC wave 6 family SEP was used, approximately 12 months prior to 

the biophysical measurements in CheckPoint. As introduced above, this measure has 

the advantage of summarising several aspects of childhood socioeconomic position.  

5.4.5.4 Smoking 

In adults, the smoking metric was determined by their answer to the question “Are 

you currently smoking?” in the LSAC wave 6 questionnaire. In children, the lifetime 

passive smoke exposure was determined by the adult-reported questionnaire at each 



93 

 

LSAC wave. The score was positive if the adult reported a smoker(s) living in the 

home in any LSAC wave. 

5.5 Derived variables  

We derived several variables for the analysis, including carotid arterial elasticity and 

anthropometric variables (e.g., BMI, WHtR and growth trajectories). 

5.5.1 Carotid arterial elasticity 

The carotid arterial elasticity was derived from blood pressure measured by 

SphygmoCor XCEL device and carotid lumen diameter (LD) measured by the 

Carotid Analyzer (detailed above in Section 5.4.2). LD was calculated as the average 

media-media distance of each frame of the image loop (Figure 5-9). Each frame had 

an LD value, and the minimum and maximum LD were calculated as the single 

lowest value or highest value for LD throughout the image loop. Carotid arterial 

elasticity was calculated using LD and the different value of systolic and diastolic 

blood pressure (ΔP), according to previously published work from the 

Cardiovascular Risk in Young Finns Study:32  

(
𝐿𝐷𝑚𝑎𝑥 − 𝐿𝐷𝑚𝑖𝑛

𝐿𝐷𝑚𝑖𝑛
)

𝛥𝑃
× 100% 

It measures the ability of the arteries to expand as a response to pulse pressure 

caused by cardiac contraction and relaxation.31 Lower arterial elasticity score is 

considered to represent lower arterial compliance.  
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Figure 5-9 Labelled image of the carotid intima-media measurement 

5.5.2 Body mass index 

BMI (kg/m2) was calculated as weight (kg) divided by height (m) squared. For 

children, biennial repeated BMI from LSAC and concurrent BMI from CheckPoint 

were transformed to age- and gender-adjusted BMI z-scores using the US Centres 

for Disease Control (CDC) growth reference charts.228 Concurrent BMI z-scores 

were further converted into their equivalent BMI percentiles. Then children were 

classified as underweight (<5th percentile), normal (5th to <85th percentile), 

overweight (85th to <95th percentile) and obese (≥95th percentile) according to the 

CDC recommendations.229 For adults, normal BMI was defined as BMI between 

18.5 and 24.9 kg/m2, underweight as <18.5 kg/m2, overweight as between 25 and 

29.9 kg/m2, obese as ≥30.0 kg/m2, as suggested by the World Health Organization 

(WHO).230  

5.5.3 Waist-to-height ratio 

Child waist circumference was measured in LSAC from waves 2 to 6 and in 

CheckPoint, while adult waist circumference was only measured in CheckPoint. For 

children and adults, the WHtR was calculated as waist (cm)/height (cm) and 



95 

 

classified into two categories (<0.5 and ≥0.5), where a ratio ≥0.5 indicates central 

obesity.231, 232 

5.5.4 Growth trajectories 

Evidence suggests that distinct growth trajectories in childhood are associated with 

different cardiovascular risk profiles later in life.169, 170 With the rich longitudinal 

data, we were able to generate decade-long BMI z-score and WHtR trajectories for 

children, and decade-long BMI trajectories for adults. 

5.5.4.1 Body mass index trajectories 

We identified BMI trajectories in children based on measures from LSAC waves 2 

to 6 and in adults based on self-reported data gathered in LSAC waves 1 to 6. The 

‘traj’ plug-in from Stata 15.0 was used for the group-based trajectory modelling.231 

Methods of how we generated the trajectories have been published by our research 

team.234 Only participants with BMI scores for at least four waves (children n= 

3,900, adults n= 3,702) were included in the trajectories (Table 5-3).  

Table 5-3 Number of participants with body mass index from LSAC waves 1 to 6 

BMI score  Children Adults 

 6 waves - 2178 

 5 waves  3101 965 

 4 waves  799 559 

 3 waves 377 483 

 2 waves 217 284 

 1 wave 282 333 

 0 wave 331 305 

 Total 5107 5107 

Note: Children’s data came from LSAC waves 2-6, so the 

maximum BMI points for children is five. 

For trajectory modelling, BMI scores were modelled with censored normal 

distribution, which is designed for the analysis of repeatedly-measured continuous 

variables. To extract the most meaningful and distinct trajectories, I considered 

Bayesian information criterion (BIC) values, average posterior probabilities, the 

proportion of the sample in each trajectory and visual graphs of trajectories.235 

Whether each trajectory was characterised by a linear, quadratic or cubic function 
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was also examined. To determine the best function, the significance of these three 

parameters (linear, quadratic, and cubic) was checked, and the nonsignificant ones 

were dropped. That is, linear, quadratic, and cubic parameters were included for 

each trajectory. The cubic parameter was dropped if it was nonsignificant, and a 

quadratic trajectory was then tested. It was dropped if it was nonsignificant and a 

linear trajectory was tested. The linear parameter was retained even if this was 

nonsignificant. After each iteration, I compared the results using the BIC criteria 

(see Table 5-4).236 The BIC is a method analogous to the adjusted R2, which 

balances model complexity and model fit. Higher numbers indicate a better model 

fitness. 

Based on these criteria, trajectories were selected and named from visual inspection. 

A five-trajectory solution was selected for child BMI z-score, with 6.2% in the 

‘low’, 31.3% ‘average’, 45.6% ‘always high’, 12.1% ‘always very high’ and 4.8% 

‘low to high’ trajectories (Figure 5-10[a]). For adults, we selected a four-trajectory 

solution (51.0% ‘normal’, 32.8% ‘overweight’, 12.8% ‘obese’, and 3.4% ‘severely 

obese’; Figure 5-11[b]). Both child and adult BMI trajectories were relatively flat, 

with the exception of one child trajectory (‘low to high’), which was characterised 

by a steeply rising BMI z-score over time, while the ‘average’ and ‘high’ trajectories 

appeared to fall slightly. 
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Table 5-4 Criteria for selecting the number of trajectories 

Number of latent classes Trajectory shapes a BIC b 

Children body mass index z-scores (n= 3,900) 

 2 3 3 -23776.79 

 2 2 3 -23772.79 

 2 1 3* -23768.81 

 3 3 3 3 -22659.65 

 3 2 3 3 -22655.84 

 3 1 3 3* -22652.35 

 4 3 3 3 3 -22093.58 

 4 3 2 3 3 -22091.11 

 4 3 1 3 3* -22086.98 

 5 3 3 3 3 3 -21866.96 

 5 3 2 3 3 3 -21865.60 

 5 3 1 3 3 3 -21864.04 

 5 3 2 2 3 3 -21888.51 

 5 3 1 2 3 3 -21874.04 

 5 3 1 1 3 3* -21871.10 

 6 3 3 3 3 3 3 c -21612.19 

Adults body mass index (n= 3,702) 

 2 3 3 -57203.57 

 2 1 3* -57201.05 

 3 3 3 3 -54114.56 

 3 2 3 2 -54110.39 

 3 1 3 1 * -54106.58 

 4 3 3 3 3 -52716.47 

 4 2 3 3 2  -52708.95 

 4 1 3 3 1* -52706.48 

 5 3 3 3 3 3 c -52057.35 

Children waist-to-height ratio (n= 3,893) 

 2 3 3 * 34308.81 

 3 3 3 3 * 35157.48 

 4  3 3 3 3 c 35538.15 
a Trajectory shapes: 0= intercept; 1=linear; 2=quadratic; 3=cubic. 
b BIC, Bayesian information criterion; the model with the highest (least negative) 

value of BIC is preferred. 
c One or more of the groups had a small proportion of the observations. 

* All parameters are significant (p<0.05). 
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Figure 5-10 Child and adult body mass index trajectories 

Finally, I calculated the posterior probabilities of individuals post hoc to estimate the 

probability that each case having been assigned to the trajectory that best matches 

his or her profile of BMI change. I then calculated the average posterior probabilities 

for each trajectory by averaging the posterior probabilities of individuals. The 

average posterior probability value for each trajectory was 0.80 or more for each 

group (Table 5-5), well above the recommended value of 0.70,235 indicating the 

model had good assignment accuracy. 
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Table 5-5 Average posterior probability value for trajectory groups 

BMI trajectory group Average posterior probability 

Children  

 Low (n=257) 0.91 

 Average (n=1141) 0.87 

 Always high (n=1666) 0.89 

 Always very high (n=627) 0.91 

 Low to high (n=245) 0.82 

Adults  

 Normal (n=1871) 0.97 

 Overweight (n=1202) 0.93 

 Obese (n=480) 0.97 

 Severely obese (n=149) 0.97 

WHtR trajectory group (child only) 

 Normal (n=2603) 0.94 

 High normal (n=1055) 0.88 

 Always high (n=235) 0.94 

 

5.5.4.2 Waist-to-height ratio trajectories 

The same procedure was used to generate WHtR trajectories for children. Briefly, 

WHtR scores were modelled with censored normal distribution, and we only 

included children with WHtR of at least four of the five waves for trajectory 

modelling (n= 3,893, Table 5-6). Similarly, Bayesian information criterion values 

(see Table 5-4 above), average posterior probabilities (Table 5-5 above) and the 

proportion of the sample in each trajectory were taken into account to extract the 

most meaningful and distinct trajectories.  

Table 5-6 Number of children with waist-to-height ratio from LSAC waves 2 to 6 

Waist-to-height ratio  Children 

 5 waves  3072 

 4 waves  821 

 3 waves 380 

 2 waves 219 

 1 wave 282 

 0 wave 333 

 Total 5107 
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For children’s WHtR trajectories, a three-trajectory solution was selected and in line 

with the clinical cut-point of 0.5 named as ‘normal’ (72.3%), ‘high normal’ (23.9%) 

and ‘always very high’ (3.8%); see Figure 5-11. 

 

Figure 5-11 Child waist-to-height ratio trajectories 

5.6 Cohort profile and statistical analysis overview 

This section provides information on the sample characteristics of participants and 

analysis plan of the thesis. Statistical analyses were performed in Stata 15.0 software 

(StataCorp LP, TX, US) and R software 3.5.2 (R Foundation, Vienna, Austria). 

Some figures were annotated in Microsoft PowerPoint (Microsoft Corporation, WA, 

US).  

5.6.1 Sample characteristics 

5.6.1.1 Characteristics of CheckPoint responders and non-responders 

Table 5-7 describes the baseline characteristics (collected at LSAC wave 1) of the 

CheckPoint sample, and the families who participated in LSAC wave 6 but not 

CheckPoint. We see that the age and sex of CheckPoint responders and non-

responders were similar. CheckPoint attending adults were slightly older, and more 

likely to live in less disadvantaged areas than those who did not participate in 

CheckPoint. 
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Table 5-7 Baseline sample characteristics of CheckPoint responders and non-responders 

Characteristic (%, unless indicated) 

Baseline characteristics (2004)1 

In CheckPoint 

n= 1,874 families 

Not in CheckPoint 

n= 3,233 families 

Child age in years, mean (SD)  0.8 (0.2) 0.8 (0.2) 

Adult age in years, mean (SD)2  32.1 (4.9) 30.4 (5.7) 

Female child  49.0 48.9 

Female adult 98.7 98.5 

Child is the biological child of the adult 99.7 99.7 

Australian state or territory of residence    

      Aust. Capital Territory 2.9 1.6 

      Northern Territory 2.9 1.6 

 New South Wales 29.9 32.6 

 Queensland 20.0 20.1 

 South Australia 7.5 6.4 

 Tasmania 3.2 1.6 

 Victoria 22.2 25.8 

 Western Australia 11.8 9.7 

Neighbourhood disadvantage3, mean (SD) 

and % in national quintiles 
1018.6 (61.2) 1003.1 (58.9) 

      1 (least disadvantaged quintile) 29.0 18.9 

 2 20.3 19.8 

 3 19.3 21.6 

 4 19.8 21.7 

 5 (most disadvantaged quintile) 11.6 18.1 
1 Data collected in 2004 during LSAC wave 1; 2 Adult data relates to the adult who participated in 

the CheckPoint visit; 3Australia Bureau of Statistics 2011 SEIFA Index of Relative Socioeconomic 

Disadvantage.235  

5.6.1.2 Characteristics of Checkpoint responders with retinal data 

A limited number of images (19 children and 53 adults) did not meet the quality criteria 

for use in analyses. In total, 1,288 children and 1,264 adults had retinal microvascular 

parameters available in the dataset. Table 5-8 shows the sample characteristics of 

participants with and without valid retinal data in CheckPoint. Overall, participants with 

retinal data available were similar to those without data, except for some characteristics. 

For example, participants with retinal data are more likely from less advantaged families 

with less exposure to smoking, and children are less likely to be female (45% versus 

51%). The factors examined in each aim of the thesis are similar between participants 

with or without retinal data. 
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Table 5-8 CheckPoint sample characteristics with and without retinal data 

Characteristics 1 

Children  Adults 

With retinal data Without retinal data  With retinal data Without retinal data 

N 
Mean (SD 2) 

or % 
N 

Mean (SD 2) 

or % 
 N 

Mean (SD 2) 

or % 
N 

Mean (SD 2) 

or % 

Socio-demographics          

Age (years) 1288 11.4 (0.5) 586 11.7 (0.5)  1264 43.8 (5.1) 610 43.6 (5.6) 

Gender (% female) 1288 50.9 586 45.1  1264 87.6 610 90.0 

Birth weight (kg) 1285 3.4 (0.6) 585 3.4 (0.6)      

Gestational length (weeks) 1279 39.2 (2.0) 586 38.9 (4.0)      

Socioeconomic position 1283 0.26 (0.97) 584 -0.02 (1.01)  1260 0.26 (0.97) 607 -0.01 (1.01) 

Traditional CVD risk factors          

Smoking exposure 1287 20.7 586 27.8  1263 8.4 610 11.2 

Body mass index z-score 3 1288 0.30 (0.96) 584 0.31 (1.04)      

Body mass index (kg/m2)      1259 27.9 (6.2) 602 27.7 (6.1) 

Systolic blood pressure (mmHg) 1213 108.2 (7.8) 564 107.8 (8.3)  1169 120.1 (12.8) 580 117.9 (12.0) 

Diastolic blood pressure (mmHg) 1213 63.0 (5.5) 234 61.1 (6.1)  1169 73.5 (8.7) 580 71.8 (8.1) 

Mean arterial blood pressure 

(mmHg) 
1213 78.1 (5.7) 564 76.7 (6.0)  1169 89.1 (9.7) 580 87.2 (8.9) 

Preclinical large arterial phenotypes          

Pulse wave velocity (m/s) 1242 4.4 (0.5) 564 4.5 (0.6)  1134 7.0 (1.1) 541 6.7 (1.1) 

Arterial elasticity (%/10mmHg) 1151 4.8 (0.8) 193 4.7 (1.0)  1053 2.4 (0.1) 199 2.5 (0.7) 

Carotid intima-media thickness (µm) 1273 580.0 (46.4) 212 589.0 (47.6)  1236 663.6 (97.0) 232 667.0 (99.4) 

Biomarkers (mmol/L)          

Glycoprotein acetyls  1060 1.0 (0.1) 120 1.0 (0.1)  1158 1.0 (0.2) 167 1.0 (0.2) 

Low-density lipoprotein cholesterol 1059 1.4 (0.3) 120 1.3 (0.3)  1157 1.7 (0.4) 167 1.6 (0.4) 

High-density lipoprotein cholesterol 1059 1.4 (0.3) 120 1.4 (0.3)  1157 1.5 (0.4) 167 1.5 (0.3) 

Triglyceride 1059 1.2 (0.5) 120 1.2 (0.6)  1157 1.5 (0.8) 167 0.5 (0.9) 

1. Most characteristics measured at the Child Health CheckPoint; birth weight, gestational age were collected at LSAC wave 1 in 2004, SEP was measured at LSAC Wave 6 in 

2015, and smoking exposure was generated combing the questionnaire from LSAC waves 1 to 6; 2. Standard deviation; 3. Body mass index was transformed to z-score with 

widely used Centres for Disease Control and Prevention (US)-growth charts.
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5.6.2 Analytical sample  

The analytic sample for each aim was defined as having relevant retinal 

microvascular parameters available (e.g., retinal vascular calibre or geometric 

parameters) and the other measures of interest (e.g., large arterial phenotypes, 

anthropometric derived variables or the inflammatory marker GlycA). The 

participant flow chart for each aim is presented in Chapters 6-9, respectively.  

• Aim 1: 1,232 children and 1,125 adults had both retinal vascular calibre and 

PWV data for analysis. 1,262 children and 1,226 adults had both retinal 

vascular calibre and CIMT data for analysis. Fewer samples have both retinal 

vascular calibre and arterial elasticity data: 1,140 children and 1,047 adults 

comprised the analytic sample. 

• Aim 2: 1,258 children and 1,229 adults had both anthropometric data across 

all LSAC waves and retinal vascular calibre data at CheckPoint, comprising 

the analytic sample across the six-time point. 1,255 children and 1,189 adults 

had both BMI/WHtR trajectories and retinal vascular calibre data comprising 

the longitudinal analytic sample. 

• Aim 3: 1,054 children and 1,147 adults had BMI and/or WHtR, GlycA and 

retinal vascular calibre comprising the analytic sample. 

• Aim 4: 1,126 children had data on all measures (traditional CVD risk factors, 

preclinical large arterial phenotypes and retinal geometric parameters) for 

analysis. 

5.6.3 Normality 

Normality of data occurs when the distribution of data is bell-shaped. I visually 

inspected continuous variables through histograms generated by Stata and followed 

on with formal tests to evaluate the skewness of each variable (see Table 5-9). In 

children, the skewness of most variables was positive, while the exception was 

retinal arteriolar calibre, arteriolar fractal dimension, CIMT and BMI. In adults, all 

variables’ skewness was positive, except retinal arteriolar calibre, which was 

negative. Given that the skewness of most measures was small (skewness< 2), they 

were described by means and SDs and analysed by parametric statistics (e.g., linear 

regression). This is supported by the application of the central limit theorem, which 
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states that the average of a large number of independent random variables is 

approximately normally distributed around the true population mean.238 

Table 5-9 Summary of the skewness of key variables 

Variables 
Skewness 

Children Adults 

Retinal microvascular parameters    

Retinal arteriolar calibre (IVAN) -0.14 -0.19 

Retinal venular calibre (IVAN) 0.05 0.15 

Arteriolar fractal dimension (SIVA) -0.26 -- 

Venular fractal dimension (SIVA) 0.02 -- 

Simple arteriolar tortuosity (SIVA) 1.47 -- 

Simple venular tortuosity (SIVA) 1.29 -- 

Traditional CVD risk factors   

Body mass index -0.21 1.16 

Waist-to-height ratio 1.35 0.76 

Systolic blood pressure 0.53 0.79 

Diastolic blood pressure 0.25 0.65 

Preclinical large arterial phenotypes   

Pulse wave velocity 0.90 0.68 

Carotid arterial elasticity 0.32 0.71 

Carotid intima-media thickness 
-0.32 1.43 

Biomarkers 
  

Glycoprotein acetyls   1.46 1.32 

Low-density lipoprotein cholesterol 0.56 0.43 

High-density lipoprotein cholesterol 0.04 0.28 

Triglyceride 0.21 0.49 

5.6.4 Analysis plan 

In this thesis, I conducted all analyses separately for children and adults. Linear 

regression analyses were the main method used in this thesis for assessing the 

direction and strength of associations between variables. Exposure and outcome 

variables were selected to address the research question appropriately. Confounders 

were selected a priori according to hypothesised causal relationships constructed 
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with directed acyclic graphs (DAG). In addition, I also conducted a causal mediation 

analysis to assess whether inflammation mediates the association between obesity 

and retinal vascular calibre. The analyses for each aim are described in more detail 

in the published manuscripts that comprise results chapters 6 to 9. 
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Chapter 6. Associations of retinal vascular calibre with large 

arterial phenotypes (Aim 1) 

6.1 Overview 

Chapter 6 addresses Aim 1, which examined the associations of retinal vascular 

calibre with preclinical large arterial phenotypes (measured by PWV, carotid arterial 

elasticity and CIMT) in children aged 11–12 years and mid-life adults. By 

conducting multivariable regressions adjusting for age, sex and SEP, narrower 

retinal arterioles and wider venules were shown to be associated with large arterial 

function as early as 11-12 years of age. Associations are larger in mid-life adults and 

also extend to arterial structure, although effect sizes remain small. The results are 

briefly discussed and are further elaborated upon in Chapter 10. 

This paper is published in Microcirculation. The published paper and supplementary 

materials form this chapter. 

• Liu M, Lycett K, Wong TY, Grobler A, Juonala M, He M, Dwyer T, 

Burgner D and Wake M. Associations of retinal microvascular calibre with 

large arterial function and structure: a population-based study of 11–12 year-

olds and mid-life adults. Microcirculation. 2020:e12642.  
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6.2 Manuscript under review (Aim 1 results) 
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*In the conclusion section of the Discussion, our principal findings are based on a cohort of 

two generations: children and mid-life adults. 
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Supplementary figure. Participant flowchart 
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Supplementary table. Associations between retinal microvascular calibre and large arterial intermediate phenotypes in adults stratified 

by gender; standardized regression coefficients for each standard deviation higher in retinal vascular calibre scores. 

Retinal vascular calibre 

(Per SD increase) 

Pulse wave velocity 

(SD: 1.1 m/s) 

Carotid arterial elasticity 

(SD: 0.6%/10mmHg) 

Carotid intima-media thickness 

(SD: 97.4 µm) 

Standardized β (95% CI) p Standardized β (95% CI) p Standardized β (95% CI) p 

Male 

Arteriolar -0.32 (-0.51, -0.14) <0.01 0.20 (0.05, 0.35) <0.05 -0.10 (-0.31, 0.12) 0.38 

Venular 0.27 (0.08, 0.46) <0.01 -0.09 (-0.26, 0.07) 0.27 0.05 (-0.17, 0.27) 0.65 

Female 

Arteriolar -0.31 (-0.38, -0.24) <0.001 0.32 (0.25, 0.40) <0.001 -0.09 (-0.16, 0.03) <0.01 

Venular 0.09 (0.02, 0.16) 0.01 -0.15 (-0.22, -0.08) <0.001 0.05 (-0.02, 0.11) 0.14 

SDs of retinal arteriolar and venular calibre for adults were 14.0 and 18.5 µm, respectively.  

Abbreviations: SD, standard deviation; CI, confidence interval.  
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Chapter 7. Associations of decade-long obesity-related measures 

with retinal vascular calibre (Aim 2) 

7.1 Overview 

Chapter 7 addresses Aim 2, which examined whether retinal vascular calibre is 

predicted by i) BMI and (in children only) WHtR at multiple time points and ii) 

BMI and WHtR trajectories, all spanning the preceding decade in two generations – 

children aged 11–12 years and mid-life adults. I found that associations of decade-

long high BMI trajectories and narrower retinal arteriolar calibre emerge in children, 

and are clearly evident by mid-life. Findings show that adiposity appears to exert its 

early adverse life course impacts on the microcirculation more via arteriolar than 

venular mechanisms. The results are briefly discussed and are further elaborated 

upon in Chapter 10. 

This paper is published in the International Journal of Obesity. The published paper 

and supplementary materials form this chapter.  

• Liu M, Lycett K, Wong TY, Kerr JA, He M, Juonala M, Olds T, Dwyer T, 

Burgner D and Wake M. Do body mass index and waist-to-height ratio over 

the preceding decade predict retinal microvasculature in 11–12 year-olds and 

mid-life adults? International Journal of Obesity. 2020; 44, 1712–1722.
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7.2 Accepted manuscript (Aim 2 results) 
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Supplementary online: 

eTable 1. Criteria for selecting the number of trajectories 

eTable 2. Average posterior probability value for trajectory groups 

eTable 3. Associations of body mass index and waist-to-height ratio at multiple time 

points over the past decade with retinal vascular calibre in children; model estimates 

adjusting for age, sex, family socioeconomic position and birth weight 
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eTable 1. Criteria for selecting the number of trajectories 

Number of latent classes Trajectory shapes a BIC b 

Children body mass index z-scores (n=3900) 

 2 3 3 -23776.79 

 2 2 3 -23772.79 

 2 1 3* -23768.81 

 3 3 3 3 -22659.65 

 3 2 3 3 -22655.84 

 3 1 3 3* -22652.35 

 4 3 3 3 3 -22093.58 

 4 3 2 3 3 -22091.11 

 4 3 1 3 3* -22086.98 

 5 3 3 3 3 3 -21866.96 

 5 3 2 3 3 3 -21865.60 

 5 3 1 3 3 3 -21864.04 

 5 3 2 2 3 3 -21888.51 

 5 3 1 2 3 3 -21874.04 

 5 3 1 1 3 3* -21871.10 

 6 3 3 3 3 3 3 c -21612.19 

Children waist-to-height ratio (n=3893) 

 2 3 3 * 34308.81 

 3 3 3 3 * 35157.48 

 4  3 3 3 3 c 35538.15 

Adults body mass index (n=3702) 

 2 3 3 -57203.57 

 2 1 3* -57201.05 

 3 3 3 3 -54114.56 

 3 2 3 2 -54110.39 

 3 1 3 1 * -54106.58 

 4 3 3 3 3 -52716.47 

 4 2 3 3 2  -52708.95 

 4 1 3 3 1* -52706.48 

 5 3 3 3 3 3 c -52057.35 
a Trajectory shapes: 0= intercept; 1=linear; 2=quadratic; 3=cubic. 

We examined the significance (p<0.05) of all three parameters (linear, 

quadratic, and cubic) and dropped the ones that were nonsignificant. That 

is, we started by including linear, quadratic, and cubic parameters for each 

trajectory. If the cubic parameter was not significant, we dropped it and 

tested for a quadratic trajectory. We dropped the quadratic trajectory if it 

was not significant and tested for a linear trajectory. We retained the linear 

parameter even if this was not significant. After each change we compared 

the results using the BIC criteria. 
b BIC, Bayesian information criterion; the model with the highest (least 

negative) value of BIC is preferred. 
c One or more of the groups had a very small proportion of the 

observations. 

* All parameters are significant (p<0.05). 
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eTable 2. Average posterior probability value for trajectory groups 

BMI trajectory group Average posterior probability 

Children  

 Low (n=257) 0.91 

 Average (n=1141) 0.87 

 Always high (n=1666) 0.89 

 Always very high (n=627) 0.91 

 Low to high (n=245) 0.82 

Adults  

 Normal (n=1871) 0.97 

 Overweight (n=1202) 0.93 

 Obese (n=480) 0.97 

 Severely obese (n=149) 0.97 

WHtR trajectory group (children)  

 Normal (n=2603) 0.94 

 High normal (n=1055) 0.88 

 Always high (n=235) 0.94 
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eTable 3. Associations of body mass index and waist-to-height ratio at multiple time 

points over the past decade with retinal vascular calibre in children; model estimates 

adjusting for age, sex, family socioeconomic position and birth weight 

Adiposity marker by 

study wave 

Children age from 2–3 to 11–12 years 

Retinal arteriolar calibre Retinal venular calibre 

Standardized β 

(95% CI) 
p 

Standardized β 

(95% CI) 
p 

Body mass index z-score     

  Wave 1 (child 0–1y)     

    Wave 2 (child 2–3ys) -0.04 (-0.09, 0.01) 0.13 0.02 (-0.03, 0.07) 0.42 

    Wave 3 (child 4–5ys) -0.06 (-0.11, -0.00) 0.04 0.02 (-0.03, 0.07) 0.45 

    Wave 4 (child 6–7ys) -0.08 (-0.14, -0.02) 0.01 0.03 (-0.03, 0.09) 0.33 

    Wave 5 (child 8–9ys) -0.07 (-0.12, -0.01) 0.02 0.05 (-0.01, 0.10) 0.09 

    Wave 6 (child 10–11ys) -0.11 (-0.16, -0.05) <0.001 0.04 (-0.02, 0.09) 0.20 

Waist-to-height ratio     

  Wave 1 (child 0–1y)     

    Wave 2 (child 2–3ys) -0.03 (-0.09, 0.03) 0.31 0.02 (-0.04, 0.08) 0.47 

    Wave 3 (child 4–5ys) -0.10 (-0.16, -0.05) <0.001 0.02 (-0.04, 0.07) 0.58 

    Wave 4 (child 6–7ys) -0.07 (-0.13, -0.01) 0.02 0.03 (-0.03, 0.09) 0.38 

    Wave 5 (child 8–9ys) -0.07 (-0.13, -0.01) 0.02 0.07 (0.01, 0.13) 0.02 

    Wave 6 (child 10–11ys) -0.08 (-0.14, -0.02) 0.01 0.08 (0.02, 0.15) 0.01 

a. Body mass index was transformed to z-score with widely used Centres for Disease Control and 

Prevention (US)-growth charts. The SDs for retinal arteriolar and venular calibre are 11.92 and 

16.56 µm respectively. 
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Chapter 8. Associations of inflammation and retinal vascular 

calibre (Aim 3) 

8.1 Overview 

Chapter 8 addresses Aim 3, which examined whether the inflammatory biomarker 

GlycA is associated with retinal vascular calibre and whether GlycA mediates the 

association between obesity and retinal vascular calibre in children aged 11–12 years 

and mid-life adults. I found that inflammation mediated the associations between 

obesity and retinal venules, but not arterioles from mid-childhood, with higher 

mediation effects observed in adults. The results are briefly discussed and are further 

elaborated upon in Chapter 10. 

This paper is published in Scientific Reports. The published paper and 

supplementary materials form this chapter. 

• Liu M, Lycett K, Moreno-Betancur M, Wong TY, He M, Saffery R, Juonala 

M, Kerr JA, Wake M and Burgner D. Inflammation mediates the relationship 

between obesity and retinal vascular calibre in 11–12 year-olds children and 

mid-life adults. Scientific Reports. 2020; 10, 5006. 
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8.2 Published paper (Aim 3 results) 
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Supplementary online: 

Supplementary figure. Participant flowchart 

Supplementary table. Associations of GlycA with retinal vascular calibre with 

adjustment for age, sex, SEP, BMI and LDL.
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Supplementary figure. Participant flowchart 
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Supplementary table. Associations of GlycA with retinal vascular calibre with 

adjustment for age, sex, SEP, BMI and LDL. 

 Children Adults 

Outcome measures Effect size (95% CI) p Effect size (95% CI) p 

Retinal arteriolar calibre 0.004 (-0.06, 0.07) 0.29 -0.03 (-0.10, 0.05) 0.49 

Retinal venular calibre 0.07 (0.01, 0.14) 0.03 0.03 (-0.04, 0.11) 0.37 
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Chapter 9. Associations of cardiovascular health and retinal 

vascular calibre (Aim 4) 

9.1 Overview 

Chapter 9 addresses Aim 4, which examined whether traditional CVD risk factors 

and preclinical large arterial phenotypes are associated with retinal geometric 

parameters in children aged 11–12 years. I found weak evidence of associations 

between some measures and retinal arteriolar, but not venular, geometry. However, 

there was no clear overall pattern across all factors considered. The results are 

briefly discussed and are further elaborated upon in Chapter 10. 

This paper is published in Microvascular Research. The published paper and 

supplementary materials form this chapter.  

• Liu M, Lycett K, Wake M, He M, Kerr JA, Saffery R, Juonala M, Olds T, 

Dwyer T, Burgner D and Wong TY. Cardiovascular health and retinal 

microvascular geometry in Australian 11–12 year-olds. Microvascular 

Research. 2020; 129, 103966. 
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9.2 Published paper (Aim 4 results) 
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Supplementary Table. Details of measures 

Construct, equipment Brief protocol  

Exposures  

Anthropometry: body mass index (BMI) 

Portable rigid stadiometer (Invicta, IP0955, 

Leicester, UK); 4-limb segmental 

Bioimpedence Analysis (InBody230, 

Biospace,Seoul, Korea);  

Height (cm): measured in bare feet. Mean of two measurements used; where the two differed by more 

than 0.5 cm a third measurement was taken and the average of the three measures was used. 

Weight (kg): to the nearest 50g with participants in light clothing and without shoes or socks. 

BMI was calculated as weight (kg)/height (m2). 

Inflammation and cholesterol markers: 

GlycA, low-density lipoprotein (LDL), 

high-density lipoprotein (HDL) cholesterol 

and triglyceride. NMR spectroscopy 

(Nightingale Ltd, Vantaa, Finland) 

Semi-fasting (median 4.2 hours postprandial) peripheral blood was processed within four hours of 

collection at an on-site processing laboratory. Serum samples were shipped on dry ice to Finland for 

metabolomic analyses. GlycA, LDL, HDL cholesterol and triglyceride were directly derived from high-

throughput proton NMR spectroscopy. Levels of these markers were calculated using Nightingale 2017 

quantification algorithms and were reported in mmol/L.  

Blood pressure and pre-clinical arterial 

function: pulse wave velocity (PWV), 

carotid arterial elasticity. SphygmoCor 

XCEL (AtCor Medical, Australia) 

Following 7 min in supine position at rest, systolic and diastolic blood pressures were measured at the 

brachial artery up to three times, with mean values reported. 

Assessors measured with participants supine the wave of pulse from carotid to the suprasternal notch to 

the right femoral. PWV was calculated as the ratio of the distance travelled by the pulse wave and the 

time delay between the waveforms (m/s). 

Carotid arterial elasticity (%/10mmHg) was calculated using intima-intima lumen diameter from carotid 

artery images divided by the different value of systolic and diastolic blood pressure.237 

Pre-clinical arterial structure: carotid 

intima-media thickness (cIMT). B-mode 

ultrasound (Vivid-I, GE Healthcare, 

Chicago, Illinois, US); Medical Imaging 

Applications (Coralville, Iowa, US) 

Carotid artery images were obtained via B-mode ultrasound machine. The right carotid artery was 

measured as participants lay supine with their head turned 45° to the left to expose the right side of neck.  

cIMT was analysed using Carotid Analyzer. cIMT (μm) is defined as the distance from the lumen-intima 

interface to the media-adventitia interface.  

Outcomes  
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Construct, equipment Brief protocol  

Retinal parameters: fractal dimension (Df) 

and simple tortuosity 

Fundus camera (EOS 60D SLR); Singapore 

I Vessel Assessment (SIVA, National 

University of Singapore, Singapore) 

Two optic disc-centred digital photographs from each eye were taken by a fundus camera in a darkened 

room. The right eye was selected as the first choice of scoring. Three graders, masked to participant 

identity, performed the retinal vessel analysis using a validated semi-automated software, SIVA.81 The 

software can automatically detect and trace the optic disc, set the grading grid on the fundus photograph 

within the region between 0.5 and 2.0 disc diameters away from the disc margin, and automatically trace 

vessel path. Graders needed to check the accurate classification of vessels as either arterioles or venules, 

with manual vessel tracking required to ensure complete each tracing. The inter- and intra- grader 

reliability were assessed by three graders analysing a subset of 30 and 46 randomly chosen images 

respectively. Two-way mixed-effects intraclass correlation coefficients for retinal Df  and tortuosity were 

0.54-0.76 and 0.75-0.93.  

Retinal Df was calculated using the ‘box-counting method’, which divided each photograph into a series 

of squares of various side lengths. Df was defined as the gradient of logarithms of the number of boxes 

and the size of those boxes.  

Tortuosity is calculated by the actual length of vessel divided by the Euclidean distance between the first 

and last points of that vessel (i.e., the length of the straight line connecting the two points).  

Covariates   

Age  Age was calculated to nearest week using date of birth, either imported from Medicare Australia’s 

database at the time of LSAC enrolment (child) and date of assessment. 

Sex  Sex was self-reported in the questionnaire by children. 

Family socioeconomic position (SEP, 

LSAC wave 6) 

 

This SEP variable summarized parent-reported combined household income, current or most recent 

occupation of each parent and highest achieved educational qualification of each parent. Each component 

of the score was scaled and an unweighted average was calculated over three values in a single-parent 

household, or over five values in a dual-parent household. The unweighted average variable at LSAC was 

then standardized within the wave to have a mean 0, and standard deviation (SD) of 1.  
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Chapter 10. Discussion 

10.1 Overview 

This chapter critically discusses the results from preceding chapters 6 to 9. It outlines 

the principal findings, their strengths and limitations, and interprets the findings in light 

of previous literature. Finally, it outlines the implications for future research. 

10.2 Principal findings 

10.2.1 Aim 1: Retinal vascular calibre showed small variations in union with 

large arterial phenotypes in children and adults 

In our cross-sectional study, adverse retinal vascular calibre profile was modestly 

associated with poorer large artery functional phenotypes in both 11–12 year-olds 

and mid-life adults. From early life, associations were observed for PWV and 

carotid arterial elasticity after adjusting for CVD risk factors. These associations 

strengthened with age. In mid-life adults, there was also evidence of a small 

association between adverse retinal vascular calibre and large artery structural 

phenotypes (e.g., greater CIMT). Overall, the effect sizes were small for both 

children and adults. 

10.2.2 Aim 2: Decade-long obesity-related measures predicted retinal vascular 

calibre in children and adults 

In our longitudinal study, higher BMI and WHtR from age 4–5 years modestly 

predicted adverse retinal arteriolar calibre at age 11–12 years. We observed similar 

effects in time point analyses for the association between BMI and arteriolar calibre 

in mid-life adults but with higher explanatory power (e.g., R2). There was less 

convincing evidence in time point analyses that BMI was associated with venular 

calibre in either children or adults. However, there was some evidence that WHtR 

from 8–9 years was associated with venular calibre at age 11–12 years. A gradient of 

suboptimal decade-long higher BMI trajectories in both age groups and higher 

WHtR trajectories in children predicted poorer retinal arteriolar calibre (p for trend 

<0.01), but not venular calibre. We saw the same patterns for BMI trajectories in 

adults with larger effects. The exception was that the least favourable WHtR 

trajectories had small associations with adverse venular calibre in children.   
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10.2.3 Aim 3: Inflammation mediated the relationship between obesity and 

retinal vascular calibre in children and adults 

To our knowledge, this is the first study to investigate whether inflammation 

mediated the associations between obesity and retinal vascular calibre. In our cross-

sectional study, we showed that concurrent BMI and WHtR were associated with 

both a chronic inflammation marker GlycA and adverse retinal vascular calibre in 

both children and mid-life adults. We also showed that higher GlycA was associated 

with both wider venular calibre (in mid-childhood and mid-life adults) and narrower 

arteriolar calibre (in adults). Inflammation mediated associations between obesity 

and retinal venular calibre, but not arteriolar calibre. Furthermore, in adults, the 

mediation effects were higher than in children.  

10.2.4 Aim 4: CVD risk factors and large arterial phenotypes showed some 

weak associations with retinal geometric parameters in children 

In our cross-sectional study, CVD risk factors and large arterial phenotypes showed 

little evidence of associations with venular geometry, but some weak evidence of 

associations with arteriolar geometry. For example, higher BMI, lower HDL and 

higher systolic blood pressure showed small associations with lower arteriolar 

fractal dimension. Yet, only higher systolic blood pressure showed a small 

association with higher arteriolar tortuosity. Of the preclinical large arterial 

phenotypes examined, only PWV showed weak evidence of an association with 

retinal arteriolar geometry. 

10.3 Strengths 

The study has several strengths that are outlined below. 

10.3.1 Sample size and generalisability of the cohort 

LSAC is Australia’s largest and only ongoing national birth cohort study. The LSAC 

sample was designed to be generalisable to all Australian children. The cohort was 

sampled to be representative of all Australian births in 2004, through a 2-stage 

random sampling design with the postcode as the primary sampling unit. In addition, 

LSAC’s large sample size (5,107 families in wave 1) includes families from a range 

of socioeconomic backgrounds and geographical areas, which enhance 
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generalisability. It has rich repeated measures collected biennially, high retention 

rates (~75% after 12 years) and is fully-funded to continue data collection until 

adulthood. The Child Health CheckPoint sample (n= 1,874 parent-child dyads) 

represented over 50% of contactable LSAC families from wave 6. This large cohort 

with biomarkers and physical measurements provides statistical precision in effect 

estimation. 

10.3.2 Validated and longitudinal repeated measures  

All CheckPoint assessments were objectively measured and processed under 

standard operating procedures, with moderate to high inter- and intra-rater 

reliability.240 The retinal microvascular parameters were quantified using previously 

validated computer-based techniques with standardised protocols. Most of the 

parameters had high reliability. In addition, preclinical large arterial phenotypes, 

including those related to structure and function, were assessed by trained 

researchers using standardised protocols. The age of children (11–12 years of age) 

allowed for good compliance with measurements, such as PWV and carotid 

ultrasound.241 This allowed us to uniquely examine relationships of retinal 

microvascular parameters with large arterial function and structure simultaneously. 

The well-phenotyped sample also allowed us to consider the effects of important 

covariates. 

We used a novel inflammation biomarker, GlycA, which has been shown to reflect 

diverse inflammatory pathways.221 GlycA appears to provide a more stable signal of 

chronic inflammation than a single acute-phase marker, such as CRP.222 Thus, it 

may be more accurate at capturing chronic inflammation in generally healthy 

populations, especially in children.196  

Height, weight and waist circumference were measured on average five times across 

the preceding decade (e.g., from child 2–3 years), allowing for the separation of 

individuals into distinct BMI and WHtR trajectories. The average posterior 

probability value for each trajectory was 0.82 to 0.97 for each group. This is well 

above the recommended value of 0.70,242 indicating good assignment accuracy of 

the identified trajectories. 
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10.3.3 Contemporaneous child and adult analysis 

All biomarkers and physical assessments in CheckPoint were conducted at the same 

time, using the same equipment and the same protocols, ensuring a high degree of 

measurement comparability. This approach avoids potential bias and unknown 

confounding in typical cross-generational studies, such as measurement bias. Many 

of the associations, such as the shared variation between retinal vascular calibre and 

preclinical large arterial phenotypes, have been described in adult studies, but are 

less studied in children.117 Our adult findings validate the existing literature, while 

the child findings fill the gap in our understanding about when these associations 

emerge. In addition, the cross-generational design enables us to efficiently infer 

temporal strengthening of associations with age, which would otherwise take 

decades to observe.  

10.4 Limitations 

We also describe some important limitations of the study below. 

10.4.1 Observational study design 

We draw on observational data where biomarkers and physical assessments were 

largely collected cross-sectionally. We lack repeated measures of retinal 

microvascular parameters, preclinical large arterial phenotypes and biomarkers, 

which limits our ability to draw conclusions regarding directionality or causality. 

For example, in the Aim 1 analysis, retinal vascular calibre was conceptualised as 

the exposure for preclinical large arterial phenotypes. However, the reverse could be 

equally plausible since the order of causality is not clearly established. In other 

words, it is not possible to definitively conclude whether retinal vascular calibre 

precedes or follows changes in large arterial phenotypes. However, the directionality 

of our analyses was hypothesis-driven. Furthermore, before exploring causal 

relationships, it is warranted to examine cross-sectional associations as a first step 

and a foundation for future longitudinal studies. The replication of our findings in 

other studies would strengthen their reliability.  
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10.4.2 Sample representation of certain groups  

10.4.2.1 Adult sample generalisability  

The original LSAC sample was designed to represent Australian children born in 

2004. Adults were not the original unit of selection, and only parents with a new 

baby were eligible. Thus, the adult sample is not entirely representative of all 

Australian mid-life adults. Still, our sample covers a broad social and geographic 

range across Australia, making it possible to generalise our findings.   

Another important limitation is that our sample is under-representative of fathers. It 

is a well-documented feature of longitudinal cohort studies that mothers are more 

likely to participate in research studies with their children. Especially in our study, 

participants attended assessment centres during working hours, and only one 

parent/caregiver was asked to attend. Our sex imbalance (88% mothers, 12% 

fathers) may have led to an underestimate in the strength of associations. Men 

generally have a higher risk of CVD than women.243 This means we may have seen 

more variation in cardiovascular phenotypes if our sample comprised more fathers. 

Nonetheless, when we conducted sensitivity analyses to looks at sex effects, we 

observed similar patterns of associations in mothers and fathers, suggesting that in 

these instances, the sex imbalance had little influence on associations.   

10.4.2.2 Sample attrition  

Due to sample attrition, only 75% of LSAC families had wave 6 home visits in 

2014. Of these retained families, 53% participated in the CheckPoint assessment in 

2015. The main sociodemographic characteristics were analogous between 

CheckPoint responders and non-responders, except for SEP. This may limit 

generalisability to families from more disadvantaged socioeconomic backgrounds. 

We were able to partly offset the influence of social disadvantage by adjusting for 

SEP in all analyses.  

10.4.2.3 Incomplete retinal data 

Despite retinal images were collected on only 70% of CheckPoint participants, the 

sample characteristics of those with or without retinal data were similar (previously 

described in Table 5-8 in Section 5.6.1.2). Thus, although there is a potential for 
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selection bias, associations we examined are unlikely to be influenced by the 

missing retinal data.  

10.4.3 Methodological considerations 

10.4.3.1 Complete case analysis 

I performed all analyses based on participants with available data without handling 

missing data. Before conducting analyses, we had discussed tackling missing data 

using methods such as multiple imputations. However, we decided to have complete 

case analyses throughout all thesis aims. The major reason for this decision is that 

we considered the CheckPoint sample as sufficiently representative of the wider 

Australian sample. In addition, methods of dealing with missing data may introduce 

extra bias. For example, many multiple imputation techniques are based on the 

assumption that data are missing at random. This assumption could be flawed in our 

study. For example, children who missed blood collection may have done so due to 

obesity (e.g., difficulty drawing venous blood). It is possible that in those who failed 

to have blood collected, GlycA (our inflammatory marker) may be associated with 

retinal vascular calibre, but in those with blood samples, this association did not 

exist. 

10.4.3.2 Suboptimal inter- and intra-rater reliability  

One of the retinal geometric parameters fractal dimension and the large artery 

structural phenotype CIMT both had moderate reliability. Details are reported in 

Section 5.4. Briefly, the inter- and intra-grader reliability for retinal arteriolar and 

venular fractal dimension ranged from 0.58 to 0.67 (95% CIs 0.38 to 0.82). For 

CIMT, the within-rater intraclass correlation was 0.62 (95% CI 0.54 to 0.71), while 

the between-rater intraclass correlation was 0.59 (95% CI 0.49 to 0.68). Our fractal 

dimension measure had lower reliability than other published studies that have used 

SIVA in adults. This is likely due to the young age of our cohort. However, no other 

studies in children have provided reliability data on SIVA measures. The fractal 

dimension is calculated based on the vessel trace. Physically, children’s retinal 

fundus has prominent opalescent sheen in the nerve fibre, which makes the software 

difficult to delineate each vessel trace precisely. In comparison, adult’s fundus has 

clear retinal nerve fibre layer making it easier to trace. This is likely why children’s 
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reliability for fractal dimension is lower than the published adult reliability. These 

moderate reliability statistics may inflate measurement errors, which may mask an 

underlying signal of associations between factors. Thus, the weak association found 

for CIMT in adults in Aim 1 and fractal dimension for Aim 4 warrant replication in 

other studies.  

10.4.3.3 Potential residual confounding 

Physical activity and dietary intake both show complex relationships with 

cardiometabolic health. In this thesis, we chose not to treat them as potential 

confounders in our analyses for several reasons: 1) Our previous work in this cohort 

has shown that an inflammatory diet is not related to retinal vascular calibre in 

children or adults;244 2) similarly, the work by our team has shown that frequent 

takeaway food consumption or sugar-sweetened beverages had little impact on 

retinal vascular calibre in children or adults.245 Also, we found that children who 

followed the ‘never healthy’ or ‘always healthy’ diet trajectory over the past decade 

showed similar retinal vascular calibre profile with those who follow the ‘always 

healthy’ diet;145 3) in cross-lagged wave-on-wave analyses, dietary scores/patterns 

did not consistently predict weight-to-height ratio and BMI z-score score or vice 

versa in subsequent waves;246 4) our physical activity measure had low response 

rate, with only around half of participants having valid physical activity data (1015 

and 1070 of 1874 children and adults respectively). Based on these reasons, we did 

not consider diet or physical activity as covariates in our models. However, we note 

that this is a limitation of the study and something that should be addressed in future 

studies. 

In Aim 3, I conducted a mediation analysis to explore whether GlycA mediates 

obesity and retinal vascular calibre. In the analysis, I only considered GlycA as the 

mediator. Given the current lack of statistical packages for examining interventional 

effects with multiple mediators,247 we assumed that there was no post-exposure 

confounding of mediator-outcome relationships that could arise through other 

potential mediating pathways and biomarkers in the current study. This assumption 

could be flawed. For example, LDL levels may be increased in those with obesity 
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and may contribute to adverse changes of retinal vascular calibre directly,248 or via 

the contribution to inflammation indirectly (Figure 10-1).249  

 

Figure 10-1 LDL cholesterol as a potential exposure introduced mediator-

outcome confounder 

However, our post hoc analysis suggests that LDL may only influence the 

association of venular calibre in adults, not children. Current research within 

Clinical Epidemiology & Biostatistics (CEBU) at Murdoch Children’s Research 

Institute is working on developing new software to account for multiple mediators in 

one model. This may allow more comprehensive mediation analysis modelling in 

the future but is beyond the scope of the current thesis.  

10.4.4 Lack of other inflammatory biomarkers 

Adding biomarkers to large population-based datasets is costly, but choices must be 

made. Unlike most other studies of inflammation, we examined GlycA rather than 

single acute-phase inflammatory markers (e.g., CRP). This reflects the CheckPoint 

Investigators’ decision to use the funding in the first instance to examine GlycA, as 

it is thought to be a better and more stable marker of chronic inflammation than the 

single acute-phase protein.195 The latter is unlikely to be a good marker of chronic 

inflammation because of its rapid kinetics in response to stimuli such as acute 

infection.221 Despite this chronic rather than acute inflammation focus, previous 

studies have shown that elevated GlycA levels correlate moderately with levels of 

interleukin-6, tumour necrosis factor-𝛼, fibrinogen, and CRP (correlation coefficient 
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around 0.5 in adults).195, 221 Additionally, the magnitude of associations we found 

between GlycA and retinal vascular calibre is similar to previous findings.  

10.5 Interpretation in light of previous studies 

This section critically discusses our findings in relation to previous studies. 

10.5.1 Aim 1: Retinal vascular calibre showed small variations in union with 

large arterial phenotypes  

To date, only one study has examined the associations of retinal vascular calibre and 

preclinical large arterial phenotypes in generally healthy children.86 The Generation 

R Study (Rotterdam, The Netherlands) found that in children (median age six years), 

each SD increase in retinal arteriolar and venular calibre was associated with 0.02 

SD (95% CI -0.01 to 0.05) and 0.04 SD (95% CI 0.01 to 0.07) higher carotid-

femoral PWV (SD 0.9 cm/s).86 In our study of children aged 11–12 years, we found 

a stronger association of retinal vascular calibre with PWV and replicated this 

finding with another large artery functional phenotype, carotid arterial elasticity. In 

turn, we now show that the magnitude of associations between retinal vascular 

calibre and large artery functional phenotypes roughly doubled between mid-

childhood and mid-adulthood. The explanatory power (e.g., model R2 values) was 

small at age 11–12 years and much stronger in adults (e.g., 6.1-12.8% and 26.7-

29.5% for children and adults, respectively). These results are consistent with our 

meta-analysis of slightly older adults (mean age 54 years), which showed narrower 

retinal arteriolar calibre was associated with faster PWV (r= -0.17, 95% CI -0.25 to -

0.10).117 Thus, the associations of retinal vascular calibre and large artery functional 

phenotypes may emerge from early childhood and increase with age. The current 

evidence is summarised below in Table 10-1.  

We found little evidence that retinal arteriolar calibre was associated with CIMT in 

children, but observed a small association in adults. In children of similar age (mean 

age 13.6 years) with type 1 diabetes (n= 90), Pena and colleagues showed that 

retinal vascular calibre was associated with CIMT.208 For example, each 0.1 mm 

higher CIMT was associated with 7.9 µm (95% CI 4.50 to 11.30, p< 0.0001) wider 

arteriolar calibre and 9.61 µm (95% CI 4.16 to 15.06, p< 0.01) wider venular 

calibre.208 In our meta-analysis of older adults (mean age 63 years), narrower retinal 
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arteriolar calibre was weakly associated with higher CIMT (r= -0.05, 95% CI -0.09 

to -0.02), and effect sizes were greater in patients with cardiometabolic disease.117 

Taken together, both age and cardiometabolic disease conditions may contribute to 

the degree of co-variation between small and large artery structure. 

Table 10-1 Evidence summary of the relationship between retinal vascular calibre 

and preclinical large arterial phenotypes 

Studies Population Age sample size PWV Arterial 

elasticity 

CIMT 

The only 

child study 

(Gen R) 

General 

population 

Children 

age 6 
4007 +   

From 

CheckPoint 

General 

population 

Children 

age 11-12 

Function: 1232 

Structure: 1262 
++ +  

Adults 
Function: 1125 

Structure: 1226 
+++ ++ + 

From meta-

analysis 

General 

population 
Adults 

Function: 229 

Structure: 9194 
+++  + 

Cardiometabol

ic patients 
Adults 

Function: 637 

Structure: 173 
++++  ++ 

 

Higher CIMT represents adverse changes in arterial structure, which has been shown 

to associate with CVD risk factors such as obesity and hypertension in children and 

CVD events in adults.33, 250 The association between wider (worse) venular calibre 

and lower (better) CIMT observed in children may be a chance finding, given its 

small magnitude, unexpected direction and full attenuation on adjustment. Also, 

clinical implications of CIMT at 11–12 year-olds are still being established, and 

there may be considerable vascular remodelling in early puberty. Therefore, it is 

plausible that a marginally greater CIMT may be physiological or adaptive rather 

than pathophysiological changes. 

10.5.2 Aim 2: Decade-long obesity-related measures predicted retinal vascular 

calibre  

We showed that BMI as early as 4–5 years of age adversely affected retinal 

microvascular variation at 11–12 years of age. This finding is consistent with the 

literature suggesting that the association between BMI and adverse changes in 

retinal vascular calibre may commence early in life. The youngest population-based 
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sample in which this relationship has been previously examined was in children 

aged 55.5 months (SD 10.3) taking part in the cross-sectional Sydney Pediatric Eye 

Disease Study.251 In this modest community sample (n= 379), each unit (kg/m2) 

higher BMI was cross-sectionally associated with 1.06 µm narrower arteriolar 

calibre (p= 0.01) and 1.12 µm wider venular calibre (p= 0.02).251 Together with our 

findings, early BMI from 4–5 years maybe not only cross-sectionally associated 

with but also predictive of future retinal vascular calibre. Our findings are also 

consistent with the Singapore Cohort Study of Risk Factors for Myopia, which 

included children of the same age. In Singaporean children (n= 421), the magnitude 

of the association between BMI and arteriolar calibre was similar to our findings. 

However, contrary to our findings, they did see small associations between BMI and 

venular calibre.163  

In addition, by using two generations of participants with identical outcome 

measures, we can speculate that the increasing adiposity may have cumulative 

effects on retinal microvascular parameters from childhood to mid-adulthood. 

Although the effects were similar in children and adults, the explanatory power (e.g., 

R2) was higher in adults than in children. Furthermore, we found that suboptimal 

decade-long BMI trajectories in both generations and WHtR trajectories in children 

were associated with adverse retinal arteriolar calibre. This supports the hypothesis 

that over time there are cumulative effects of high BMI/WHtR on retinal arteriolar 

calibre. The only other study that has examined the effect of BMI trajectories on 

retinal vascular calibre was from our research team.166 In a small cohort (n= 187), 

we did not observe any association of children’s BMI trajectories (10 time points 

from 2 weeks to 14 years of age) and retinal vascular calibre.166 However, the small 

sample size and the fact that 90% of children were of normal-weight BMI when 

retinal images were taken in adolescents may limit the power to detect small 

associations.166  

Retinal arteriolar and venular calibre had different patterns of association with BMI 

and WHtR. The association of BMI with narrower arteriolar calibre in children and 

adults is in line with previous studies and a recent meta-analysis of 15,710 

participants.150, 165 We found little evidence of associations with retinal venular 

calibre for adults but did see some weak evidence in children. For instance, we 
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found that WHtR, an index of central fat distribution, was related to venular calibre 

in children from 8–9 years, and the least favourable WHtR trajectories had small 

associations with adverse venular calibre in children. These observations indicate 

venular associations may appear later and be more closely related to central 

adiposity. Unfortunately, WHtR was not available for adults to speculate effects 

from childhood to mid-adulthood.  

10.5.3 Aim 3: Inflammation mediated the relationship between obesity and 

retinal vascular calibre 

Our study supports previous findings that inflammation is more consistently 

associated with retinal venular than arteriolar calibre in children and adults. The 

Generation R Study of six-year-olds found that each SD higher CRP was associated 

with 0.10 SD (95% CI 0.06 to 0.14) wider venular calibre.155 Similar findings were 

reported in ageing adults in the Netherlands (mean age 68 years), where each SD 

increase of CRP was associated with 1.61 µm (95% CI 1.00 to 2.22) wider venular 

calibre (approximately 0.07SD). At the same time, there was little evidence of 

association with arteriolar calibre.184 From our unpublished meta-analysis (details in 

Chapter 2, Section 2.4.5.1), the correlation coefficient between CRP and retinal 

venular calibre was 0.09 (95% CI 0.05 to 0.12) in the general population and 0.10 

(95% CI -0.05 to 0.25) in patients with disease conditions. Analogous findings were 

also reported in mid-life and older adults (mean age 49–68 years) and with other 

inflammatory markers, such as fibrinogen and white blood cells count.93, 157, 184, 188, 

190 Of these inflammatory biomarkers, only higher levels of white blood cell count 

were associated with narrower arteriolar calibre.186, 189, 192 This could be due to the 

unnecessary dual adjustment of retinal venular calibre in the models.157 

Alternatively, it could reflect that white blood cells are also influenced by additional, 

non-inflammatory pathways. 

In population studies, GlycA is a robust predictor of all-cause of mortality and CVD, 

even after adjusting for CRP.223-225 In adolescents, GlycA has been shown to be 

associated with obesity and prediabetes.252 To the best of our knowledge, this is the 

first study to demonstrate that GlycA is associated with retinal venular calibre in 
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both children and adults, and the magnitude of association is similar to previous 

findings using other inflammatory markers.  

We extend prior studies by exploring whether inflammation (as measured by GlycA) 

mediates the associations of obesity and retinal vascular calibre. We found that the 

relationship between obesity and venular calibre was mediated by inflammation in 

both age groups. Data from both population-based studies and animal experiments 

support this finding. For example, in a sample of 157 American adolescents, Yau 

and colleagues reported that low-grade inflammation partially mediated the 

relationship between cardiovascular fitness and more favourable retinal venular, but 

not arteriolar parameters.193 In animal models, increased adiposity results in 

adipocyte dysfunction because of increased pro-inflammatory cytokines and 

leukocyte activation. This may lead to the destruction of venular endothelium and 

consequently lead to wider retinal venular calibre.253  

In our study, the relationship between obesity and arteriolar calibre is unlikely to be 

mediated via the inflammatory pathway but could be mediated by other non-

inflammatory pathways. For example, obesity is a well-recognised risk factor for 

elevated blood pressure, a key determinant of retinal arteriolar calibre.254 Structural 

adaptations of the endothelium and vessel wall in chronic hypertension may 

contribute to narrowing of the retinal arteriolar lumen.192 Future studies could 

address the possible mediating role of blood pressure in this relationship.  

10.5.4 Aim 4: CVD risk factors and large arterial phenotypes showed some 

weak associations with retinal geometric parameters 

Fractal dimension and tortuosity are indicators of microvasculature architecture. In 

adults with cardiometabolic conditions, such as hypertension and diabetes, 

microvascular remodelling results in less structural complexity but more tortuous 

vessel patterns.22,23 These microvasculature architecture changes may further lead to 

CVD events, such as stroke.103  

As introduced in Chapter 2, Section 2.5.1, higher blood pressure and lower HDL 

cholesterol levels are consistently associated with worse fractal dimension and 

tortuosity in adults. However, few studies have examined CVD risk factors and 

retinal geometric parameters in children, and results are inconsistent. One study of 
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166 Malaysian children (mean age 9.6 years) found that venular fractal dimension 

and tortuosity were slightly higher in children with obesity compared to children 

with normal weight (mean difference: fractal dimension 0.015, 95% CI 0.001 to 

0.030 and tortuosity 0.006, 95% CI 0.001 to 0.012).11 Our study only revealed 

evidence of a small association between BMI and arteriolar fractal dimension. On 

the contrary, the Sydney Childhood Eye Study (n= 2,353, median age 12.7 years) 

did not observe any associations between higher BMI and fractal dimension 

(arteriole and venule).203  

In terms of other CVD risk factors, The Child Heart And Health Study in England 

(CHAHS, n= 986, aged 10–11 years) found that retinal arteriolar tortuosity was 

positively associated with levels of triglycerides, total and LDL cholesterol, and 

diastolic blood pressure.204 Yet, in our study, we only observed an association of 

higher systolic blood pressure with higher arteriolar tortuosity.  

Few studies have examined large arterial phenotypes in relation to retinal geometric 

parameters. One small study (n= 88) of children with type 1 diabetes (mean age 13.6 

years) reported that greater CIMT was associated with greater arteriolar but not 

venular tortuosity.12 This was not evident in our sample. If large arterial dysfunction 

precedes structural changes,24 it is plausible that the association of arterial 

phenotypes with retinal geometry emerge from mid-childhood and may become 

more evident later in life and when cardiometabolic disease emerges.25 

10.6 Implications 

10.6.1 Progressive associations across the life course 

In this thesis, analyses for Aims 1 to 3 were conducted contemporaneously in 

children and adults. Findings consistently allow us to speculate that associations 

strengthen with age.  

Retinal vascular calibre variation increases with age and other pathophysiological 

processes, as outlined in the literature review in Chapter 2, Sections 2.3.3 and 2.4. 

Similarly, preclinical large arterial phenotypes also increasingly vary with age and 

share some of the same risk factors as the retinal vascular calibre (e.g., BMI, 

smoking exposure and blood pressure).255 Thus, cumulative exposure to shared risk 
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factors may underlie the age-dependent co-variation between small and large 

vascular phenotypes that we can speculate from our cross-generational cohort. 

Compared to children, in adults, we observed larger explanatory power in the effects 

of obesity-related measures on retinal arteriolar calibre, and larger inflammation-

mediated effects between obesity and venular calibre. Together, these findings 

suggest that cumulative effects of high adiposity on retinal microvasculature 

increase with age. Furthermore, with cumulative exposure to obesity across the life 

course, obesity and retinal venular calibre maybe increasingly mediated by 

inflammation. 

10.6.2 Clinical implications 

10.6.2.1 Some shared but unique micro- and macro-vascular pathways to CVD  

Typically, the potential value of micro- or macrocirculation parameters as predictors 

of CVD risk have largely been investigated separately. While it is plausible that their 

genetic determinants could be quite separate, biologically the two vascular systems 

are functionally related to the pulsatile transmission of pressure and flow.43 Thus, 

our finding has several potential clinical implications. Firstly, the stronger 

association between retinal vascular calibre and large arterial phenotypes observed 

in cardiometabolic patients, compared to the general population, could suggest a 

synergistic effect on the variation of small and large vascular phenotypes. That is, 

adverse changes could be accelerated once cardiometabolic diseases manifest. This 

postulation is consistent with other studies showing that individuals with both type 2 

diabetes and hypertension have an increased risk of CVD compared with those with 

either condition alone.256 Thus, it highlights the potential importance of the 

microcirculation in CVD management, which has attracted less attention to date. 

Secondly, some of the observed associations between the micro- and macro-

circulation may arise from shared CVD risk factors.257 For example, we found that 

adding BMI, LDL cholesterol and smoking exposures to the Aim1 analysis model 

only had small attenuating effects on the association of retinal vascular calibre with 

large artery functional and structural phenotypes. This suggests that although the 

micro- and macro-vascular phenotypes share some common risk factors, each 

phenotype may contribute to CVD primarily through independent causal pathways. 
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Therefore, combining the assessment of both micro- and macro-circulation may 

offer a better prediction of CVD. For example, McGeechan and colleagues found 

that adding both arteriolar and venular calibre to the Framingham risk score 

improved prediction of coronary artery disease in individuals without diabetes by 

1.7%.258 In individuals with diabetes, Ho and colleagues showed that the prediction 

value for CVD was higher (3.0%) when retinal arteriolar, venular calibre and 

diabetic retinopathy were added to other CVD risk factors.259 However, it is unclear 

whether the inclusion of both large arterial phenotypes and retinal vascular calibre 

adds to clinical risk prediction of CVD and which populations or age groups could 

benefit most.  

There is strong evidence that microvascular alteration plays an important role in the 

pathogenesis of CVD.40 Given that the association between small and large vascular 

phenotypes was relatively small, each phenotype may contribute to CVD through 

largely separate causal pathways. Future studies with clinical outcomes could 

explore this question by combining both measures from large arteries and 

microcirculation to inform the optimal use of these measures.  

10.6.2.2 Tracking obesity from early childhood 

Mounting evidence suggests obesity has adverse effects on both preclinical and 

clinical cardiovascular health.260, 261 Our study indicates that greater BMI and WHtR 

impact adversely on retinal vascular calibre, a recognised early marker of later 

CVD.150 Adverse microvascular parameters were predicted by BMI from age 4–5 

years onwards and strengthened across the life course. Even though the effects were 

relatively modest, at the population level, they may have clinical implications. As 

mentioned in the literature review (Chapter 2, Section 2.3.3.1), where data from 16 

community-based studies estimated that the natural history of change in arteriolar 

calibre, without considering BMI, was about -0.02 µm per decade.90 Taken together 

with our current findings, high or rising BMI appears to accelerate the adverse 

changes in retinal vascular calibre. For example, if a child’s BMI z-score increased 

by two SD units (e.g., moved from normal into the obese range) at age 6–7 years, 

then we estimate that arteriolar calibre would be 1.7 µm narrower than the average. 

Another example is from the Cardiovascular Risk in Young Finns Study, who 
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reported that the improved ideal cardiovascular health (a score comprising BMI, diet 

status, physical activity status, smoking status, blood pressure, and fasting plasma 

glucose) from childhood to adulthood was positively associated with adult 0.61 µm 

(95% CI 0.01 to 0.24) wider (better) arteriolar calibre.262 Thus, the effect of BMI we 

estimated may represent substantial effects on the future cardiovascular health.  

Our findings emphasise the importance of tackling obesity from early childhood. 

This is of particular importance, as obesity tracks strongly from childhood to 

adolescence and into adulthood, with adverse effects occurring across the life 

course, but are more likely to be reversible at a younger age.176, 263  

Evidence has found that using traditional CVD risk factors to predict obesity-related 

metabolic syndrome across adolescence is unstable because of the profound 

physiological changes during this specific period.264 Some studies have then 

investigated the association of obesity with preclinical large arterial phenotypes.265, 

266 However, there are cost and methodological concerns regarding preclinical large 

arterial phenotypes, as previously discussed (Section 2.2.4.3). Retinal microvascular 

parameters could be a possible marker to observe obesity-related damage in the 

cardiovascular system. With the development of technology, it may be possible to 

have a real-time analysis of the quantified retinal microvascular parameters (see later 

Section 10.7.2).  

10.6.3 Mechanistic implications 

In the mediation analysis, we found a large proportion of the association between 

obesity and retinal venular calibre was mediated via GlycA, 19-41% of the total 

effect in children and 70-100% in adults. This suggests that children have less 

cumulative exposure to inflammation and that, with age, associations between 

obesity and adverse microvascular parameters may be increasingly mediated by 

inflammation. A large randomised control trial targeting interleukin-1β (a 

prototypical inflammatory cytokine) has provided direct support for the 

‘inflammatory hypothesis’ of CVD in humans.180 Obesity is a major driver of 

inflammation267, and anti-inflammatory interventions may have a role in mitigating 

the adverse impact of obesity on the microvasculature. Currently, most obesity 

interventions focus on nutritional intake and physical activity but do not result in 
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sustained improvements in preventing or managing weight gain.268 Addressing 

downstream adverse effects, such as inflammation, may be useful adjunctive 

interventions.269 Further studies are required to understand the key therapeutic 

targets and the optimal age to intervene safely. 

Obesity is a major cause of hypertension. The Framingham Offspring Study has 

estimated that approximately 78% of the hypertension cases in men and 65% in 

women can be directly attributed to obesity.270 As mentioned earlier in the literature 

review (Section 2.4.3.4), high blood pressure has been shown to adversely impact on 

retinal microvasculature, particularly on narrowing retinal arteriolar calibre. Thus, 

obesity-related high blood pressure could be another important pathway leading to 

adverse retinal microvascular variation, as well as poor cardiovascular health. This 

was not explored in the current thesis because the statistical software used did not 

allow us to include multiple mediators. However, this is something that will be 

explored in the future as new statistical techniques now allow for multiple mediators 

to be examined. 

10.7 Future directions 

The microcirculation is increasingly being recognised for its role in the pathogenesis 

of CVD (Chapter 2, Section 2.2.5), but has attracted relatively less attention in CVD 

management. Technological developments now allow retinal microvascular 

parameters to be quantified from noninvasive, low cost and highly reproducible 

retinal images. However, the scoring remains timely and costly, which somewhat 

limits their use. In addition, few studies have tracked retinal microvascular variation 

from early in life in combination with adverse CVD outcomes later in life. Such data 

would enhance the practical meaning of retinal microvascular parameters across the 

life course. Below potential future research directions are discussed. 

10.7.1 Replicate findings across the life course with clinical CVD outcome data 

To date, the bulk of the evidence examining the retinal microvasculature is from 

late-adulthood, with far fewer data in childhood to mid-adulthood. To examine how 

retinal microvasculature varies with different factors across the life course, we need 

longitudinal studies with repeated measures of the retinal microvasculature and 

associated measures over time.  
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Several large cohort studies investigate the development of atherosclerosis and CVD 

have measured retinal microvascular parameters.98, 185 However, these studies have 

failed to measure retinal microvascular parameters at each follow-up together with 

clinical outcomes. Tracking changes in retinal microvascular parameters would 

provide information on whether these parameters progress with CVD development, 

and whether they provide additional information beyond other risk assessment 

measures. 

10.7.2 Advanced technology assisting with retinal image scoring 

Currently, the assessment of retinal microvascular parameters is commonly 

performed via semi-automated computer-based software. There are several concerns 

relating to the measurement. Firstly, the quantification process is not entirely 

objective. Subjective decisions in the assessing process may influence the quality of 

data. Although the reliability of retinal vascular calibre ranged from 0.79 to 0.99 in 

our study, measurement bias cannot be fully avoided. Secondly, various software 

has been developed for retinal image scoring, which uses different algorithms. 

Different software limits direct comparisons across studies.78 Thirdly, the 

quantification process is very time-consuming (~45 minutes per retinal image using 

SIVA software). Thus, if retinal microvascular parameters are to be used more 

broadly in research at scale, or even one day at a clinical level, a standardised 

process using an objective tool is required. Recent innovations in deep learning 

technology could be a solution.  

A deep learning system has been developed to detect individuals with diabetic 

retinopathy from retinal images with 91% sensitivity (95% CI 87% to 93%) and 

92% specificity (95% CI 91% to 92%).271 Recently, Peng and colleagues also 

developed a deep learning system to predict traditional CVD risk factors from retinal 

images.73 As introduced in Chapter 2, Section 2.3.2.2, their findings showed that the 

deep learning system could accurately predict a series of traditional CVD risk 

factors, such as age, smoking and systolic blood pressure, with AUC up to 0.97.73  

My co-supervisor, Professor Wong is leading a project of developing the deep 

learning-based SIVA software. This would allow retinal microvascular parameters 

to be scored in real-time. The adult version has been validated in over ten studies. 
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The intraclass correlation coefficient for retinal arteriolar calibre is 0.88 and for 

venular calibre is 0.94 (unpublished data, available upon request). Using our 

manually scored CheckPoint SIVA child data, I am now participating in the 

validation of the child version of this software. We know that there are prominent 

sheens of retinal nerve fibre layers on children’s images, which influences the 

scoring of child images. Thus, validation using children’s data is necessary.  

The deep learning-based software has the potential to further support the retinal 

microvascular parameters being used at scale, both in research and clinical settings. 

Future plans could be extending the deep learning technology to quantify retinal 

geometric parameters in addition to the vascular calibre. 

10.7.3 More research on retinal geometric parameters 

Our study showed that in children (Aim 4, Chapter 9) only some of the CVD risk 

factors and preclinical large arterial phenotypes were associated with the retinal 

geometric parameters. There was no clear overall pattern across the factors 

considered. This may be the result of the moderate scoring reliability of these 

geometric parameters which could mask weak associations. The development of 

deep learning-based scoring, as mentioned above, could help address this issue. 

Other studies may soon be able to validate our findings using the deep learning 

scored results, which would enhance our understanding of whether these additional 

geometric parameters add any new knowledge beyond retinal vascular calibre.  

Another reason for our mixed findings could be that the geometric parameters reflect 

the overall architecture variation of the retinal microvasculature, which may take 

time to develop. If this is the case, then it could explain why the association of CVD 

risk factors with geometric parameters is more consistent in adults than in children. 

Currently, research evidence is still limited. More research could work to firstly 

understand the epidemiology of the geometric parameters and secondly to reproduce 

our analysis in people at different life stages and see if the associations present 

cumulative life course trends.  

Novel geometric parameters in older adults have been shown to predict adverse 

CVD events,101, 102 just like retinal vascular calibre. However, whether the geometric 

parameters perform over and beyond the retinal vascular calibre in risk prediction 
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has not been studied, as most studies only quantified one or the other. Future studies 

could investigate if CVD risk is better described by retinal vascular calibre or 

geometric parameters. 

10.7.4 Body composition and retinal microvascular parameters 

BMI has predominantly been investigated when discussing the associations of body 

composition and retinal microvascular parameters.155, 165, 175 However, BMI does not 

distinguish between fat and muscle.173 A few studies have specifically looked at the 

possible impact of fat distributions on retinal microvasculature.153, 163, 173 For 

example, the Generation R study found that higher total body and abdominal fat 

mass in 4,145 children aged six years were associated with worse arteriolar but not 

venular calibre.155 However, investigating one component of body composition 

alone (e.g., truncal fat mass, non-truncal fat mass and fat-free mass) with retinal 

microvascular parameters is less than ideal. It is problematic to have all components 

in one statistical model due to the multicollinearity between these measures. Thus, it 

is unclear whether retinal microvascular parameters are most strongly influenced by 

body mass or different distributions of body composition.  

The novel analytic technique of compositional data analysis presents a way to 

answer this question.272 Body composition comprises truncal fat, non-truncal fat and 

fat-free mass, of which their proportions sum to 100%. Body composition data can 

be expressed as log-ratios in the compositional analysis model to allow all the 

compositional parts to be explored simultaneously, along with body mass, in relation 

to health outcomes. Our CheckPoint study has measured body composition using the 

BIA device, which provides an opportunity to explore how body composition 

profiles and body mass predict microvascular variations. Therefore, by considering 

body composition as compositional data, I plan to examine the association of body 

composition with retinal microvasculature in children 11–12 year-olds and mid-life 

adults in future research. This knowledge could further enhance our understanding 

of the pathogenesis of the microvasculature. 
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Chapter 11. Conclusions 

Retinal microvascular parameters offer a ‘window’ into the microcirculation, which 

are known to predict future CVD events in late-adulthood. This thesis extends our 

understanding of the retinal microvascular parameters early in the life course. 

Findings suggest that by age 11–12 years, microvascular pathophysiology starts to 

contribute to CVD pathogenesis.  

Preclinical phenotypes of the large arteries and microcirculation have some shared, 

but mainly unique pathways to CVD, with shared pathways becoming more evident 

with age across the life course. We also showed that the adverse impact of obesity 

on retinal microvasculature begins early in life, more markedly on arteriolar than 

venular parameters, with modest venular effects mediated largely by inflammation. 

In children, the retinal geometric parameters did not add novel information about 

CVD risk beyond retinal vascular calibre. All in all, microvascular parameters, 

retinal vascular calibre, may offer additional value to CVD prevention efforts from 

childhood onwards, especially when combined with other risk assessment measures. 
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Appendices 

Appendix A: See Here SOP  

Appendix A is composed of two parts: standard operating procedures (SOP) for See 

Here data collection and for retinal microvascular parameter data management.  

The thesis author, in consultation with Prof Mingguang He, Prof Tien Yin Wong 

and the wider CheckPoint team, developed these procedures and contributed to the 

initial draft and revisions.  
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              CHILD HEALTH CHECKPOINT 

             STANDARD OPERATING PROCEDURE (SOP) 

                                Data Collection: See Here  

 

1. PURPOSE 

To detail how the retinal photographs are to be undertaken safely, accurately and 

consistently.  

Data management procedures are described in the Data Management SOP – Vision 

and Data Management SOP – Cardiovascular (retinal photography). 

2. SCOPE 

This procedure is relevant for retinal photography at the Assessment Centres only. 

This procedure is not relevant for Home Visits. 

3. ABBREVIATIONS  

Abbreviation Definition 

CERA Centre for Eye Research Australia 

ID Identification 

REDCap Research Electronic Data Capture tool 

SOP Standard operating procedure 

 

4. DEFINITIONS 

Terminology Definition 

Assessment Centre Assessment Centres were set up in seven major 

and eight regional Australian cities to conduct a 

series of physical health measurements in a 

single visit 

 

5. RESPONSIBILITIES 

 Investigator/content expert 

• Lead protocol development for the See Here assessment. 

• Train staff to undertake assessments in a safe, accurate and 

consistent way. 

• Provide advice to assessment staff and the Assessment Centre 

manager if required. 

Assessment staff  
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• Attend training for visual acuity measurement and retinal 

photography.  

• Carry out visual acuity measurements and retinal photography. 

  Assessment Centre manager 

• Carry out and/or oversee the training for visual acuity 

measurement and retinal photography. 

• Oversee assessment staffs’ practices to maintain the agreed 

SOP. 

6. TRAINING 

Retinal photography training will be conducted by Ms Lauren Hodgson from 

the Centre for Eye Research Australia (CERA). Training will be conducted at 

the Murdoch Childrens Research Institute, Melbourne and involve three 90-

minute education sessions, followed by testing to meet certification 

requirements (see Appendix 13.1).  

Staff taking photographs for the CheckPoint study must be certified for the 

relevant procedure(s), before taking patient photographs.  

7. Equipment  

Equipment  

 

Retinal photography (in separate dark room): 

CR-DGi (with EOS 60D SLR camera back) 

Laptop with software & USB 

Power board 

Consumables  

Retinal photography: 

Low lint tissues 

Alco wipes 

Hand sanitiser 

Furniture  

Adjustable stools 

Trolley (for monitor)  

Adjustable height trolley 

2 x adjustable height stools 

Table for laptop 

 

8. Procedure  

Start of day processes 

Preparation for retinal photography 

• Ensure that the camera back is attached to the camera body; and 

the camera and laptop is connected to power 

• The equipment must be turned on in the following order: big 

camera, small camera, then laptop. 
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• The ‘DH Client’ software and the REDCap See Here forms 

should be opened ready to record assessment details. 

Participant assessment 

• Greet participant by their first name and introduce yourself: 

“Hi ………….(participant), my name is ……….(staff name)” 

• Check participants Name Badge. 

• Check participants ID on lanyard. 

• Open participants REDCap form. 

                  Retinal photography 

• Before the participant sits, ensure the camera table has been 

pulled back so they don’t touch the lens with their nose. 

• Greet the participant by their first name and introduce yourself: 

“Hi ………… (participant), my name is ……… (staff name)” 

• Check the participant’s name badge. 

• Check ID on lanyard. 

• Open participant’s REDCap form. 

• Explain Retinal Photography: 

“Welcome to See Here. Grab a seat on this chair for me. In this 

station, we will take some pictures of your eyes. You might have had 

this done at the optometrist before. It won’t hurt, you’ll just see a 

bright flash, and it’s done! We’ll take two pictures of each eye. 

• Ask the participant if they have any known eye conditions and 

enter into REDCap. 

• Note: Make sure the participant has removed glasses, if 

applicable.  

• Adjust the height of the chair to ensure the participant can sit 

comfortably when their chin is resting on the chin rest. Adjust 

the table height using the up/down button at the base of the table 

(at edge of table). 

• Check the eye is in line with the white line on the metal pole 

attached to the side of the chin rest. If adjustments are needed, 

use the white roller to lift/drop the chin rest, so that the 

participant is comfortable and can sit normally. 

• Explain to the participant:  

“Could you please rest your chin on the chin rest for me. Rest your 

forehead against the head rest. I need you to stay nice and still in this 

position for me for a few minutes, and this includes not talking, as 

moving your jaw will affect the photos. Are you comfortable?”  

• If the participant is not comfortable, continue to adjust the chin 

rest and/or chair. 
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• With the participant in position with their right eye in front of 

the camera, ask them to look at the orange dot: 

“First we’ll start with your right eye. Make sure you keep your head 

still, with your chin on the chin rest and forehead touching the head 

rest. Look straight ahead at the flashing orange dot for me”.  

• Move the camera platform to focus on the right eye.  

• Take the right eye macula-focused image: 

1. Line up the two sides of the split circle to be a continuous 

circle around the right pupil by moving the platform in or 

out. 

2. Line up the inner circle on the screen around the outside 

of the pupil with the three white dots surrounding the 

pupil.  

3. Note: If the participant has small pupils, use the small 

pupil SP white lever on the right side of the camera. This 

reduces the field of the camera and focuses the photo on 

the centre of the pupil. 

4. Press the black square button to zoom into the eye.  

5. Line up the two lines on the screen using the knob on left 

side of camera. Ensure the lines are in focus.  

6. Locate the two white dots using the joystick to move the 

camera.  

7. To focus use the joystick for in/out movement; to move 

dots up/down use roller on base of joystick. 

8. Once the two dots are located, they both need to be inside 

the square indents on the left and right of the camera 

monitor. Ensure they are in focus. 

9. When you’re ready to take the image, ask the participant 

to blink. Use the button on top of the joystick, capture the 

image once they open from their blink. If the participant 

blinks during the image, re-take the image.  

• DO NOT delete any photos during this sequence, they can be 

removed later. 

• Take the right eye disc image once the participant has recovered 

from the first flash: 

10. Ask the participant to look at the orange dot again. 

Complete steps 1-4 for macula centred image above. 

11. When the participant is ready, press the white left button 

next to the black square zoom button.  This will move the 

orange dot outside of the camera to line the optic disk in 

the centre of the picture.  
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12. If observing right eye then move the dot 2-3 across to the 

left by pressing the white left button next to the black 

square zoom in button 2-3 times. If participant is 

struggling to follow the dot move it across only 2 times. 

13. Once the participant is focused on the dot, repeat steps 5-9 

for macular centred image above to capture the right disc 

image. 

• Allow participant to relax for a minute or two then readjust 

position/height of the table for the left eye and repeat steps 3-13 

for the left eye to capture the left eye Macular and Disk centred 

images 

• To end the photo session, click ‘END’. This allows you to 

review all photos taken. You then have the option of:  

Taking more photos (if time permits). Click on “Continue 

photographing this patient”. 

If no more photos are required, click on “End program” or to 

review images, click “Go to patient’s visit list”. 

• Copy the image code onto REDCap and tick which images 

you’ve captured. You should have a macula centred and disc 

centred image for the right and left eye (see below for 

examples):

 

Note: FIELD 1 = disc centred image (see Figures 1 and 2); FIELD 2 = 

macular centred image (see Figures 3 and 4) 

• To save the images: 

Click “select all” to save images. 

Images will be highlighted with a pink frame. 

Click “export selected”. 
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Save files in the following file pathway: CheckPoint > 

Participants Today > Child ID > Retinal_Photos > Child 

or Parent > Save files here. 

Select image quality as “high” (approx. 1.5MB). 

Click “send” to confirm save. 

Saved images should be named as the image code followed by a 

3-digit number. E.g. CC01) JTZ001. 

• Thank the participant for their time and direct them to their next 

station:  

“Thank you for your help here. I will save these pictures for you on a 

USB, so you can take them home with you to show your friends and 

family what the inside of your eye looks like! Grab your stuff and I’ll 

take you to your next station” 

• Ensure REDCap is updated. Make a note in the “Comments" 

box of any abnormal images that require following up. 

• Mark ‘Complete’ on REDCap Form. 

• Wipe down the chin rest and head rest with an alcohol wipe. 

• Lock the moveable base of the camera platform. 

• Replace dust covers. 

• Switch off the laptop. 

End of day procedures 

• Check REDCap data entry completed for all participants. 

• At the end of each session, retinal photographs need to be saved 

onto the server. The server will be backed up at the end of every 

session. Save the images in “CheckPoint” then in the 

participant’s ID folder. Name the file [ID number][p (if 

parent)]_retinalpic. 

• Mark the station as ‘complete’ on REDCap Form. 

• Say to participant: 

“Thank you, I have finished now. I’ll take you to your next station.”   

9. CHANGES TO PROTOCOL 

Changes to protocol over time  

• Retinal Photography was performed at the Main Assessment 

Centres only. 

10. STATION TIPS AND TRICKS  

Retinal photography tips and tricks 

• The digital camera program (EOS client) must be on for the 

camera to transfer files to the computer. 

• If images aren’t transferring from camera to computer attempt 

the following: 
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Look for a dialogue box in the EOS digital camera program that 

says ‘could not write to selected folder. Select another 

folder. 

Note this dialogue box may be behind other programs, so find it 

on the taskbar (next to start) or press ‘alt + tab’ to switch 

between the windows on the screen. 

Once found, Click Ok 

Another window will appear under the EOS program 

attempting to choose a new folder. Click Cancel. 

Another window will appear saying ‘shot may not be saved. 

Continue?’ Click yes. 

• If files are still not transferring, attempt restarting the computer, 

and cameras. 

• If REDCap is down, save files in folders on the desktop naming 

the folders as the participants ID (with a p for parents). Then 

when possible transfer them manually into the CheckPoint 

folders for each participant. 

• If the flash is too bright for participant you can dim this by xxx. 

General orientation of the Retinal Photography camera 

• The joystick is best used for small movements 

• If large movements are needed, especially at the start when first 

lining up the camera, slide the whole slide table  

• The wheel on the right will focus the image 

• The square button in front of the joystick moves from the 

camera view from the external eye to internal eye view 

• The round button in front of the joystick moves the camera left 

and right 

• The dial around the joystick moves the camera up and down 

• Digital images should have enough resolutions for grading. 

Ideal image resolution for adequate grading is approximately 

3000 pixels x 2000 pixels more than 150 dpi. 

• When saving images as JPEG, make sure they are saved in high 

quality (low compression rate). For example, a digital 

photograph with resolution of 3072 pixels x 2048 pixels, 180 

dpi, in 24 bit colour depth will have approximate image size of 

2Mb per photo. 
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11. DOCUMENT VERSION CONTROL  

Version  Effective Date Change 

1 17 January 2014 New Document. 

2 15 August 2014 Major revisions. 

3 19 August 2014 Revisions post-first run through. 

4 25 August 2014 Decimal VA vs logmar; clean text. 

5 3 November 2014               Post DR version. 

6 16 December 2014 Minor modifications. 

7 20 May 2015 Consistency with Summary doc. 

8 27 March 2018 Update formatting to match template, 

review accuracy and completeness of 

information. 

9 22 June 2018  Merge with Retinal photography See 

Here SOP. 

9 28 June 2018 Formatting and consistency updated.  

 

12. REFERENCES 

http://www.michaelbach.de/fract/checklist.html 

13. APPENDICES 

Certification 

Staff are encouraged to contact the CERA grading consultant, Ms Lauren 

Hodgson (labh@unimelb.edu.au) with any photography related questions. 

Certification consists of (1) review of standard photography procedures and (2) 

demonstrated ability to perform the photographic procedure by submission of 

photographs of acceptable quality.  

Photographers should submit colour photographs of five patients (10 eyes) 

taken using this procedure. The colour photographs may be taken of patients in 

whom photography is being carried out for clinical purposes or in normal 

volunteers. The digital images should be prepared for grading. A signed 

Photographer Certification Request Form is also required. 

Photographers who meet certification criteria will receive written confirmation 

of certification. Photographers who do not meet these criteria will receive 

feedback from the photographic consultants, and will be required to submit 

additional sets of photographs. After three unsuccessful attempts for 

certification, no additional photographic submissions will be accepted until a 

plan for improving photographic quality has been developed in collaboration 

with the Principal Investigator. 
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CHILD HEALTH CHECKPOINT 

STANDARD OPERATING PROCEDURE (SOP) 

Data Management: Retinal Photos 

1. PURPOSE 

This Standard Operating Procedure (SOP) describes how the Retinal photos 

data is processed after data collection. This includes transfer of the source data 

to the Murdoch Children’s Research Institute (MCRI), measure extraction and 

data derivation.  

Data Collection processes are described in the Data Collection SOP – see here.  

2. SCOPE 

This SOP relates to Retinal photos data only; this includes data from REDCap 

(Research Electronic Data Capture tool) and image analysing software.  

The retinal photographs were undertaken by children and an attending parent at 

Main Assessment Centres only. 

3. SUGGESTED CITATION 

Growing Up in Australia's Child Health CheckPoint. Standard Operating 

Procedure: Data Management, Retinal photos. Melbourne: Murdoch Children's 

Research Institute, 2019. doi: 10.25374/MCRI.8957084 

4. RESPONSIBILITIES 

CheckPoint Data Management Team (Data Team) 

• Safe transfer of files onto MCRI server.  

• Safe transfer of files into Source Data (restructuring). 

• Movement of files through from Source Data to Measurement Extraction 

to Derived Data folders. 

• Undertake and supervise data validation tasks. 

CheckPoint Data Management and Statistics Committee 

• Provide guidelines and policies on data management for the project.  

• Monitor the performance of data management activities.  

• Support and assist in the resolution of issues that arise during data 

management.  

Student/Research Assistant (RA)  

• Undertake review of the scoring literature. 

• Propose scoring to be used. 

• Undertake data cleaning and validation tasks as instructed (eg. data 

comment review).  
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• Review and propose scoring system and derived variables to be used 

• Liaise with investigators to resolve issues arising. 

Investigators 

• Provide guidance and assistance in the measure extraction, data 

derivation and analysis processes.  

Key Contacts  

• Melissa Wake (Investigator) 

• Mingguang He (Software provider) 

• Tien Yin Wong (Software provider) 

• Mengjiao Liu (PhD Student) 

• Lauren Hodgson (CERA RA) 

 

5. ABBREVIATIONS & DEFINITIONS 

Assessment Centre Assessment Centres were set up in Australian cities to 

conduct a series of physical health measurements in a 

single visit.  

‘Main’ Assessment Centres were set up in seven major 

Australian cities. Participants were offered all 

CheckPoint assessments during a 3½ hr visit. 

Derived Data These data represent the outputs of processing 

measure extraction data. This processing varies 

between measures and can include activities such 

variable naming and labelling, incorporating changes 

from comment cleaning and flagging potentially 

unreliable data, recoding variables, deriving new 

variables such as z-scores, totals and averages, and 

checking distributions and ranges. These data can be 

included in the final data set. 

Measurement 

Extraction 

These data represent the outputs of processing source 

data. This processing varies between measures and can 

include activities such as file conversion 

(consolidating accumulative files, transcription, 

changing file types), validating IDs and cross 

checking duplicate data, scoring data such as images 

or loops, reviewing data quality and excluding poor 

quality data and checking for missing data. These data 

can be included in the final data set.  

REDCap Research Electronic Data Capture 

A research data entry Program. 

SOP Standard Operating Procedure. 
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MCRI  Murdoch Children's Research Institute. 

Source Data These data represent the first point at which research 

data was collected. These data take many forms such 

as images, data directly entered into the Research Data 

Capture application, written documentation and data 

generated from physical assessment machines. These 

data are stored in their original format with no 

changes, such as cleaning, made. 

Stata A statistical software package. 

IVAN Integrative Vessel Analysis, the software analysing 

retinal photos. 

6. TRAINING 

• Students/RAs - familiarity with data collection process and retinal 

photography scoring training (CERA)  

• Data team - familiarity with file compression (7-Zip), Python modules 

and Excel functions (sorting, conditional formatting) and Stata14 

7. PROGRAMS 

• REDCap (“Main Wave Data Collection” Project)  

• Space on MCRI Servers (JPEG files, copies for file name cleaning, file 

logs, extracted REDCap data) 

• Retinal photography software installed computer  

• Microsoft Office  

• Stata installed computer 

8. PROCEDURE 

8.1 Summary Steps  

 

8.2 Preparation of REDCap data 
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File Conversion 

Data source: REDCap  

Procedure:  Data Team download data from REDCap 

Program: REDCap, Stata 

File type produced: DTA Stata dataset (file name, if you have it) 

• Retinal photos are saved as high-quality JPEG files, 1-8 photos per 

participant  

• File naming procedure:  

At AxC, wach participant has arbitrary letter/number/symbol 

combination, with photos numbered sequentially,  

eg. BB01)A&B.001.jpg  

Automated file transfer to source data retains original name and 

adds Participant ID with suffix to start,  

eg. A1234c_ BB01)A&B.001.jpg 

• Process regarding transfer of files from collection to Source Data 

• MCRI data team copy/clear hard drive and return to Assessment Centre  

o compressed copy of original city backup is made prior to transfer 

• Automated restructuring script adds participant ID and suffix, and 

transfers unique jpeg files into \SH_Retinal_Photos, and duplicates are 

numbered and placed in \0_Duplicates\ SH_Retinal_Photos  

• The Data Team exported these variables from REDCap, used Stata to 

append ‘Main Wave’ project exports into a single document, and saved 

as DTA Stata dataset: red_allergyYYYYMMDD.dta  

• Type of Data  

One entry per family, with separate pages for child (See Here Rpic) 

and parent (See Here Parent Rpic) 

Includes known eye conditions, images captured, image code, 

number of photos, reason missing and other retinal photo 

comments  
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Procedure:  

1. From the REDCap Main Wave Data Collection project, export the following 

variables:  

a. checkpoint_id ID 

b. ccpt_refuse_p___8 Parent refused measures for child 

(choice=Retinal photo) 

c. p1ci_refuse_p___8 Parent refused measures for parent 

(choice=Retinal photo) 

d. ccsh_eyecond_d Does the child have any eye conditions they 

know of? 

e. ccsh_neyecon_d What is the name of the condition? 

f. ccsh_disc_d___1 Disc images captured (choice=Left Eye) 

g. ccsh_disc_d___2 Disc images captured (choice=Right Eye) 

h. ccsh_macula_d___1 Macula images captured (choice=Left Eye) 

i. ccsh_macula_d___2 Macula images captured (choice=Right Eye) 

j. ccsh_icode_d Image code 

k. ccsh_norpic_d Number of retinal photos taken 

l. ccsh_rpmiss_d Reason Retinal Photo Missing 

m. ccsh_rpcomm_d Retinal photo comments 

n. p1sh_eyecond_d Does the parent have any eye conditions they 

know of? 

o. p1sh_neyecon_d What is the name of the condition? 

p. p1sh_disc_d___1 Disc images captured (choice=Left Eye) 

q. p1sh_disc_d___2 Disc images captured (choice=Right Eye) 

r. p1sh_macula_d___1 Macula images captured (choice=Left Eye) 
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s. p1sh_macula_d___2 Macula images captured (choice=Right Eye) 

t. p1sh_icode_d Image code 

u. p1sh_norpic_d Number of retinal photos taken 

v. p1sh_rpmiss_d Reason Retinal Photo Missing 

w. p1sh_rpcomm_d Retinal photo comments 

2. Reshape data to long format, with parent and child on separate rows 

(including ID and c/p) 

3. Save as Y:\\checkpoint \Master_Data_Repository \Measure_Extraction 

\sh_retinal \1.FileOrganisation \quality control docs 

\CheckPoint_MainWavfe_DataCollection_retinal photos_all_yyyymmdd.csv  

Comment Cleaning 

       Process regarding steps of comment cleaning:  

Data source: REDCap export (red_allergyYYYYMMDD.dta) 

Procedure: 

Review and actioning of free-text comments 

entered into data entry forms by Data Collection 

staff at the time of assessment. 

These comments were made to share relevant 

information with other CheckPoint team members 

during the visit, or record details of the assessment 

that could have impacted on data quality.  

The Data Team, students and RAs reviewed 

comments and allocated an action: the data be 

dropped, changed, replaced, or retained unchanged. 

Program: Microsoft Excel and Stata 

File type produced: XLSX list of changes, DO file 

• Data RA produces output of all string fields and comments from related 

station/s (See Here), with template columns for student to complete 

• STATA script to produce output should replace known child and parent 

names with placeholder to protect participant privacy  

• Student reads through string fields/comments for parent and child, and:  

a. score action to be taken, with appropriate syntax 

i. replace a value 

ii. remove a value 

iii. no action (NA) 

iv. wrong ID 

v. investigate/ask CIs 

vi. remove identifying info in comment 

vii. report special case to analyst 

b. score explanation to justify above action  
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i. 1 if already recorded in data or irrelevant  

ii. 2 if removing identifying info (DOB, name, address, phone 

number) 

iii. 3 if wrong participant  

iv. 4 if replace incorrect values 

v. 5 if check machine data vs. REDCap  

vi. free text if absolutely need to type explanation  

c. consolidate areas that need further clarification, and consult with 

relevant investigators 

• Full list of instructions and examples can be found in 

README_comclean.xlsx 

• Data RA incorporate results of comments cleaning in FinalClean STATA 

syntax  

8.3 Preparation of IVAN Data 

File Conversion 

Data source: IVAN 

Procedure: Students (summer students and interns) 

Program: Windows Explorer 

File type produced: 
JPEG (1 folder per participant with 4-8 photos 

each) 

• Data management team make a copy of all transferred retinal images 

from Source Data to the Student working folder in Measure Extraction  

• Create new folder for each participant with retinal photos, in the format 

"A1234c" (child) or "A1234p" (parent) 

• In windows explorer, drag and drop photos for each participant to their 

relevant folder  

• Open each file to verify all 4 image types have been taken (left and right 

disc and macula), remove any blank or unreadable images (blinks); also 

compare available images with information exported from REDCap, and 

list any changes necessary in final photo log  

NOTE - this process was completed manually due to student 

availability and original requirement to remove blinks and blank 

photos; for automated processing of images where number of 

images is not a factor, image organisation can be automated in 

Python without checking each image  
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Quantitation Analysis 

Procedure: Student/RA 

Program: IVAN 

File type produced: CSV 

 

8.4 Data Completeness Indicator 

Process regarding preparation steps for validity checks:  

Program: Python, Excel 

File type produced: 
Zip folder of all BIN and CSV files 

Excel spreadsheet of filenames and sizes 

Key Parameters:  

1. All valid attended IDs  

2. ID/suffix on photo matches folder  

3. Number of images in folder matches number taken in REDCap  

4. Image code on filename matches image code in REDCap  

Procedure:  

1. Student organised photos moved to appropriate location in Measure 

Extraction 

2. Export retinal photos information from REDCap (see Measure Extraction - 

REDCap below for variables) to 

//Measure_Extraction/sh_retinal/1.FileOrganisation/quality control docs 

3. Export list of attended IDs from participant tracking Access database to 

above location  

4. Run Python script "Python script_retinal photos QC"  
import os 

import glob 

import logging 

import pandas 

 

## 1. Create log of photos present 

source = 'Y:/Master_Data_Repository/Measure_Extraction/sh_retinal/1.FileOrganisation/Retinal photos for scoring/*' 

logging.basicConfig(format='%(message)s', 

    filename=' Y:/Master_Data_Repository/Measure_Extraction/sh_retinal/1.FileOrganisation/quality control 

docs/Log_Retinal photos available_yyyymmdd.csv', 

    level=logging.INFO) 

logging.info('CP_ID,SUFFIX,FOLDER,NUMBER_IMAGES,IMAGE_CODE,IMAGE_NUMBER,FILENAME') 

print ('CP_ID,SUFFIX,FOLDER,NUMBER_IMAGES,IMAGE_CODE,IMAGE_NUMBER,FILENAME') 

for folder in glob.iglob(source): 

    foldername = os.path.basename(folder) 

    ID = foldername[0:5] 

    cp = foldername[5] 
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    source_dir = os.path.dirname(folder) 

    folder_path = os.path.join(source_dir+'/'+foldername+'/*.jpg') 

    folder_abspath = os.path.abspath(folder) 

    number=0 

    for file in glob.iglob(folder_path): 

        number=number+1 

    for file in glob.iglob(folder_path): 

        filename = os.path.splitext(os.path.basename(file))[0] 

        image_code = filename[7:15] 

        image_number = filename[17:19] 

        print (ID+','+cp+','+foldername+','+str(number)+','+image_code+','+image_number+','+filename) 

        logging.info(ID+','+cp+','+foldername+','+str(number)+','+image_code+','+image_number+','+filename) 

print('Part 1 (photos log) complete') 

 

## 2. Merge REDCap info with attended IDs 

attended_IDs = 'C:/Users/katherine.lange/Desktop/test data/requests/Retinal photos log/Attended IDs_AC 

only_20160308.csv' 

redcap_info = 'C:/Users/katherine.lange/Desktop/test data/requests/Retinal photos 

log/CheckPoint_MainWave_DataCollection_retinal photos_all_20160321.csv' 

output_info = 'C:/Users/katherine.lange/Desktop/test data/requests/Retinal photos log/Retinal photos_info_20160321.csv' 

a = pandas.read_csv(attended_IDs) 

b = pandas.read_csv(redcap_info) 

merge = a.merge(b, on='CP_ID') 

merge.to_csv(output_info, index=False)  

print ('Part 2 (info merge) complete') 

 

## 3. Merge RC attended info with photos present 

# NOTE - this will exclude participants with photos taken but not found, will need to be logged seperately 

photos_log = 'C:/Users/katherine.lange/Desktop/test data/requests/Retinal photos log/Log_Retinal photos 

available_yyyymmdd.csv' 

output_log = 'C:/Users/katherine.lange/Desktop/test data/requests/Retinal photos log/Retinal photos_log_yyyymmdd.csv' 

c = pandas.read_csv(output_info) 

d = pandas.read_csv(photos_log) 

merge = c.merge(d, on='CP_ID') 

merge.to_csv(output_log, index=False)  

print('Part 3 (consolidation) complete') 

print('Program complete') 

 

5. Automated script above creates 3 documents:  

a. Log_Retinal photos available_yyyymmdd.csv is a list of all photos 

available, including ID, suffix, folder (should be participant 

ID+suffix), number of images in folder, image number and filename 

(without extension)  

b. Retinal photos_info_yyyymmdd.csv merges known IDs from 

attended IDs list to retinal photos information input in REDCap  

c. Retinal photos_log_yyyymmdd.csv merges list of retinal photos 

available with attended IDs and information input in REDCap  

6. Open Retinal photos_log_yyyymmdd.csv and re-save as Excel workbook 

with "QC" in new filename, eg. Retinal photos_log_QC_yyyymmdd.xlsx  

7. In new tabs, also copy/paste the information from Log_Retinal photos 

available_yyyymmdd.csv (photos available) and Retinal 

photos_info_yyyymmdd.csv (REDCap info for attended IDs)  
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8. Under available photos list, check all photos have a valid attended ID, and 

investigate/edit/remove any errors as appropriate  

9. Under tab of merged available photos and REDCap info for attended IDs:  

a. create new columns for foldername match, suffix match, code match 

and number of photos match  

b. foldername match = exact(S2,LEFT(W2,6)), where S2 is the 

foldername and W2 is the photo filename  

c. suffix match = exact(E2,R2), where E2 is the suffix from attended 

IDs/REDCap info and R2 is the suffix from available photos log  

d. code match = exactG2,U2), where G2 is the image code copies to 

REDCap and U2 is the image code section from photo filename  

e. number of photos = exact(H2,T2) where H2 is the number of photos 

input on REDCap and T2 is the number of photos in each folder  

i. if number of photos taken is missing from REDCap, use sum 

of which photos were taken (eg. is disc and macula taken for 

both left and right, number=4)  

10. For foldername mismatch with ID on filename, move files to correct folder 

or rename folder as appropriate (same for suffix mismatch)  

11. For mismatched image codes, investigate for typographical errors, multiple 

photo sets for same participant, or other errors.  

a. If errors resolvable, make list of changes to make to final photo log  

b. If unresolvable, remove photos to a separate folder (removed from 

analysis) 

12. For mismatched number of photos, if number of photos available is less than 

number taken, check retinal photos laptop for additional photos that may 

have been mis-named or copied to the wrong AxC folder  

a. Student also given list of attended participants missing retinal photos, 

to see if any additional photos locatable on retinal photos laptop  

13. Repeat Python photo log and QC procedure until all errors resolved as much 

as possible  

Log creation and preparation for scoring:  

1. Once errors resolved, create photo log for scoring by running Python script 

"Python script_retinal photos for scoring" (very similar to above script with 

different file locations and without )  

2. Open and re-save merged log as an excel workbook "merged log cleaning"  

3. Create a new tab named "edit" and copy/past the log to this tab (so original 

data is retained)  

4. Delete columns B (date of check-in), G (image code, from REDCap), H 

(Number of images, from REDCap), M (reason retinal photo missing), R 

(copy of CP_ID), S (copy of suffix), W (Image number) and Z (filename)  

5. Use conditional formatting to identify duplicate Participants  
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a. make changes to log according to document indicating changes to be 

made, and delete the additional record  

6. Make other changes to log according to document indicating changes to be 

made (from student file organisation AND data completeness checks)  

7. Check number of photos is equal to or greater than the list of photos taken; 

check photos and edit log as appropriate  

8. Rearrange columns and re-format headings according to CERA log template 

Participant ID C/P Session 

Date 

City Image 

Code 

Left 

disc 

Right 

disc 

Left 

macula 

Right 

macula 

Number 

of 

photos 

Notes Eye 

condition? 

Name of 

eye 

condition 

Glasses 

or 

contact 

lenses? 

 

9. Copy retinal photos for scoring, along with cleaned log file, to an external 

hard drive and deliver to CERA representative  

9. DECISION MAKING  

 

10. DOCUMENT CONTROL  

Version Effective date Change 

1 01/04/2016 New document. 

2 29/09/2016 

Data team SOP reviews (updated all 

fields). 

3 31/05/2019 Formatting and consistency updated. 
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12. APPENDICES  

 



 

217 

 

Appendix B: Retinal data scoring manuals 

In this PhD project, we assessed the retinal microvascular parameters used the two 

computer-based scoring systems, Integrative Vessel Analysis (IVAN, University of 

Wisconsin, Madison, US) and Singapore “I” Vessel Assessment (SIVA, Singapore 

Eye Research Institute in collaboration with National University of Singapore, 

Singapore). Appendix B contains manuals relating to the two systems.  
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Vessel Measurement System, the IVAN grading protocol, University of 

Wisconsin  
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The SIVA grading protocol, Singapore Eye Research Institute collaborated 

with National University of Singapore, Singapore 

We used SIVA version 3.0 to score the retinal geometric parameters; the protocol 

provided here is only relevant to this version. 
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Appendix C: Additional papers arising from this PhD 

Three publications arise from this PhD that I contributed equal to or less than 50% 

of the work. Details of these papers are: 

1) Lovern C*, Liu M*, Lycett K, Wake M, Wong TY, He M, Burgner D. Are 

markers of inflammation related to retinal vascular calibre? A systematic review 

and Meta-analysis. This paper will be submitted to the JAMA Ophthalmology for 

peer review. 

* Lovern C and Liu MJ contributed equally to this work. 

2) Dascalu J, Liu M, Lycett K, He M, Wong TY, Wake M. Epidemiology and 

concordance of retinal vessel calibre in 11–12 year old children and their 

parents. BMJ Open 2019; 9: 44-52. 

3) Wang J, Liu M, Sung V, Lycett K, Burgner D, Wong TY, Wake M. 

Associations of retinal vessel calibre and hearing status in childhood and in 

midlife: A cross-generational population-based study. JAMA Otolaryngol Head 

Neck Surg. 2020. 
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Key points 

Question: Are inflammatory markers associated with retinal microvascular calibre? 

Findings: In a meta-analysis, we found a moderate association between C-reactive 

protein and white blood cell counts (WBC) and wider (i.e. worse) retinal venular 

calibre, and weak associations with narrower (i.e. worse) arteriolar calibre. Findings 

were similar in studies using other inflammatory markers. 

Meaning: The association between inflammatory markers and greater venular calibre 

suggests a pathological mechanism contributing to the reported associations between 

retinal microvasculature calibre and cardiovascular disease. Retinal vascular calibre 

may provide insights into the inflammatory pathophysiology of preclinical vascular 

phenotypes.
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Abstract  

Importance: Adverse changes to the microcirculation play an important role in the 

pathogenesis of cardiovascular disease. Observational and trial data support 

inflammation as a key causal mechanism in cardiovascular disease pathogenesis. 

However, the population-level relationship between inflammation and microvascular 

parameters is largely unknown.  

Objective: To investigate the relationship between systemic inflammatory markers 

and retinal microvascular phenotypes.  

Data Sources: We identified studies in Medline, Embase and PubMed for the 

following topics 1) retinal microvascular calibre, 2) inflammatory markers, and 3) 

observational studies. 

Study Selection: Two researchers independently identified studies drawn from 

general population samples and individuals with cardiometabolic and related 

diseases (‘patients’). If data on retinal calibre and an inflammatory marker was 

available, the study was included.  

Data Extraction and Synthesis:  Of 1,920 studies identified, 28 met inclusion 

criteria (general population 19, patients 9). Two researchers independently extracted 

data following the MOOSE guidelines.  

Main outcome(s): Correlation coefficients of inflammatory markers and retinal 

microvascular diameters. 

Results: A variety of inflammatory markers were reported, most commonly C-

reactive protein and white blood cell count. Of these studies, twenty on CRP 

(general population 5, patients 5) and eight on WBC (general population only) 
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reported either correlation coefficients or linear regression coefficients that were 

amenable for meta-analysis. We also undertook a narrative review of all 28 studies. 

There was consistent evidence of a modest association between CRP and venular 

calibre, with similar effect sizes in the general population (r=0.08, 95% CI 0.04 to 

0.11) and in patients (r=0.03, 95% CI -0.06 to 0.12). There was weaker evidence of 

an association between CRP with retinal arteriolar calibre (r=0.01, 95% CI 0.00 to 

0.03) in the general population and in patients (r=-0.06, 95% CI -0.18 to 0.06). 

Similarly, WBC had stronger associations with venular (r=0.18, 95% CI 0.04 to 

0.32) than arteriolar calibre (r =0.05, 95% CI 0.01 to 0.09) and the association with 

arteriolar calibre was in the opposite direction to that hypothesized. Narrative review 

of other biomarkers showed consistent findings.  

Conclusions and Relevance: Inflammation has a greater effect on retinal venular 

than arterial calibre. The findings suggest a potential mechanism contributing to 

microvascular damage whichhas been overlooked in CVD pathogenesis.   
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Introduction  

Despite the historical focus on obstructive atherosclerosis of the large muscular 

arteries, adverse changes to the microcirculation are increasingly recognized to 

contribute to the pathogenesis of CVD1. For example, in large studies of patients 

presenting with non-fatal myocardial infarction (MI), over one fifth had non-

obstructive lesions of the coronary arteries2, suggesting that additional pathogenic 

mechanisms are  involved3, 4. In ischemic heart disease, structural and functional 

changes affect the entire coronary circulation, including the microcirculation, which 

is increasingly emerging as a therapeutic target1. Understanding the mechanisms 

underlying adverse microvascular changes is therefore important to guide prevention 

and interventions.  

Assessment of the microcirculation in vivo has traditionally been difficult and 

invasive, which precluded investigation in population-based studies5.6 Recent 

technological advances now allow noninvasive quantification of microcirculatory 

parameters (particularly arteriolar and venular calibre) from retinal imaging. The 

retinal microcirculation shares anatomical and physiological properties with cerebral 

and coronary microvasculature7,8, may reflect changes in the systemic 

microcirculation9-16 and is predictive of CVD events15, 17.  

Inflammation has a pathogenic role in all stages of the development of CVD18, 19,7, 9 

Two recent randomised control trials have provided direct evidence supporting the 

‘inflammatory hypothesis’ of CVD in humans by demonstrating a reduction in CVD 

beyond that associated with lipid-lowering by treatment of high risk patients with 

anti-inflammatory agents. IN the CANTOS trial, patients with previous MI treated 

with Canakinumab, which targets the pro-inflammatory cytokine interleukin-1β, had 
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fewer secondary CVD events20,10. In the COLCOT trial, colchicine, a non-specific 

anti-inflammatory agent, reduced the risk of both repeat MI and stroke in those who 

presented with a non-fatal MI21. 

Inflammation has also been implicated in microvascular dysfunction. Arterioles, 

capillaries, and venules undergo functional and structural changes during 

inflammation, such as a diminished capacity of arterioles to dilate and the adhesion 

of leukocytes and platelets in venules22.23 These changes contribute to functional 

outcomes, particularly the development of heart failure1.  

Several studies have examined associations between various markers of 

inflammation with retinal microvascular calibre but findings have been 

inconsistent14, 24-26 . As far as we are aware, there has been no systematic review or 

meta-analysis of inflammation and retinal microvascular parameters in either the 

general population or in those with CVD and related conditions. These data may 

clarify the extent to which inflammation contributes to microvascular parameters in 

both general and high-risk populations and indicate whether interventions targeting 

inflammation may mitigate adverse microcirculatory changes. We therefore 

performed a systematic review and meta-analysis to quantify the associations of 

various inflammatory markers with retinal microvascular calibre.  
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Methods  

Protocol registration  

We performed the systematic review and meta-analysis according to the Meta-

analysis Of Observational Studies in Epidemiology (MOOSE) guidelines27. The 

protocol was registered with the International Prospective Register of Systematic 

Reviews (PROSPERO; CRD42018102932) in July 2018.  

Literature search 

We searched Medline, Embase and Pubmed databases for studies reporting the 

association of inflammation and retinal vascular calibre. The literature search 

strategy was composed by content experts and critically evaluated by our 

institutional librarian. MeSH terms, key words and search limits for the following 

three topic areas were combined: 1) retinal microvascular calibre, 2) inflammatory 

markers, and 3) observational studies (Supplementary Table 1S). The search was 

limited to studies published in English or Chinese, with all studies up to February 

2020 included.  

Study selection 

The screening process was conducted by two reviewers (ML, CL) independently via 

the web-based systematic review software package ‘Covidence’ (Veritas Health 

Innovation, Australia)29. Where there was a conflict, an adjudicator (DB) made the 

final decision. After abstract and title screening for relevant studies, each reviewer 

then independently screened full texts using the pre-defined inclusion criteria. 

Studies were included if they were observational designs, had retinal vascular 

calibre quantified from digital retinal fundus photographs via computer-assisted 

methods, and inflammatory markers assessed (e.g. C-reactive protein (CRP), white 
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blood cell count (WBC), tumour necrosis factor-alpha (TNFα), erythrocyte 

sedimentation rate, fibrinogen and Interleukin 6 (IL-6)). Articles were only included 

if a full text with sufficient data was available; conference abstracts and study 

protocols were excluded. Additional studies were sought by hand-searching the 

reference lists of relevant studies.   

Data extraction 

Data were extracted independently by each reviewer from included full texts into 

Epidata software (version 3.1)30. These data included the first author, year of 

publication, study population, study name, sample size, age of participants, 

measurement methods, statistical methods, correlation coefficients, main estimates 

with confidence intervals (CI), and estimates of the association with covariates if 

applicable. To avoid over-adjustment by potential intermediate variables and to 

improve comparability between studies, we preferentially extracted minimally 

adjusted results (e.g. age and/or sex-adjusted). 

Data synthesis and meta-analysis 

A variety of inflammatory markers were reported, but we focussed on the two most 

commonly assessed inflammatory parameters (CRP and WBC), for which there 

were sufficient data to undertake a meta-analysis. Additional inflammatory markers 

were included in the narrative review. The large variation in reporting of results 

made combining data across studies challenging. To conduct a meta-analysis, we 

aimed to combine correlation coefficients or standardized β from unadjusted or 

minimally adjusted regression models, as these are directly comparable. When raw 

regression coefficients were presented, we were able to calculate the standardized β, 

such that we could directly compare associations across studies given that the 
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correlation coefficient and a standardized β from an unadjusted model are equal27. 

This also allowed us to include studies where retinal microvascular calibre was 

assessed as the exposure, rather than the outcome, given that standardized β avoids 

the issue of directionality. When studies reported data in other formats, authors were 

contacted directly in an effort to obtain more suitable data.  

We transformed correlation coefficients to Fisher’s z scores, and pooled estimates 

using the random-effects model of z-transformed correlations31,32 .The 95% 

confidence intervals (CI) of the pooled weighted Fisher’s z-scores were calculated, 

after which all the values were back-transformed to the metric of the correlation 

coefficients to facilitate interpretation31,32. Statistical heterogeneity was investigated 

using the I square index (I2), which measures the percentage of the variation across 

studies that is likely due to heterogeneity and cannot be explained by chance32,33. 

Levels of heterogeneity were regarded as ‘low’ (0%-25%), ‘moderate’ (26-74%) or 

‘high’ (≥ 75%). We used the R software (version 3.4.2), “meta” package to analyse 

data34. 

For other biomarkers with insufficient studies to do meta-analyses, study 

characteristics and main findings (e.g. magnitude of association and level of 

statistical evidence) were compiled into tables.  



 

279 

 

Results  

Study selection and characteristics 

Figure 1 shows an overview of review process according to the PRISMA 

guideline.24 We screened the abstracts and titles of 2383 non-duplicate studies, of 

which 41 studies met our inclusion criteria. After full-text screening, we extracted 

data from 28 studies.  

Table 1 presents the characteristics of the included studies. Most were cross-

sectional and most were conducted in Europe (10 studies) or the United States (9 

studies). Of the 28 studies, 19 were performed in the generally healthy populations, 

mostly with large sample sizes (median sample size 3447), and nine were in patients 

with disease conditions (e.g. hypertension, obesity and rheumatoid arthritis) with 

smaller sample sizes (median sample size 112). Three studies were in children, one 

performed in early childhood (median age six years), and two in mid-childhood 

(mean age 11 years). Of 25 studies in adults, most were with middle-aged adults 

(aged 43 to 68 years). Various inflammatory markers were included, most 

commonly CRP (20 studies) and WBC (8 studies); other inflammatory markers were 

interleukin (IL)-6, fibrinogen, tumor necrosis factor (TNF), albumin, and 

erythrocyte sedimentation rate (ESR). 

Differences in the presentation of results and in the variety of inflammatory markers 

made direct comparison of studies challenging. We therefore conducted the meta-

analysis with CRP and WBC respectively as sufficient data for meta-analysis were 

available, and performed a narrative review for other inflammatory markers. 

Associations of CRP and retinal vascular calibre 
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There were 20 articles examining associations between CRP and retinal 

microvascular calibre (Table 2), of which 11 were conducted in the general 

population. All studies, including two in children, reported that higher CRP was 

associated with wider (ie, worse) venular calibre, but not associated with arteriolar 

calibre. Other studies investigated the association of CRP and retinal vascular 

calibre in patients with disease conditions. Apart from one study in rheumatoid 

arthritis patients reported an association of higher CRP levels with smaller arteriole-

to-venule ratio (standardised β -0.23, 95% CI -6.20 to -0.07), the remaining studies 

found little evidence of associations with either arteriolar or venular calibre.  

Ten of the 20 studies (six in the general population (n= 18666) and four in patients 

(n= 455) reported either correlation coefficients or linear regression coefficients that 

were suitable for meta-analysis. The association with venular calibre was only seen 

in the general population group (r= 0.08, 95% CI 0.04 to 0.11), but not in the patient 

group (r= 0.03, 95% CI -0.06 to 0.12) (Figure 2 (B)). The pooled results showed 

little evidence of association between CRP with retinal arteriolar calibre (r= 0.01, 

95% CI -0.00 to 0.03 in the general population and r= -0.06, 95% CI -0.18 to 0.06 in 

patients, Figure 2(A)). 

Associations of WBC and retinal calibre 

There were eight studies examining WBC and retinal microvascular calibre, and all 

were in the general population. For venular calibre, all seven studies reported an 

association between higher WBC and wider venular calibre14, 35-41. Seven examined 

arteriolar calibre in relation to WBC, of which three reported an association between 

higher WBC and greater (i.e. better) arteriolar calibre. 
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Meta-analysis of WBC data was performed using data from four studies of venular 

calibre (n= 14967) and four studies of arteriolar calibre (n= 10367 participants) 

WBC was associated with both venular and arteriolar calibre, with stronger 

associations seen for venular calibre (r= 0.18, 95% CI 0.04 to 0.32, Figure 3). The 

association with arteriolar calibre was in the unexpected direction (r= 0.05, 95% CI 

0.01 to 0.09).  

Other inflammation biomarkers 

Other inflammation biomarkers were also reported, including IL-6, fibrinogen, 

plasminogen activator inhibitor-1 and serum albumin, which were studied in at least 

three publications (Supplementary table 2S). Most of these studies showed little 

evidence of associations between inflammatory markers and retinal arteriolar calibre 

or arteriole-to-venule ratio. Although there were mixed findings across different 

markers with venular calibre, the majority of studies showed some evidence to 

support this association (Supplementary table 2S). One study in children aged 10-11 

years did not observe an association between IL-6 and either venular or arteriolar 

calibre or arteriole-to-venule ratio. 

Discussion  

Principal findings 

This systematic review and meta-analysis of 23 studies investigated whether 

inflammation was associated with retinal microvascular calibre in both the general 

population and patients with disease conditions. In both the narrative review and 

meta-analysis, we found consistent evidence across different populations that higher 

inflammatory markers were associated with wider (i.e. worse) venular calibre. In the 

meta-analysis, we found a modest correlation between CRP and WBC and venular 
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calibre. The effect was similar in the general population and patients for CRP and 

venular calibre. There was weaker and less consistent evidence for an association 

between inflammatory markers and arteriolar calibre, with the meta-analysis 

showing weak associations in the unexpected direction – increased inflammatory 

markers associated with wider (i.e. better) arteriolar calibre.  

Strengths and limitations 

This is the first systematic review and meta-analysis to summarise the evidence from 

population- and patient-based studies of the association between inflammation and 

retinal microvascular calibre. We were able to perform meta-analyses for two widely 

used inflammatory markers, CRP and WBC. The sample size in the meta-analysis 

was large (CRP n=23,720, and WBC n= 14,967) and studies were from a variety of 

high-income countries. To reduce reporting bias, we contacted authors for their data 

to pool as many studies as possible.  

There are also some limitations. The studies were all cross-sectional design, making 

it difficult to draw causal inferences42. There was insufficient data for a subset 

analysis in different ethnic groups and included participants are mostly Caucasian, 

so the results may not be generalisable to other populations. As CVD risk factors 

vary with ethnicity11, the association between inflammatory markers and retinal 

calibre may also vary11. CRP is an acute-phase reactant and it is unclear whether 

how well it reflects chronic inflammation in largely healthy populations. GlycA, a 

novel composite glycosylation marker of five acute-phase reactants has been 

suggested to better reflect chronic, cumulative inflammation 43 and may provide 

predictive value beyond CRP44. Studies examining the association between GlycA 

and other chronic inflammatory biomarkers, and retinal calibre are warranted. 
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Finally, we hypothesized that the association between inflammation and retinal 

microvascular calibre would be stronger in patients with disease conditions, but the 

strength of association was similar in generally healthy population and in patients in 

the meta-analysis. This may reflect treatment for the underlying disease, but we 

could not adjust for anti-inflammatory medications in the patient group as these data 

were not available.  

Possible mechanistic pathways 

Inflammation is central to the pathogenesis of cardiovascular disease11-13, 25. The 

retinal vessels are exposed to the same risk factors and mediators as systemic vessels 

and adverse changes in retinal vascular calibre (narrower arterioles, wider venules) 

predicts future CVD, independent of traditional risk factors11, 14-16, 45. If inflammation 

increases CVD risk in part by adverse effects on the microcirculation, we would 

expect heightened inflammation to be associated with narrower arteriole diameters if 

arterioles drive the association between retinal calibre and CVD11-15, 25, 26, 36, 45-48. 

Conversely, venular diameter may be more relevant in the inflammatory 

pathophysiological process in CVD26, 46, 49, 50 because inflammation causes endothelial 

dysfunction in venules12, 13, 15, 47, 51 and there are common risk factors for 

atherosclerosis and wider venular diameter, for instance hyperlipidaemia, platelet 

aggravation, hypercoagulability, and hyperglycaemia12, 13, 15, 39 which is in keeping 

with the findings of our meta-analysis.    

The underlying mechanism explaining the link between wider venular calibre, 

inflammation and CVD risk is likely to be endothelial dysfunction. There are multiple 

pathways involved in endothelial dysfunction. One theory stems from the response to 

hypoxia, whereby hypoxia-inducible factor 1-alpha causes the release of several 
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proteins, including endothelin-1 and vascular endothelial growth factor (VEGF)13, 16, 

48. Endothelin-1 causes vasoconstriction, which increases peripheral resistance and 

causes further damage to the vascular walls. VEGF causes neovascularisation. 

Increased levels of VEGF can result in over-vascularisation with reduced flow, 

causing more hypoxia48. Endothelial dysfunction in response to inflammation is more 

marked in retinal venules than in arterioles. Animal models have highlighted the 

potential pathophysiological mechanisms underlying inflammation-related 

microvascular pertubations and suggest that these are more marked in venules. 

Functional changes (largely endothelial dysfunction) lead to structural pathogenic 

changes (vascular remodelling and rarefaction) 4, 14, 26, 45. Increased inflammatory 

mediators, such as TNF-alpha and IL-1 cause impaired nitric oxide activity, which 

results in wider retinal venules13, 38, 40, 47 . In cross-sectional studies, a dose response 

has been observed between higher levels of inflammatory markers, markers of 

endothelial dysfunction and venular diameter, but not arteriolar diameter38, 40. Another 

potential mechanism for wider venular diameters is that LDL and activated leukocytes 

cause damage to the vascular endothelial surface25, 38-40, 45, 52 and loss of the glycocalyx 

layer38.  

Implications  

In this population-based systematic review and meta-analysis, we found that 

inflammation contributes to adverse changes in retinal venular calibre with less 

consistent effects on arteriolar calibre. Inflammation has been shown to be involved 

in every stage of CVD pathogenesis7, 9, 53. There is increasing evidence that retinal 

microvascular calibre predicts CVD events15,. Our results suggest that inflammation 
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may be a contributory shared mechanism underlying adverse changes to both the 

microcirculation and to large arteries.  

Microcirculation is a major site of end-organ damage in CVD, including the heart, 

brain, and kidney. Targeting inflammatory pathways may mitigate damage to the 

microcirculation, which may lower the risk of later CVD events. For example, statins 

have been shown to reduce cardiovascular event risk more than expected by only 

lowering cholesterol. Statins may exhibit this effect by reducing systemic 

inflammation, as seen by a reduced CRP54. Longitudinal observational studies and 

intervention trials are warranted. 

Overall, the magnitude of association is small, with correlation coefficients from 0.1 

to 0.2. The clinical significance of our finding is uncertain. Intervention studies 

targeting inflammatory biomarkers could add microvasculature as an outcome in 

addition to large vessel measures to inform the clinical value of the findings.  

Conclusion 

Our systematic review and meta-analysis showed that inflammation has a greater 

effect on retinal venular than arterial calibre, with similar size of associations seen in 

generally healthy populations and patients with disease conditions. This suggests that 

inflammation is a pathway underlying adverse changes to the microcirculation, which 

could be a potential target in CVD risk management. 
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Figure 1. Flow diagram detailing numbers of studies searched, screened and 

included in the review. 
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Table 1. Study characteristics  

Study ID 

(Author-year) 

Country (disease if 

applicable) 

Sample size 

(Female %) 

Age range, 

mean/median age 

(y) 

Inflammation biomarkers 
Study 

quality 

General population      

Buttner, M-2019 Germany 1682 (19.2) ng, 44.8 
C-reactive protein; white blood cell 

count 
Moderate 

Xinxin, L-2018 China 3447 >40, 56.6 C-reactive protein Moderate 

Yau, PL-2017 US 157(n.s.) ng, 19.29 Inflammation balance score a Low 

Lammertyn, L-2015 South Africa 170(51.8) 25-60, 49.2 Fibrinogen; PAI-1 Moderate 

Gishti, O-2015 Netherlands 4145(ng) 5.8-8, 6 C-reactive protein Moderate 

Siegrist, M-2014 Germany 376(ng) 10-11, 11.1 IL-6 Moderate 

Liew, G-2014 Australia 3009(ng) >49, 59.4 White blood cell count High 

Daien, V-2013 France 1224(58.7) >60, ng C-reactive protein; Orosomucoid Moderate 

Myers, E-2012 US 4600(ng) 43-86, ng 
C-reactive protein; white blood cell 

count 
Moderate 

Hanssen, H-2012 Germany 578(43.1) ng, 11.1 C-reactive protein Moderate 

Kawasaki, R-2012 US 4849(52.8) 45-84, ng C-reactive protein Moderate 

Yim-Lui-2010 Singapore 3583(53.5) 24.6-94.9, 49.4 C-reactive protein Moderate 

Klein, B-2011 US 4730(55.5) ng, 61.74 White blood cell count High 

Liew, G-2008 US 8794(54.6) ng,60 
White blood cell count; fibrinogen; 

Albumin 
High 

Liew, G-2007 Australia 3000(57.1) >49, 65.5 White blood cell count Moderate 

De Jong, FJ-2007 Netherlands 5279(58.7) >55, 67.9 
C-reactive protein; fibrinogen; Lp-

PLA2 
High 

Tien, YW-2006 US 5979(52.3) 45-84, 61.9 
C-reactive protein; IL-6; Fibrinogen; 

PAI-1 
High 

Klein, R-2006 US 383(54.8) 57-71, 62 

C-reactive protein, IL-6, white blood 

cell count, albumin, amyloid A, 

tumour necrosis factor 

High 



 

288 

 

Study ID 

(Author-year) 

Country (disease if 

applicable) 

Sample size 

(Female %) 

Age range, 

mean/median age 

(y) 

Inflammation biomarkers 
Study 

quality 

Ikram, MK-2004 Netherlands 5674 (59%) ≥55, 68 
White blood cell count, erythrocyte 

sedimentation rate 
High 

Disease patients      

Babaoglu, H-2019 

Turkey 

(Rheumatoid 

arthritis) 

47 (83) ng, 52.0 C-reactive protein Low 

Jabs, D-2019 US (AIDS) 454(22.7) ng, 43.3 C-reactive protein, IL6 High 

Anyfanti, P-2017 

Greece 

(Rheumatoid 

arthritis) 

133(75.2) ng; 60.8 C-reactive protein Low 

Aissopou -2015 
Greece (Systemic 

Sclerosis) 
93 (86) 54.1 

Erythrocyte sedimentation rate; C-

reactive protein 
Moderate 

Beltrami M-2015 
Brazil 

(Hypertension) 
172(63.4) 27-80; 59.8 C-reactive protein Moderate 

Bachmayer, C-2013 Germany (Obesity) 92(ng) ng, 43 
C-reactive protein; tumour necrosis 

factor; IL-6 
Low 

Okada, M-2013 
US (Rheumatoid 

arthritis) 
248(72) ng, 59.9 C-reactive protein Low 

Brazionis, L-2010 
Australia (Diabetes 

type 2) 
112(45) 44-83, 63.9 C-reactive protein, PAI-1, albumin Moderate 

Anne, M-2017 
Poland 

(Hypertension) 
78(36) ng, 53.7 

C-reactive protein, IL6, tumour 

necrosis factor alpha 
Moderate 

Abbreviation: ng, not given; Lp-PLA2, lipoprotein-associated phospholipase A2; PAI-1, plasminogen activator inhibitor-1 
a Inflammation balance score includes the relative contributions of markers (eg CRP, IFN, IL-6, Resistin, TNF, Adiponectin, IL-4, IL-10). 

Study quality was assessed using the modified Newcastle-Ottawa Quality Assessment Scale for observational studies, which defined 

quality as high (10-9 stars), moderate (7-8 stars) or low (≤6 stars). 
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Table 2. Studies reported associations between C-reactive protein (CRP) or white cell count (WBC) with retinal vascular calibre 

Study ID 

(Author-year) 

Population 

group 
Statistical analysis Minimum level of adjustment 

Evidence of associations 

estimates (confidence intervals or p values if available) 

Arteriolar venular AVR 

C-reactive protein     

Buttner, M-2019 General Linear regression (Sβ) Unadjusted -0.01 (p =0.61) 0.02 (p =0.38) Ng 

Xinxin, L-2018 General 
Spearman correlation (r’, log 

CRP) 

Unadjusted 0.03 (p =0.14) 0.05 (p =0.003) -0.05 (p =0.002) 

Gishti, O-2015 General Pearson correlation (r) Unadjusted 0.01 (p>0.05) 0.14 (p<0.05) Ng 

Daien, V-2013 General Linear regression (Sβ, per 0.1 log) Sex 0.04 (-0.03, 0.05) 0.13 (0.10, 0.16) Ng 

Myers, E-2012 
General Linear regression (Sβ) Image focus, cataract status, 

refraction, and height 

Ng 0.08 (0.05, 0.10) Ng 

Hanssen, H-2012 General Linear regression (β, per unit) Age and sex 2.12 (-4.46, 8.70) 11.83 (5.37, 18.29) -0.03 (-0.06, -0.01) 

Kawasaki, R-2012 
General ANOVA across retinal calibre 

tertiles 

Unadjusted p =0.12  P<0.001 Ng 

Yim-Lui-2010 
General Linear regression across CRP 

quartiles 

Age, sex, and race/ethnicity p for trend =0.66 p for trend <0.001 Ng 

De Jong, FJ-2007 General Linear regression (Sβ) Age and sex 0.02 (-0.00, 0.05) 0.10 (0.08, 0.13) Ng 

Tien, YW-2006 
General Linear regression (Sβ) Age, sex, ethnicity and study 

centre 

0.01 (p =0.64) 0.04 (p =0.002) Ng 

Klein, R-2006 General Pearson correlation (r) Unadjusted 0.02 0.01 Ng 

Jabs, D-2019 
Patients Linear regression (Sβ, per log10 

SD) 

Age, sex, and race/ethnicity 0.08 (p =0.11) 0.16 (p =0.002) Ng 

Anne, M-2017 Patients Spearman correlation (r’) Unadjusted Ng Ng >0.05 

Anyfanti, P-2017 Patients Linear regression (Sβ) Ng -0.16 (-7.24, 1.44) 0.01 (-1.49, 1.58) -0.23 (-6.20, -0.07) 
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Study ID 

(Author-year) 

Population 

group 
Statistical analysis Minimum level of adjustment 

Evidence of associations 

estimates (confidence intervals or p values if available) 

Arteriolar venular AVR 

Aissopou -2015 
Patients ANOVA across systemic sclerosis 

groups 

Ng p =0.67 p =0.24 p =0.46 

Beltrami M-2015 Patients Pearson correlation (r) Unadjusted -0.15 (p =0.08) -0.02 (p =0.8) Ng 

Bachmayer, C-2013 Patients Pearson correlation (r) Unadjusted 0.13 (p >0.05) 0.11 (p >0.05) 0.03 (p >0.05) 

Okada, M-2013 Patients Pearson correlation (r) Unadjusted 0.13 (p >0.05) 0.03 (p >0.05) Ng 

Brazionis, L-2010 Patients Pearson correlation (r) Unadjusted 0.06 (p >0.05) 0.03 (p >0.05) Ng 

White blood cell count 

Buttner, M-2019 General Linear regression (Sβ) Unadjusted -0.001 (p =0.96) 0.06 (p =0.03) Ng 

Liew, G-2014 General Pearson correlation (r) Age and sex 0.003 (p =0.04) 0.1 (p =0.01) Ng 

Myers, E-2012 
General Linear regression (Sβ) Image focus, cataract status, 

refraction, and height 

Ng 0.11 (0.09, 0.13) Ng 

Klein, B-2011  
General Linear regression (β in sex-

specific WBC quintile) 

Age and sex -0.14 (p =0.34) 1.22 (p <0.001) Ng 

Liew, G-2008 

General Linear regression (β in each WBC 

interquartile range increase) 

Age, sex, fellow retinal vascular 

calibre, blood pressure, HDL, 

LDL, CIMT, smoking 

-0.2 (-0.6, 0.2) 1.2 (0.9 to 1.6) Ng 

Liew, G-2007 
General Linear regression (β for per SD 

change in retinal calibre) 

Age, sex and fellow retinal 

vascular calibre 

-0.03 (-0.11, 0.04) 0.26 (0.18, 0.33) Ng 

Klein, R-2006 General Pearson correlation (r) Unadjusted 0.10 (p <0.05) 0.17 (p <0.05) Ng 

Ikram, MK-2004 General Linear regression (Sβ) Age and sex 0.08 (0.06, 0.10) 0.14 (0.11, 0.17) -0.05 (-0.08, -0.03) 

Abbreviations: ng, not given; Sβ, standardised beta coefficient.
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Figure 2. Associations of C-reactive protein and retinal vascular calibre 

 

 

 (A) Retinal arteriolar caliber 

 

 (B) Retinal venular caliber 

 

 

Study citation no. Total ZCOR (95% CI) Weight 

General population 

Buttner, M-2019 1682 0.02 (-0.03, 0.07) 12.3 

Gishti.O-2015 4145 0.14 (0.11, 0.17) 14.8 

Daien, V-2013 1224 0.13 (0.07, 0.19) 11.1 

Myers, E-2012 4600 0.08 (0.05, 0.11) 15.0 

De Jong, FJ-2007 5279 0.10 (0.07, 0.12) 15.2 

Tien, YW-2006 5940 0.04 (0.01, 0.07) 15.4 

Klein,R-2006 396 0.01 (-0.09, 0.11) 6.4 

Random effects model       23266    0.08 (0.04, 0.11)     p < 0.001 

Heterogeneity: I2 = 84% 

Patients 

Beltrami M-2015 172 -0.02 (-0.17, 0.13) 3.5 

Bachmayer, C-2013 92 0.12 (-0.09, 0.33) 2.0 

Okada, M-2013 79 0.03 (-0.20, 0.25) 1.8 

Brazionis, L-2010 112 0.03 (-0.16, 0.21) 2.4 

Random effects model       454        0.03 (-0.06, 0.12)     p =0.55 

Heterogeneity: I2 = 0% 

Overall Random effects model      

                                             23720    0.07 (0.04, 0.11)     p < 0.001 

Heterogeneity: I2 = 75% 

Study ID Total ZCOR (95% CI) Weight 

General population 

Buttner, M-2019 1682 -0.01 (-0.06, 0.04) 10.2 

Gishti.O-2015 4145 0.01 (-0.02, 0.04) 21.8 

Daien, V-2013 1224 0.04 (-0.02, 0.10) 7.6 

De Jong, FJ-2007 5279 0.02 (-0.01, 0.05) 26.3 

Tien, YW-2006 5940 0.01 (-0.02, 0.04) 28.6 

Klein,R-2006 396 0.02 (-0.08, 0.11) 2.6 

Random effects model    18666     0.01 (-0.00, 0.03)      p =0.07 

Heterogeneity: I2 = 0% 

Patients 

Beltrami M-2015 172 -0.15 (-0.30, 0.00) 1.1 

Bachmayer, C-2013 92 0.13 (-0.08, 0.34) 0.6 

Okada, M-2013 79 -0.13 (-0.35, 0.10) 0.5 

Brazionis, L-2010 112 -0.06 (-0.25, 0.12) 0.7 

Random effects model    455        -0.06 (-0.18, 0.06)     p = 0.33 

Heterogeneity: I2 = 39% 

All participants Random effects model      

                                          19121      0.01 (-0.01, 0.03)     p = 0.19 

Heterogeneity: I2 = 10% 
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Figure 3. Associations of white blood cell count (WBC) and retinal vascular calibre; 

eligible studies were all based on general population. 

 

 (A) Retinal arteriolar caliber 

 

(B) Retinal venular caliber 
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Supplementary Table 1. Full search strategy developed in conjunction with 

institution librarian 

Medline search (n = 602) 

9. exp Retinal Vessels/ or exp Retinal Artery/ or exp Retinal Vein/ or retinal diseases/ or exp 

diabetic retinopathy/ or hypertensive retinopathy/ 
10. Inflammation/ or Biomarkers/ or C-Reactive Protein/ or Intercellular Adhesion Molecule-

1/ or Glycoproteins/ or Fibrinogen/ or Leukocyte Count/ or Interleukins/ or serum albumin/ or 

inflammation mediators/ or Tumor Necrosis Factor-alpha/ or serum Amyloid A protein/ or E-

selectin/ or Plasminogen Inactivators/ or Orosomucoid/ 
11. exp cohort studies/ or cross-sectional studies/ or follow-up studies/ or prospective studies/ or 

risk factors/ or Risk Assessment/ or case-control studies/ or Regression Analysis/ or 

Multivariate Analysis/ or Mass Screening/ 

12. 1 and 2 and 3 

13. Exp animals/ not human*.sh. 

14. 4 not 5 

15. Limit to (English or Chinese) 

EMBASE search (n = 242) 

9. Retinal blood vessel/ or Retinal Artery/ or Retinal Vein/ or retinal diseases/)  

10. inflammation/ or biological marker/ or C reactive protein/ or intercellular adhesion molecule 1/ 

or glycoprotein/ or fibrinogen/ or leukocyte count/ or interleukin 6/ or serum albumin/ or tumor 

necrosis factor/ or serum amyloid A/ or endothelial leukocyte adhesion molecule 1/ or 

plasminogen activator inhibitor/ or orosomucoid/ 

11. Cohort analysis/ or cross-sectional studies/ or observational study/ or prospective study/ or risk 

factor/ or longitudinal study/ or controlled studies/ or Regression Analysis/ or logistic 

regression analysis/ or risk assessment/ or epidemiology/ or priority journal or multiple 

regression or major clinical study/ or population research/ 

12. 1 and 2 and 3 

13. Exp animal/ not human*.sh. 

14. 4 not 5 

15. Limit to (English or Chinese) 

Pubmed search (n = 1671) 

7. inflammation OR inflammatory OR “C Reactive Protein” OR "intercellular adhesion molecule" 

OR glycoprotein OR fibrinogen OR "leukocyte count" OR "white cell count" OR interleukin 

OR albumin OR "tumor necrosis factor" OR "amyloid A" OR "leukocyte adhesion molecule" 

OR "E-selectin" OR "plasminogen activator inhibitor" OR Orosomucoid OR "Erythrocyte 

Sedimentation Rate" 

8. “retinal vessel” OR “retinal vessels” OR “retinal artery” OR “retinal vein” OR Microvessel* 

OR “Hypertension retinopathy” OR “Hypertensive retinopathy” OR “Diabetic retinopathy” OR 

“retinal vascular calibre” OR “retinal vascular caliber” OR “retinal arteriolar calibre” OR 

“retinal arteriolar caliber” OR “retinal venular calibre” OR “retinal venular caliber” OR “retinal 

vascular changes” OR “retinal blood vessels” OR “retinal blood vessel” OR "retinal arteriolar 

narrowing" OR "retinal microcirculation" OR "retinal vasculature" 

9. NOTNLM OR publisher[sb] OR inprocess[sb] OR pubmednotmedline[sb] OR indatareview[sb] 

OR pubstatusaheadofprint 

10. animal* OR rat OR rats OR mice OR murine OR pig OR pigs OR cow OR cows OR bovine 

OR sheep 

11. (1 and 2 and 3) not 4 
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Supplementary Table 2. Studies reported associations between other inflammatory biomarkers with retinal vascular calibre 

Study ID 

(Author-year) 

Population 

group 

Markers 

examined 
Statistical analysis Level of adjustment 

Evidence of associations 

estimates (confidence intervals or p values if available) 

Arteriolar venular AVR 

Siegrist, M-2014 General IL-6 Linear regression (Sβ) Age and sex -0.01 (p =0.86) -0.01 (p =0.77) 0.00 (p =0.99) 

Bachmayer, C-2013 Patients 
IL-6 

Pearson correlation (r) Unadjusted 
0.09 (p >0.05) 0.04 (p >0.05) 0.06 (p >0.05) 

TNFα 0.04 (p >0.05) 0.03 (p >0.05) 0.06 (p >0.05) 

Tien, YW-2006 General 
IL-6 Linear regression 

(mean of each IL-6 or 

PAI-1 quartile) 

Age, sex, ethnicity and 

study centre 

p =0.34 P <0.001 ng 

PAI-1 p =0.44 P =0.05 ng 

Klein, R-2006 General 

IL-6 Pearson correlation (r) Unadjusted 0.02 (p =0.66) 0.10 (p =0.06) ng 

Amyloid A 

Linear regression 

(mean of each 

marker’s quartile) 

Age, blood pressure, 

smoking, serum high-

density lipoprotein 

cholesterol, and 

history 

of gout 

p =0.01 p =0.02 ng 

TNFα p =0.31 p =0.57 ng 

Albumin p =0.29 p =0.63 ng 

Lammertyn, L-2015 General 

Fibrinogen 

Pearson correlation (r) 

Unadjusted 

Black Africans -

0.09 (p =0.49); 

white 0.10 (p 

=0.38) 

Black Africans 

0.29 (p =0.02); 

white 0.26 (p 

=0.02) 

Black Africans -

0.28 (p =0.02); 

white -0.23 (p 

=0.04) 

PAI-1 Unadjusted 

Black Africans -

0.001 (p =0.99); 

white 0.02 (p 

=0.85) 

Black Africans 

0.01 (p =0.91); 

white 0.01 (p 

=0.92) 

Black Africans -

0.02 (p =0.86); 

white -0.01 (p 

=0.91) 

Brazionis, L-2010 Patients 
PAI-1 

Pearson correlation (r) Unadjusted 
0.07 (p >0.05) -0.07 (p >0.05) 0.14 (p <0.05) 

Albumin -0.02 (p >0.05) -0.14 (p <0.05) 0.09 (p >0.05) 

Liew, G-2008 General Fibrinogen Linear regression (β in 

per Fibrinogen or 

albumin interquartile 

range increase) 

Age, sex, fellow 

retinal vascular 

calibre, blood 

0.09 (−0.3 to 0.5) 0.7 (0.3 to 1.1) ng 

Liew, G-2008 General Albumin 1.5 (1.0 to 1.9) 
−0.6 (−1.1 to 

−0.2) 
ng 



 

299 

 

Study ID 

(Author-year) 

Population 

group 

Markers 

examined 
Statistical analysis Level of adjustment 

Evidence of associations 

estimates (confidence intervals or p values if available) 

Arteriolar venular AVR 

pressure, HDL, LDL, 

CIMT, smoking 

De Jong, FJ-2007 General 

Fibrinogen Linear regression (Sβ) Age and sex 0.05 (p <0.05) 0.09 (p <0.05) ng 

Lipoprotein-

associated 

phospholipase 

A2 

Linear regression (Sβ) Age and sex 0.08 (p <0.05) 0.11 (p <0.05) ng 

Tien, YW-2006 General Fibrinogen 

Linear regression 

(mean in each IL-6 

quartile increase) 

Age, sex, ethnicity and 

study centre 
p =0.02 p <0.001 ng 

Yau, PL-2017 General 
Inflammation 

balance score 
Pearson correlation (r) 

Age, sex and mean 

arterial blood pressure 
p =0.02 p <0.001 ng 

Aissopou -2015 Patients 

Erythrocyte 

sedimentation 

rate 

Mean difference 

across patients with 

limited and diffuse 

systemic sclerosis 

Unadjusted p =0.12 p =0.82 p =0.54 

Daien, V-2013 General Orosomucoid Linear regression (Sβ) Sex 0.01 (p =0.78) 0.06 (p =0.02) ng 

Ikram, MK-2004 General 

Erythrocyte 

sedimentation 

rate 

Linear regression (Sβ) Age and sex 0.05 (p <0.05) 0.04 (p <0.05) 0.02 (p >0.05) 

Jabs, D-2019 AIDS IL-6 Linear regression (Sβ) 

Age, sex, race, 

hyperlipidaemia and 

cardiovascular disease 

ng 5.3 (<0.001)  

Abbreviations: PAI-1, Plasminogen activator inhibitor-1; Sβ, standardised beta coefficient; ng, not given; TNFα, tumour necrosis factor α. 
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