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Preface 

 

 

Investigation of the microcirculatory system imparts both opportunities and 

challenges in clinical practice. Ideally, a highly specific, sensitive and non-invasive 

method of examining the microcirculation that requires no ionising radiation would be 

instrumental in the investigation of vascular disease. The conjunctival 

microvasculature imaging tool developed by our multi-disciplinary team attempts to 

fulfil these requirements.  

 

Building upon early versions of the hardware and software in this arm of the research 

project, the imaging system and application were further developed, automated, 

tested and verified. Subsequently, 94 severe aortic stenosis patients undergoing 

transcatheter aortic valve implantation (TAVI), as well as 49 older control subjects 

and 119 patients referred for pressure wire were recruited. More than 1400 

conjunctival videos have been processed and over 7200 vessel segments analysed 

since October 2020.  

 

This thesis examines the adeptness of the conjunctival microvasculature imaging 

tool with consideration to specific patient cohorts and pathological phenotypes, such 

as coronary microvascular disease and valvular heart disease (severe aortic 

stenosis patients referred for TAVI). Parameters of the conjunctiva microcirculation 

were measured in concurrence with other clinical measurements, such as blood 
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biomarkers to support characterisation of cardiovascular risk. The work detailed in 

this thesis also explores data collected within the earlier studies further to assess 

cardiac remodeling and heart rhythm. This work investigates potential additional 

biomarkers reported from studies of the retinal vasculature. The final chapter within 

this thesis is dedicated to the COVID-19 research conducted during the pandemic, 

while patient recruitment to the cardiovascular risk prediction project was suspended. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 
 

Acknowledgements: 

 

 

Sincerest thanks to my project supervisors Professor Tara Moore, Dr Andrew Nesbit, 

Professor Jim McLaughlin, and Dr Mark Spence, with special mention to Professor 

Tara Moore and Dr Andrew Nesbit for the continual support and encouragement 

shown over the past three years. You are both truly fantastic mentors! I am also 

grateful to Dr Louise Robertson for her guidance and friendship (long distance 

cheers!). I would like to thank Dr Jonathan Mailey for his efforts throughout this 

project, particularly, with recruitment and vessel labelling. I would also like to extend 

my thanks to Dr Min Jing and William Burns for all their work on the app 

development. Thanks also to Dr Paul Brennan and Dr Agnes Awuah for their training 

and valuable input that enabled the continuation of the project. Special thanks to the 

brilliant Dr Ruth Price for her support. Thank you to Northern Ireland Chest Heart 

and Stroke and the Heart Trust Fund for funding the project. Importantly, thank you 

to the participants who took the time to help with this research. Finally, a big heartfelt 

thank you to my family and friends. 

 It has been a real privilege to work on this PhD project and as part of a brilliant team 

within both Professor Tara Moore’s Living Lab Research Group and the Pandemic 

Study team. 

 

 

 



11 
 

Publications- arising from this body of research submitted for the award of 

PhD 

 

 

1. Awuah, A., Moore, J.S., Nesbit, M.A., Ruddock, M.W., Brennan, P.F., Mailey, 

J.A., McNeil, A.J., Jing, M., Finlay, D.D., Trucco, E. and Kurth, M.J., 2022. A 

novel algorithm for cardiovascular screening using conjunctival 

microcirculatory parameters and blood biomarkers. Scientific reports, 12(1), 

pp.1-9. I performed patient recruitment, consenting and data collection, 

research database preparation and auditing, research data analysis, 

manuscript preparation and editing. 

2. Brennan, P.F., McNeil, A.J., Jing, M., Awuah, A., Moore, J.S., Mailey, J., 

Finlay, D.D., Blighe, K., McLaughlin, J.A., Nesbit, M.A. and Trucco, E., 2021. 

Assessment of the conjunctival microcirculation for patients presenting with 

acute myocardial infarction compared to healthy controls. Scientific 

reports, 11(1), pp.1-9. I performed patient recruitment, consenting and data 

collection. 

3. Mailey, J.A., Moore, J.S., Brennan, P.F., Jing, M., Awuah, A., McLaughlin, 

J.A., Nesbit, M.A., Moore, T. and Spence, M.S., 2021. A Novel Method of 

Conjunctival Vascular Screening to Detect Hemodynamic Alterations in 

Patients with Coronary Microvascular Disease. Circulation, 144(Suppl_1), pp. 

A11054-A11054. I obtained ethical approval for the study, patient recruitment, 

consenting and data collection and analysis, research database preparation 

and auditing, research data analysis, manuscript preparation and editing. 



12 
 

4. Faustini, S., Shields, A., Banham, G., Wall, N., Al-Taei, S., Tanner, C., 

Ahmed, Z., Efstathiou, E., Townsend, N., Goodall, M., Plant, T., Perez-

Toledo, M., Jasiulewicz, A., Price, R., McLaughlin, J., Farnan, J., Moore, J., 

Robertson, L., Nesbit, A., Curry, G., Black, A., Cunningham, A., Harper, L., 

Moore, T., Drayson, M. and Richter, A. 2022. Cross reactivity of spike 

glycoprotein induced antibody against Delta and Omicron variants before and 

after third SARS-CoV-2 vaccine dose in healthy and immunocompromised 

individuals. Journal of Infection. I obtained ethical approval for the study, 

coordinated study participant attendance, performed sample collection and 

processing and laboratory analyses. 

5. Jing, M., Bond, R., Robertson, L.J., Moore, J., Kowalczyk, A., Price, R., 

Burns, W., Nesbit, M.A., McLaughlin, J. and Moore, T., 2022. User experience 

of home-based AbC-19 SARS-CoV-2 antibody rapid lateral flow immunoassay 

test. Scientific Reports, 12(1), pp.1-18. I obtained ethical approval for the 

study, coordinated study participant attendance, data collection and ensured 

adherence to all research governance issues, reviewed the manuscript and 

approved its final version. 

6. Jing, M., Bond, R., Robertson, L.J., Moore, J., Kowalczyk, A., Price, R., 

Burns, W., Nesbit, M.A., McLaughlin, J. and Moore, T., 2021. User experience 

analysis of AbC-19 Rapid Test via lateral flow immunoassays for self-

administrated SARS-CoV-2 antibody testing. Scientific Reports, 11(1), pp.1-

13. I obtained ethical approval, coordinated car park data collection and 

ensured adherence to all research governance issues. 

7. Moore, J.S., Robertson, L.J., Price, R., Curry, G., Farnan, J., Black, A., 

Nesbit, M.A., McLaughlin, J.A. and Moore, T., 2022. Evaluation of the 



13 
 

Performance of a Lateral Flow Device for Quantitative Detection of Anti-

SARS-CoV-2 IgG. Clinical Immunology Communications. I performed sample 

collection and processing, laboratory analyses, data and statistical 

analyses/interpretations and wrote the manuscript and produced figures. 

8. Robertson, L.J., Price, R., Moore, J.S., Curry, G., Farnan, J., Black, A., 

Blighe, K., Nesbit, M.A., McLaughlin, J.A. and Moore, T., 2022. IgG antibody 

production and persistence to 6 months following SARS-CoV-2 vaccination: A 

Northern Ireland observational study. Vaccine, 40(18), pp.2535-2539. I co-

ordinated participant attendance, performed sample collection and 

processing, laboratory analyses, data and statistical analyses/interpretations 

and wrote the manuscript and produced figures. 

9. Robertson, L.J., Moore, J.S., Blighe, K., Ng, K.Y., Quinn, N., Jennings, F., 

Warnock, G., Sharpe, P., Clarke, M., Maguire, K. and Rainey, S., 2021. 

Evaluation of the IgG antibody response to SARS CoV-2 infection and 

performance of a lateral flow immunoassay: cross-sectional and longitudinal 

analysis over 11 months. BMJ open, 11(6), p.e048142. I co-ordinated 

participant attendance, performed sample collection and processing, 

laboratory analyses, data and statistical analyses/interpretations and wrote 

the manuscript and produced figures. 

 

 

 

 

 



14 
 

Abstracts: 

1. A Semi-automated Method to Evaluate Microvascular Physiology in the 

Conjunctival Microcirculation (British Society of Cardiovascular Research 

(BSCR) 2022 Poster Presentation). 

2. Non-invasive evaluation of conjunctival microvascular physiology in 

patients with invasive evidence of coronary microvascular dysfunction (British 

Society of Cardiovascular Research (BSCR) 2022 Poster Presentation). 

 

Pre-publication Manuscripts: 

1. Performance of an Enzyme-Linked Immunosorbent Assay for the Serological 

Detection of Anti-SARS-CoV-2 IgG Across >1100 Samples. (Written for ProAxsis 

July 2022). Under review by AstraZeneca. 

2. Cardiovascular disease risk prediction review. Literature review submitted to 

Current Cardiology Reviews, September 2022. 

 

 

 

 

 

 

 

 



15 
 

Thesis Abstract 

 

 

Introduction 

Cardiovascular disease is associated with both structural and functional alterations 

and remodeling of the microcirculation. Chapter 1 (along with papers 1, 2 and 3) 

outline the investigation of conjunctival microvascular function as a strategy that may 

support cardiovascular risk prediction, as the microvasculature of the conjunctiva is 

ideal for non-invasive imaging. The main aim of this thesis is to examine 

measurements of the conjunctival microcirculation for application in cardiovascular 

disease risk prediction. 

Methods 

The first study of this thesis is described in Chapter 2. It investigates prior knowledge 

obtained from retinal research to determine the methods used, and to investigate 

their potential application within the conjunctival microvascular imaging application to 

measure various additional ocular parameters. Chapter 3 detail methods of 

recruitment to include the controls and high-risk cardiovascular disease cohorts 

recruited such as coronary microvascular disease patients and severe aortic 

stenosis patients referred for transcatheter aortic valve implantation (TAVI). The slit-

lamp at a magnification of x40 and iPhone 11 Pro at x2 zoom was used in this 

optimised 4K imaging system following calibration. Image acquisition involved 10 

second videos of the left temporal, left nasal, right temporal and right nasal 

conjunctival vessel view being obtained and a minimum of 60 stable and high quality 

frames were required for image processing. Chapter 4 comprises of the processes 
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such as Manhattan Scoring and Convolutional Neural Networks involved in the 

development of a fully automated application (app) for processing the conjunctival 

vessel videos. 

Results 

As discussed within chapter 5, alterations of conjunctival arteriolar axial and cross-

sectional velocities (0.57±0.12 mm/s to 0.62±0.12 mm/s, p=0.006 and 0.40±0.08 

mm/s to 0.44±0.08 mm/s, p=0.001) wall shear rate (161±71 s-1 to 194±94 s-1, 

p=0.019), as well as venular wall shear stress (7.98±2.50 dynes/cm² to 6.57±1.63 

dynes/cm², p<0.001) were detected by the conjunctival vessel imaging application 

within the TAVI cohort between pre and post TAVI, respectively. Chapter 6 reports 

reductions in conjunctival axial and cross-sectional velocities (0.55±0.06 mm/s vs 

0.53±0.04 mm/s, p=0.036 and 0.38±0.04 mm/s vs 0.37±0.03 mm/s, p=0.038) within 

the coronary microvascular disease (CMD) cohort when compared to controls, using 

the conjunctival vessel imaging application. Chapter 7 evaluates haemodynamics 

and risk scoring, and an area under the curve of 0.899 was reported for the multi-

biomarker approach combining conjunctival vessel axial velocity, heart rate, N-

terminal pro B-type natriuretic peptide, fibrinogen for all subjects classed into low risk 

(controls) or high risk (cardiovascular disease) groups. Chapter 8 discusses research 

outcomes in relation to the past and present knowledge, and how future studies 

could enhance implementation of healthcare through the use of the conjunctiva 

microvascular imaging application. Lastly, Chapter 9 (along with papers 4, 5, 6, 7, 8 

and 9) detail the results of the COVID-19 research such as the finding of SARS-CoV-

2 IgG antibodies being detected over 10 months. This research was conducted 

during a pause in recruitment to the Cardiovascular Risk Prediction project due to 

the pandemic. 
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Conclusion 

The findings presented in this thesis and related publications suggest that this 

objective ocular imaging tool may be able to detect changes in haemodynamics due 

to valvular disease, macro and micro-vascular disease, as impacted by cardiac 

structure and rhythm, providing an indication of cardiovascular health. Further 

longitudinal and serial imaging is required to better assess and stratify risk within the 

general population. The COVID-19 research had an international impact, but future 

research could also consider the impact of COVID-19 on the cardiovascular system. 
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Graphical Abstract: 
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Chapter 1: Introduction 

 

 

1.1 Background 

 

The microvasculature of the conjunctiva was first evaluated as a potential screening 

tool for cardiovascular disease in a feasibility study by Professor Moore and Dr 

Spence (Brennan et al. in 2019). The highly vascularised conjunctiva is clearly 

visible in contrast with the sclera and is ideal for non-invasive imaging and serial 

imaging of blood vessels requiring no ionising radiation. Monitoring of the 

conjunctival microvasculature also has the advantage of elimination of pressure 

artefact that may be seen when monitoring the sublingual microcirculation. It is 

proposed that this screening tool may support the detection of endothelial 

dysfunction and therein, subclinical identification of cardiovascular disease, as well 

as to potentially model optimal treatment options tailored to the patient. The 

conjunctival microvasculature and haemodynamics have previously remained largely 

unexplored, particularly when compared to the literature assessing the retinal 

vessels. Retinal vessels are already assessed clinically in relation to diabetes, and 

thus the possibility of assessing the conjunctival vessels clinically remains. 

Therefore, the study detailed in this thesis attempts to further investigate and 

improve the application and understanding of the microcirculation of the conjunctiva 

in relation to cardiovascular health.  
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Previously, several studies explored the subject of the conjunctival microcirculation. 

For example, Wanek et al. (2013) evaluate the therapeutic potential of the 

assessment of the conjunctival vasculature in sickle cell disease (SCD), grouping 

cohorts into SCD haemoglobin Sickle Cell Anaemia (SS) or Sickle Haemoglobin-C 

Disease (SC). This study evaluates the relationships between haemoglobin, blood 

viscosity and variation of the haemodynamics and vessel diameter groupings (group 

1 <15µm and group 2 >15µm). Individuals with the SC variant typically present with 

higher blood viscosity levels when compared to their SS counterparts. The study 

found that in individuals with SS disease, as well as in healthy individuals, the 

diameters and velocity are positively correlated. However, the increased blood 

viscosity may disrupt the relationship between diameter and velocity for the SC 

group as no significant correlation was found, and blood velocities were lower overall 

for the SC cohort in both vessel groups 1 and 2 (0.42 ± 0.16 mm/s and 0.50 ± 0.20 

mm/s) when compared with the healthy individual and SS disease groups (0.48 ± 

0.12 mm/s and 0.66 ± 0.22 mm/s vs 0.32 ± 0.08 mm/s and 0.60 ± 0.18 mm/s, 

respectively). As a result, plasma viscosity was a biomarker assessed within this 

research project, as detailed within the biomarker analysis section in chapter 3 of this 

thesis.  

 

Karanam et al. (2019) also described differences found in the conjunctival 

haemodynamics between different ethnicities. Prasanna et al. (2021) further 

emphasise the importance of reducing health inequalities and representation of 

ethnic minority groups in cardiovascular research. Conversely, our study is 
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representative of the general population in Northern Ireland comprising of 98% of the 

population of Northern Ireland being white according to the 2011 census.  

 

The conjunctival microvascular imaging research studies conducted by Koutsiaris et 

al. (2013) and Kansari et al. (2016) also underpin our initial feasibility study. 

Interestingly, Kansari et al. describe a different method for analysing flow called 

variance filtering. They also still describe a manual method for vessel classification, 

despite the potential of automated vessel classification with the above stated 

method. Wang et al. (2016) propose a sampling size of 15 vessels per patient to be 

feasible. This target of 15 vessels per patient was exceeded within the feasibility 

study. Van Zijderveld et al. (2014) also present differing methods via imaging, 

analysing and comparing inferior and superior views rather than the nasal and 

temporal views. It could be argued that imaging of the nasal and temporal views is 

more advantageous, as it offers a more complete vascular view, although there may 

also be bias in imaging the denser vascular regions. 

 

 Currently, the need for a tool that can effectively and sub-clinically identify 

cardiovascular disease is reflected in the rates of mortality due to cardiovascular 

disease remaining the highest globally. To compare, COVID-19 infection was 

responsible for at least 3 million deaths in 2020, whilst in the same period 

approximately 17.9 million people died of cardiovascular disease (World Health 

Organisation, 2020; World Health Organisation, 2021). These rates may also be 

further exacerbated by the recent COVID-19 pandemic, with lockdown and virus-

induced cardiac injury likely to have increased risk factors (Sebastian et al., 2020). 
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These high mortality rates remain even within the younger population, despite the 

impact of many campaigns raising awareness about cardiovascular health and the 

better understanding of not smoking, not drinking to excess, exercising, and getting a 

balanced diet. Current investigations of non-traditional risk factors are imperative 

(Libby, 2021).  

 

1.2 Literature Review; Measurements from Conjunctival Microcirculation Imaging 

 

 

An Overview of Conjunctival Microcirculation and Cardiovascular Disease: 

There is a deficiency of research surrounding measurements of the conjunctival 

microcirculation and cardiovascular disease, as evident from the following literature 

review. Only a couple of studies out of the 25 studies assessed within this review 

examined the relationship between cardiovascular disease and conjunctival 

haemodynamic measurements, with 2 studies assessing diabetic subjects, 5 studies 

examining contact lens wearers and 13 studies looking at healthy subjects. This 

would suggest that investigation of the conjunctival vessels of cardiovascular 

disease subjects is a niche area of research. One of these studies was the study 

conducted by Karanam et al. (2014) that looked at Framingham risk scores in 

association with measurements of vessel diameter, blood flow axial velocity, cross-

sectional velocity and blood flow rate. The findings of this study suggest a reduction 

of axial velocity (low risk=0.54 ± 0.13 mm/s vs high risk= 0.42 ± 0.15 mm/s) and 

cross-sectional velocity (low risk=0.37 ± 0.09 mm/s vs high risk= 0.29 ± 0.10 mm/s), 

but increased blood flow rate with increased cardiovascular risk (low risk=133.4 ± 
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59.6 pl/s vs high risk= 121.9 ± 52.6 pl/s). Similarly, Valeshabad et al. (2015) 

investigated the conjunctival haemodynamic parameters of unilateral ischemic stroke 

patients, and also found a reduction in the conjunctival blood flow axial velocity in the 

ipsilateral eyes (0.39 ± 0.13 mm/s) compared to the contralateral eyes (0.49 ± 0.16 

mm/s) of the stroke patients. The further work detailed within this thesis adds to the 

body of evidence with a coronary microvascular disease cohort and a valvular 

disease cohort undergoing transcatheter aortic valve implantation, as the 

conjunctival microcirculation of these cohorts had not been previously investigated. 

 

 

Abstract: 

 

Introduction 

Imaging developments have advanced screening of the conjunctiva microcirculation. 

Consequently, the haemodynamics of the conjunctiva may now be quantitatively and 

non-invasively assessed, as investigated within this thesis. This literature review 

attempts to gather the data to compare the measurements of diameter, axial velocity, 

cross-sectional velocity, blood flow rate, wall shear rate and wall shear stress 

throughout the literature. 

Methods 

The databases searched include Ovid, Pubmed, Web of Science and Cumulative 

Index to Nursing and Allied Health Literature (CINAHL) from 2009-2022. The 

databases were last searched on the 1st of July 2022. The selection criteria included 
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all studies focused on quantitative measurement of the conjunctival microcirculation. 

Data was extracted using a data extraction form and assessed using a critical 

appraisal checklist.  

Results 

The search resulted in 25 studies being included for review. The ranges of the 

diameter, axial velocity, cross-sectional velocity, blood flow rate, wall shear rate and 

wall shear stress measurements were 6.00-71.25 µm, 0.25-3.26 mm/s, 0.2-1.2 

mm/s, 13.0-296.9 pl/s, 190-3515 s-1 and 5.4-211.0 N/m2, respectively. 

Conclusion 

The literature indicates the possibility of an objective and quantitative approach to 

assessment of the conjunctival microvasculature for monitoring alterations within the 

microcirculation. Future research should focus on longitudinal studies and 

standardisation of the technique. 

 

 

Introduction 

 

The global mortality rate due to cardiovascular disease remains elevated. However, 

advancements in medical imaging, technology and machine learning applications 

should be reflected in cardiovascular healthcare and prevention strategies. 

Furthermore, it should be acknowledged that non-invasive, real-time assessment of 

the microcirculation is accessible from imaging of the conjunctiva vasculature. 

Typically, and in the case of the methodology of this research project, the 
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microcirculation of the conjunctiva is imaged using a slit lamp and camera system. 

The acquired images may then be analysed to assess the vessel parameters, and to 

track the movement of the erythrocytes over time. The aim of this review is to report 

and evaluate the literature surrounding the imaging and analysis of the conjunctival 

microvasculature.  

 

Methods 

 

Multiple databases were searched to include OVID, Cumulative Index to Nursing and 

Allied Health Literature (CINAHL), Pubmed and Web of Science. Hand-searching 

was also carried out to obtain as many relevant manuscripts as possible. The search 

was restricted to open access manuscripts, written in English and published between 

2009 and 2022. Data was extracted using a pre-designed form and assessed using 

a critical appraisal tool. 

  

Results 

 

Twenty-five studies were included for review. The results of the data extraction are 

presented in Table 1 below. The conjunctival vessel diameter was reported in 21 of 

the included studies, and the results ranged from 6 µm to 71.25 µm. The axial 

velocity ranged from 0.25-3.26 mm/s, as reported in 22 of the included studies. 

Cross-sectional velocity was reported in 5 of the included studies. The cross-

sectional velocity ranged from 0.2-1.2 mm/s. The blood flow rate ranged from 13.0-
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296.9 pl/s. Wall shear rate results were reported in two of the studies included for 

review. The results from 11 studies ranged from 190-3515 s-1. Lastly, wall shear 

stress results were also reported in two studies included for review. The results 

ranged from 5.4-211 N/m2. 

 

Several studies compared the differences within the conjunctival haemodynamics of 

contact lens wearers to non-contact lens wearers (Chen et al., 2020; Cheung et al., 

2012; Hu et al., 2018; Shi et al., 2018; Wang et al., 2019). The results of these 

studies showed overall the conjunctival vessel velocity and blood flow rate was 

increased for contact lens wearers compared to non-contact lens wearers. A 

selection of studies also evaluated cohorts at increased cardiovascular risk including 

those from the studies by Hwang et al. (2021), Karanam et al. (2014), Khansari et al. 

(2017), Valeshabad et al. (2014), Valeshabad et al. (2015) and Wanek et al. (2013). 

For most studies assessing alterations in haemodynamics in association with 

disease vs control groups, the ranges were markedly reduced for axial velocity, 

cross-sectional velocity and wall shear rate. However, velocity was increased for the 

diabetes without complications cohort as reported by Hwang et al., as well as in the 

study by Wanek et al. that evaluates the differences in the conjunctival parameters of 

patients with sickle cell disease. Diameter typically remained the same throughout 

the reviewed studies, whilst the results of blood flow rate were varied. Blood flow rate 

was reduced in the study by Karanam et al. as well as within the study by Khansari 

et al.  
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Table 1. Data extraction 

Study Participants Imaging 

Method 

Diameter 

µm 

Velocity 

mm/s 

Blood 

Flow 

Rate  

pl/s 

WSR  

s-1 

WSS 

dyne/ 

cm2 

Akagi et 

al., 2018 

10 healthy 

subjects 

Anterior 

Segment- 

OCT 

Average: 

17.2 ± 0.6 

Nasal: 18.0 ± 

0.8 

Temporal: 

17.0 ± 0.4 

Inferior: 17.6 

± 1.2 

Superior: 

16.3 ± 1.1 

n/a n/a n/a 

Chen et 

al., 2020 

13 HCL and 14 

NCL 

FSLB HCL 

(baseline): 

17.4 ± 3.9 

NCL 

(baseline): 

16.9 ± 2.8 

HCL 

(baseline): 

Va= 0.52 ± 

0.17, CSV= 

0.37 ± 0.12 

NCL 

(baseline): 

Va= 0.47 ± 

0.15, CSV= 

0.34 ± 0.11 

HCL 

(baseline)

: 136.0 ± 

115.1 

NCL 

(baseline)

: 109.3 ± 

51.7 

n/a 
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Chen et 

al., 

2017a 

22 Healthy 

subjects 

FSLB Baseline= 

17.8 ± 1.8 

Baseline= 

0.51 ± 0.20 

n/a n/a 

Chen et 

al., 

2017b 

56 Dry eye 

patients 

FSLB Baseline= 

22.13 ± 1.84 

Baseline= 

0.50 ± 0.15 

n/a n/a 

Cheung 

et al., 

2012 

102 Contact 

lens users and 

29 controls 

Computer-

assisted 

intravital 

microscopy 

User= 71.25 

± 12.09 

Control= 

52.20 ± 5.10 

n/a n/a n/a 

Hu et 

al., 2018 

91 NCL wearers 

and 75 HCL 

wearers 

FSLB n/a NCL= 0.50 ± 

0.14 

HCL= 0.61 ± 

0.15 

n/a n/a 

Hwang 

et al., 

2021 

98 Controls (C), 

13 diabetics 

without 

complication (D-

C) and 21 

diabetics with 

complication 

(D+C) 

FSLB n/a Va; 

C= 0.51 ± 

0.17  

D-C= 0.62 ± 

0.17 

D+C= 0.45 ± 

0.17 

CSV; 

C= 0.35 ± 

0.12 

D-C= 0.43 ± 

0.13 

D+C= 0.32 ± 

0.13 

 

n/a n/a 
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Jiang et 

al., 2013 

5 Healthy 

subjects  

RFI, 

Optical 

Imaging 

Ltd, 

Rehovot, 

Israel 

n/a Without CL: 

0.86 ± 0.08 

With CL: 

0.99 ± 0.11 

n/a n/a 

Jiang et 

al., 2014 

6 Subjects FSLB Baseline= 

18.8 ± 2.7 

Baseline= 

0.60 ± 0.12 

Baseline= 

129.8 ± 

59.9 

n/a 

Jo et al., 

2021 

5 Healthy males Custom-

built optical 

imaging 

system 

Average= 

11.6 

Average= 

0.15 

n/a n/a 

Karana

m et al., 

2014 

84 subjects (11 

low Framingham 

risk score, 14 

intermediate 

Framingham 

risk score and 

59 high 

Framingham 

score) 

FSLB Low= 19.5 ± 

3.2 

Intermediate

= 21.5 ± 2.0 

High= 21.3 ± 

2.8 

Va; 

Low= 0.54 ± 

0.13  

Intermediate

= 0.44 ± 0.13 

High= 0.42 ± 

0.15 

CSV; 

Low= 0.37 ± 

0.09 

Intermediate

= 0.30 ± 0.09 

High= 0.29 ± 

0.10 

 

Low= 

133.4 ± 

59.6 

Intermedi

ate= 

123.6 ± 

39.3 

High= 

121.9 ± 

52.6 

n/a 
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Khansar

i et al., 

2015 

15 Healthy 

subjects 

FSLB Arterioles= 

15 ± 3 

Venules= 18 

± 2 

Arterioles= 

0.63 ± 0.17 

Venules= 

0.54 ± 0.13 

Arterioles

= 86 ± 33 

Venules= 

140 ± 55 

Arterioles

= 320 ± 

132 

Venules= 

190 ± 46 

Khansar

i et al., 

2017 

Non-diabetic 

control (C, 

n = 34), no 

clinically visible 

DR (NDR, 

n = 47), non-

proliferative DR 

(NPDR, n = 45), 

and proliferative 

DR (PDR, 

n = 35) 

FSLB C= 18 ± 5 

NDR= 19 ± 4 

NPDR= 18 ± 

4 

PDR= 18 ± 5 

C= 0.70 ± 

0.23 

NDR= 0.54 ± 

0.22 

NPDR= 0.62 

± 0.24 

PDR= 0.64 ± 

0.27 

C= 144 ± 

118 

NDR= 

124 ± 98 

NPDR= 

135 ± 90 

PDR= 

146 ± 115 

WSS; 

C= 8.6 ± 

5.0 

NDR= 

5.4 ± 3.2  

NPDR= 

6.2 ± 3.3 

PDR= 

6.6 ± 3.7 

Koutsiar

is et al., 

2013 

15 Normal 

volunteers 

FSLB 6-12 0.52-3.26 13-202 WSR= 

587-3515 

WSS= 

17-211 

Koutsiar

is et al., 

2010 

15 Normal 

volunteers 

FSLB 6-12 0.52-3.26 n/a n/a 

Shahidi 

et al., 

2010 

1 Healthy 

subject 

FSLB 8.7-24.3 

(mean= 15.5) 

Va= 0.3-1.6 

(mean= 0.9) 

CSV= 0.2-

1.2 (mean= 

0.7) 

27.3-

296.9 

(mean= 

111.8) 

n/a 

Shi et 

al., 2019 

58 Normal 

subjects 

FSLB n/a 0.49 90  n/a 
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Shi et 

al., 2018 

20 HCL and 40 

NCL 

FSLB HCL= 16.9 ± 

1.3 

NCL= 17.3 ± 

1.6 

HCL= 0.59 ± 

0.19 

NCL= 0.48 ± 

0.17 

HCL= 119 

± 38 

NCL= 92 

± 39 

n/a 

Valesha

bad et 

al., 2015 

15 Healthy 

controls and 12 

subjects with a 

diagnosis of 

unilateral 

ischemic stroke 

FSLB Controls right 

eye= 

20.5 ± 4.2  

Controls left 

eye= 

20.3 ± 4.5 

Stroke 

contralateral 

eye= 21.2 ± 

3.9  

Stroke 

ipsilateral 

eye= 20.6 ± 

4.4  

Controls right 

eye= 0.42 ± 

0.13  

Controls left 

eye= 0.43 ± 

0.14  

Stroke 

contralateral 

eye= 0.49 ± 

0.16 

Stroke 

ipsilateral 

eye= 0.35 ± 

0.13 

n/a n/a 

Valesha

bad et 

al., 2014 

22 Sickle Cell 

Retinopathy 

(SCR) subjects 

FSLB 12-26 

 

0.25-1.08 

 

n/a n/a 

van 

Zijdervel

d et al., 

2014 

21 Volunteers OPSI Inferior large 

segments= 

21.14 ± 5.22 

Inferior small 

segments= 

8.67 ± 0.74 

Nasal large 

segments= 

23.58 ± 5.95 

n/a n/a n/a 
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Nasal small 

segments= 

8.72 ± 0.80 

Wanek 

et al., 

2013 

9 Healthy 

controls (AA), 

24 SC disease 

subjects and 18 

SS disease 

subjects 

EyeFlow™ AA Vessel 

size 1= 11.2 

± 0.9 

Vessel size 

2= 19.5 ± 3.0 

SS Vessel 

size 1= 11.7 

± 0.9 

Vessel size 

2= 20.5 ± 4.0 

SC Vessel 

size 1= 11.1 

± 1.3 

Vessel size 

2= 19.8 ± 2.5 

AA Vessel 

size 1= 0.32 

± 0.08 

Vessel size 

2= 0.60 ± 

0.18 

SS Vessel 

size 1= 0.48 

± 0.12 

Vessel size 

2= 0.66 ± 

0.22 

SC Vessel 

size 1= 0.42 

± 0.16 

Vessel size 

2= 0.50 ± 

0.20 

n/a n/a 

Wang et 

al., 2019 

13 HCL and 15 

NCL 

FSLB HCL Visit 1= 

18.1 ± 4.0 

Visit 2= 16.8 

± 2.3 

NCL Visit 1= 

17.2 ± 2.4 

Visit 2= 16.8 

± 2.6 

HCL Visit 1= 

0.52 ± 0.15 

Visit 2= 0.51 

± 0.17 

NCL Visit 1= 

0.49 ± 0.13 

Visit 2= 0.51 

± 0.16 

 

HCL Visit 

1= 150 ± 

119 

Visit 2= 

118 ± 62 

NCL Visit 

1= 116 ± 

43 

n/a 
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Visit 2= 

117 ± 53 

 

Wang et 

al., 2016 

5 Healthy 

subjects 

FSLB 30.4 ± 8.4 0.59 ± 0.035 n/a n/a 

Xu et 

al., 2015 

20 Healthy 

subjects 

FSLB M1= 21.56 ± 

2.44  

M2= 21.65 ± 

2.58 

Va; 

M1= 0.62 ± 

0.31 

M2= 0.62 ± 

0.32 

CSV; 

M1= 0.44 ± 

0.22 

M2= 0.44 ± 

0.22 

M1= 

165.61 ± 

86.62 

M2= 

166.83 ± 

91.00 

n/a 

Abbreviations:  

CL= Contact Lens, CSV= Cross-Sectional Velocity, DR= Diabetic Retinopathy, FSLB= Functional 

Slit Lamp Biomicroscopy, HCL= Habitual Contact Lens wearer, M1= Measurement 1, M2= 

Measurement 2, NCL= Non-Habitual Contact Lens wearer, OCT= Optical Coherence Tomography, 

OPSI= Orthogonal Polarisation Spectral imaging, RFI= Retinal Functional Imager, SC= Sickle 

Haemoglobin-C Disease, SS= Sickle Cell Anaemia, Va= Axial Velocity, WSR= Wall Shear Rate, 

WSS= Wall shear Stress 
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Discussion 

 

This review ascertained the ranges of the various parameters of the conjunctival 

microcirculation, to include diameter, axial velocity, cross-sectional velocity, blood 

flow rate, wall shear rate and wall shear stress. The results of our previously 

published feasibility study fell within the ranges gathered from the literature reviewed 

(Brennan et al., 2021a). The diameter in this previous study was 21.43 ± 7.57 µm for 

the 56 control subjects and 22.32 ± 7.66 µm for the 59 myocardial infarction (MI) 

patients, axial velocity was 0.53 ± 0.15 mm/s for controls vs 0.49 ± 0.17 mm/s for the 

MI group, blood flow rate was 153 ± 124 pl/s vs 154 ± 125 pl/s, and lastly, wall shear 

rate was calculated to be 162 ± 93 s−1 for controls vs 145 ± 88 s−1 for MI (Brennan et 

al., 2021a). Similar reductions were reported for velocity (0.53 ± 0.05 mm/s vs 0.47 ± 

0.06 mm/s) and wall shear rate (174 ± 22 s−1 vs 153 ± 27 s−1) within the cyanotic 

congenital heart disease group (CCHD) when compared to controls (Brennan et al., 

2021b).  

 

Wanek et al. (2013) suggested stratification of conjunctival haemodynamic results by 

vessel size. The results show linear relationships between the velocities of the 

different vessel size groups. Alternatively, Akagi et al. (2018) also demonstrated 

differences in conjunctival vessel measurements between the different fields of view, 

whilst Khansari et al. (2015) observed the differences between the vessel groups of 

arterioles and venules, and these factors should be considered when assessing 

alterations in disease groups to obtain reference ranges. Additionally, as 

demonstrated within the literature, the use of contact lenses is also associated with 
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vascular abnormalities, alterations of the conjunctival haemodynamics, as well as 

increased ocular discomfort that also positively correlates with conjunctival vessel 

velocity (Fang et al., 2021). Consequently, contact lens wear was included within the 

exclusion criteria of this project.  

 

Limitations: 

This review was limited due to lack of standardisation of the conjunctival imaging 

technique. Diameter and axial velocity are consistently measured throughout all 

studies, whilst the other parameters are calculated by formulae using these 

measured values. 

 

Conclusion 

 

This review of the literature reports the findings from previous studies, quantitatively 

assessing the conjunctival microcirculation and informs future studies by assessing 

the range of parameters. A limited field of research within the past decade reports 

alterations of the conjunctival microcirculation in association with disease such as in 

vascular disease or diabetes, as well as in cases of contact lens use. The work 

presented within this review warrants further research. 
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1.3. Vascular Physiology and Pathophysiology 

 

The Cardiovascular and Microcirculatory System: Physiology 

The cardiovascular system is centered on the heart and blood vessels (arteries, 

arterioles, veins, venules and capillaries) controlling the haemodynamics. The 

arteries, arterioles, veins, venules and capillaries all differ in structure and function, 

with the primary role of the arteries being to deliver oxygenated blood from the heart 

to the rest of the body, and the key role of veins is to deliver the deoxygenated blood 

back to the heart. Compared to arteries which need to transport blood under higher 

pressures, veins have thinner walls with less smooth muscle and connective tissue, 

as well as valves to prevent the back flow of blood. The thickness of the vessel wall 

varies with vessel diameter, although basement membrane and endothelial layers 

remain the same.  

 

The tangential component of the force of the blood flow against the vessel wall is 

known as the wall shear stress (Gijesen et al., 2019). Endothelial cells respond to 

the fluctuations of wall shear stress and wall shear stress alters cell physiology and 

is a determinant of endothelial function (Cecchi et al., 2011; Santamaria et al., 2020). 

Wall shear stress should gradually decrease from arterioles to venules. The 

arterioles have a key role in metabolic control and flow distribution whilst only 

endothelium (that lines all vessels) is present in the capillaries (Taqueti and Di Carli, 

2018). Endothelial cells play an important role in cardiovascular homeostasis. The 

capillaries may be a crucial site to investigate endothelial dysfunction. Additionally, 

metabolically active tissues will have a more extensive capillary network, and 



39 
 

different endothelial cell phenotypes occur with different organs (Colbert and 

Schmidt, 2016). 

 

Ohm’s law states blood flow is equal to the pressure gradient divided by resistance 

and Murray’s law, based on the assumption of constant blood flow, relates the radius 

of the parent vessel to that of the downstream daughter vessels. Reynold’s number 

is used to determine if flow is laminar or turbulent, with turbulent blood flow related to 

increased energy loss and decreased blood flow at a given perfusion pressure 

(Andersson et al., 2019). Additionally, whilst energy is interchanged into various 

forms within the cardiovascular system to include hydrostatic, oncotic and vascular 

resistance, Poiseuille’s law defines the energy requirement for pumping blood 

through a vessel. Although such laws exist which help explain various aspects of 

microhaemorheology and micro-haemodynamics, a standardised and 

comprehensive model is still needed. This would help to better understand normal 

micro-vessel physiology, and hence help to identify, categorise and explain 

abnormalities. 

 

Inside the vessels of the microvascular system, the various components of the blood 

(e.g., leukocytes, red blood cells and platelets) circulate along with plasma. Although 

these vessels are small, they play a major role in normal cardiovascular function. 

The importance of monitoring the microcirculation, particularly for the aspects of 

convection and diffusion, to ensure tissue perfusion and oxygenation is occurring via 

a bedside point-of-care device has been previously highlighted (Guven et al., 2020). 

The pathogenesis of microvascular and macrovascular dysfunction is not fully 
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understood, and it remains unknown if there is a correlation between microvascular 

and macrovascular dysfunction due to shared risk factors. 

 

Previous assessment of the sublingual microcirculation in critically ill patients 

established the categorization of microvascular abnormalities into types 1-4: 

• Type 1 describes the stagnation of blood which may be seen with sepsis. 

• Type 2 describes the conditions of haemodilution (altered viscosity and 

reduction in shear stress may also occur). 

• Type 3 describes flow reduction, increased vascular resistance and/or 

venous pressure (seen with vasoconstriction/tamponade). 

• Lastly, type 4 describes hyperdynamic capillary flow (seen with edema) 

(Dubin et al, 2020).  

Further alternative methods of scoring the microvasculature system have also 

been discussed such as De Backer's score and microvascular flow index (Flick 

et al., 2019). 

 

Pathophysiology: 

As discussed above, the cardiovascular system has a key regulatory role in many 

functions of the body such as delivering oxygen and nutrients whilst removing 

metabolic wastes, protecting from pathogens and maintaining homeostasis. 

Therefore, disruption of these mechanisms can have serious implications. 

Cardiovascular disease is the umbrella term for disease of the heart and blood 

vessels and includes coronary heart disease, cerebrovascular disease, peripheral 
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artery disease, rheumatic heart disease and congenital heart disease. 

Approximately, 31% of all deaths worldwide are due to cardiovascular disease 

(World Health Organisation, 2021). 

 

Despite the extensive impact of cardiovascular disease, the pathophysiological 

mechanisms have, as of yet, not been fully explained. Atherosclerosis is frequently 

reported as the main underlying etiology of cardiovascular disease and may be 

recognised by the formation of fatty streaks (involving endothelial injury and 

dysfunction, as well as macrophage activation and the formation of foam cells, which 

are macrophages engorged with lipid), atheroma and plaque formation within a 

vessel (Rafieian-Kopaei et al., 2014). Various mechanisms of fibrosis, remodeling, 

inflammation and lipid metabolism have been suggested. Fibrosis has been reported 

in association with the majority of cardiac pathologies and is not always the primary 

cause of cardiac dysfunction, but instead a pathological response of the 

cardiomyocyte to the microenvironment (Frangogiannis, 2021). Fibrosis often 

contributes to impaired cardiac function and is responsible for various 

electrophysiological changes, resulting in arrythmias that can be fatal in the case of 

ventricular tachycardia and ventricular fibrillation. The mechanisms discussed above 

may also occur simultaneously, as in the example of immune cells triggering an 

inflammatory cascade and causing myocardial damage, provoking a fibrotic 

response. Similarly, mechanisms of oxidative stress are found to be associated with 

cardiac stress and activated fibroblasts. The results from the initial study would 

further suggest this with the example of the biomarker adiponectin being reduced 

within the high cardiovascular risk group, and adiponectin is reported to be 
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cardioprotective reducing inflammation, oxidative stress and involved in lipid 

metabolism (Awuah et al., 2022; Yanai and Yoshida, 2019). 

 

Endothelial Dysfunction: 

Vascular disease may ensue from the disruption of endothelial homeostasis. 

Additionally, endothelial dysfunction may be prompted by various stimuli or 

conditions (Hamilos et al., 2018). Interestingly, Godo et al. (2020) suggest that the 

conventional cardiovascular risk factors do not fully account for the vulnerable 

plaque formations associated with coronary microvascular endothelial dysfunction in 

patients with non-obstructive coronaries. 

 

1.4. A Screening Tool: The Conjunctiva Vasculature, Cardiovascular and 

Microvascular Disease 

 

In the last century, a link had been established between retinal microvasculature 

injury and survival, yet the conjunctival microvasculature is consistently overlooked 

throughout the research (Litwin, 2020). The conjunctival vasculature is arguably 

more accessible, found within the anterior segment of the eye. The conjunctival 

vessels stem from the internal carotid artery that branches off to the ophthalmic 

artery, and the internal jugular vein that branches off to the ophthalmic vein. In-depth 

methodology of the tool is explained within the methods section of this thesis. These 

methods are based on several haematological principles. The fundamental principle 

is that the size of the erythrocyte is proportional to the measurements found within 
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the flow analysis applications (approximately 8µm in diameter and 2µm in thickness). 

The range of vessel diameter measurement is around 5-70µm, as demonstrated 

within the results. Assumptions of deformability of erythrocytes may also be made, 

and it is also known that deformation is increased by increased wall shear rate. 

This study assessed the conjunctival microcirculation in a cohort of pressure wire 

patients, and hence reports a selection of pressure wire measurements to include: 

• The index of microcirculatory resistance (IMR)- a coronary guidewire-

based measurement centered on the principle that resistance is equal 

to the difference in pressure overflow. Evidence suggests that this may 

be the most reliable and specific indicator of microvascular disease 

(Fearon and Kobayashi, 2017). 

• Coronary flow reserve (CFR)- measured by indicator thermodilution. 

The ratio between the resting blood flow through the coronaries to the 

maximum blood flow through the coronary arteries. 

•  Fractional flow reserve (FFR)- the ratio of the maximum blood flow 

through a stenosis to the maximum blood flow with no stenosis 

(currently, the gold standard for assessing epicardial disease). 

• Relative flow reserve (RFR)- similar to FFR but does not require 

vasodilator medications, as it is a non-hyperemic index.  

 

Often patients presenting with angina or symptoms of ischemia are found to have no 

obstructions within their coronary arteries. Upon further investigation the smaller 

vessels are found to have microvascular disease. Likewise, various studies suggest 

microvasculature disease is likely to be under-diagnosed and may be more prevalent 
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than macrovascular disease (Sidik et al., 2020). It has been suggested that 

microvascular lesions are a precursor of epicardial lesions and thus this study cohort 

should support gaging of risk as proposed in Figure 1.1 below (Knuuti et al., 2020).  
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Figure 1.1. Proposed cardiovascular risk stratification  

CRP= C-Reactive Protein and NT-proBNP= N-terminal pro B-type natriuretic peptide.
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The research project presented herein, hypothesised that the measurements of the 

pressure wire investigation would correlate with the conjunctival microvascular 

haemodynamic measurements. The previous studies conducted by the Moore 

research group also investigated MI patients, as well as MI patients with non-

obstructive coronary arteries. It would be of particular interest to compare the results 

of each group to the results of the pressure wire cohort. Patients with coronary 

microvascular disease are still at an increased risk of adverse events (Taqueti and Di 

Carli, 2018).  

 

Coronary microvascular dysfunction may be considered a sub-clinical marker of 

cardiac remodeling. Additionally, diabetes may predispose metabolic remodeling of 

the heart, and cardiac remodeling can also be considered a pre-cursor of heart 

failure. A non-invasive and easily accessible screening tool as proposed in this study  

would be beneficial to identify those at risk, to intervene at an early stage, and 

ultimately to prevent adverse events occurring. Although the gold standard software 

for monitoring the microcirculation is the automated vascular analysis (AVA) 

software, it has only been assessed with the sublingual microcirculation (Hilty et al., 

2019). It is expected that the tailored conjunctival software calibrated for the camera 

system is required for the microvasculature imaging tool. 
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Assessing Treatment: Severe Aortic Stenosis and Transcatheter Aortic Valve 

Implantation (TAVI): 

A recent study estimated 291,488 people in the UK have severe aortic stenosis, and 

that almost 60% of these people will die within the next five years if left untreated 

(Strange et al., 2022). Stenosis of the aortic valve is already the most prevalent of 

the valvular heart diseases (Michail et al., 2018). The increasingly older population 

places further precedence on optimising management and treatment of aortic 

stenosis.  

 

Severe aortic stenosis is associated with tissue perfusion abnormalities and hence 

microvascular dysfunction. Patients with severe aortic stenosis may present with 

heart murmur upon auscultation, and experience symptoms relating to fatigue, 

dyspnea and angina upon exertion. However, patients with severe aortic stenosis 

may also be asymptomatic.  

 

Severe aortic stenosis presents with an aortic valve area of less than 1cm² due to 

leaflet fibrosis and calcification, and an increased blood pressure gradient may be 

found across the valve (Saikrishnan et al., 2014; NICE, 2021). The ejection fraction 

is often reduced within this cohort of patients, as the left ventricle is required to 

overcome the stenotic valve. Subsequently, the left ventricle becomes hypertrophied, 

left ventricular contractile function may deteriorate and thus ejection fraction is 

lowered (Ito et al., 2018). It is this increased cardiac workload that also makes these 

patients susceptible to potentially fatal arrhythmias and heart failure. Interestingly, 

secondary microvascular disease may also result within this cohort (Knuuti et al., 
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2020). Unsurprisingly, the one-year survival rate for aortic stenosis patients who 

undergo TAVI is 94% compared to 69% for unoperated aortic stenosis patients 

(Bach, 2011). The TAVI procedure typically involves a new valve being positioned 

inside the faulty valve via catheter insertion typically through the femoral artery to the 

aorta (NICE, 2017).  

 

Crucially, Carabello (2013) suggests that upon the onset of aortic stenosis symptoms 

life expectancy is approximately three years if not treated. However, TAVI was 

pioneered as a minimally invasive treatment for severe aortic stenosis around two 

decades ago (Spitzer et al., 2020). Improvements in the coronary microcirculation 

have been reported post-TAVI (Al-Rashid et al., 2014).  

 

It is also important to account for several variables associated with TAVI such as 

pacing, as like most intervention treatments TAVI is also not without risk of 

complications. This is illustrated in the study by Selle et al. (2014) concluding that 

rapid ventricular pacing in TAVI is associated with impeding recovery of microflow 

and microcirculatory arrest. Contrastingly, the recent SWEDEHEART observational 

study conducted by Rück et al. (2021) indicates only marginally lower survival rate 

values for the TAVI cohort who received a permanent pacemaker following surgery 

(90.0% at 1 year, 52.7% at 5 years and 10.9% at 10 years) compared to those who 

did not have a permanent pacemaker implanted (92.7% at 1 year, 53.8% at 5 years 

and 15.3% at 10 years, p=0.692). Pibarot and Dumesnil (2012) suggest more work 

needs to be done to assess the disease severity both comprehensively and 
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quantitatively, this may also help to identify the most suitable candidates for TAVI or 

alternatively, for surgery. 

 

1.5. Ocular, Blood and Clinical Biomarkers 

 

Parameters: Velocity, Blood Flow Rate Wall Shear Rate and Stress: 

The methods to obtain the ocular parameters have previously been described within 

the feasibility study by Brennan et al. (2019). To summarise, diameter is measured 

using the principles of Euclidean distance transform (EDT) in the binary vessel 

image, whilst axial velocity (the average velocity in a particular direction) is 

measured using the principles of Fourier transform for spatial temporal imaging (STI) 

and one dimension+time continuous wavelet transform (1DTCWT). Diameter and 

axial velocity are the two measured ocular parameters, whilst cross sectional 

velocity, blood flow rate (formula 1) and wall shear rate (formula 2) are then recorded 

from calculations. Cross-sectional velocity is dependent on a conversion factor, as it 

is the volumetrically averaged flow velocity. Vasomotion (oscillation in vascular tone) 

and the resultant fluctuations in diameter will also correspond to fluctuations in cross-

sectional velocity (Fredriksson et al., 2021). 

𝑄 = 𝐶𝑆𝑉(
𝜋𝐷2

4
) 

Formula 1. Blood flow rate (Q) calculation 

CSV= Cross sectional velocity, D= Diameter 
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𝑊𝑆𝑅 =
8𝐶𝑆𝑉

𝐷
 

Formula 2. Wall shear rate (WSR) calculation 

CSV= Cross sectional velocity, D= Diameter 

 

A selection of variables are likely to affect the axial velocity such as centrifugal and 

torsional forces. It may be of interest to compare geometrical variables such as 

tortuosity with variables such as axial velocity and wall shear stress. For example, it 

would be expected that increased tortuosity or increased number of branches would 

correlate with a low wall shear rate, as well as a higher viscosity to promote 

endothelial dysfunction and atherosclerosis (Souihol et al., 2020). Patel et al. (2022) 

carried out a meta-analysis study that investigated conjunctival vessel axial velocity, 

and the findings were ultimately heterogenous for healthy study participants and an 

overall difference could also be seen overall between healthy and disease groups. 

Such comparisons may help to develop a better understanding of the mechanics of 

blood flow within the vasculature of the conjunctiva (Alastruey et al., 2012). 

 

Importantly, understanding the blood composition and particularly the interactions 

and properties of the erythrocytes, may also be fundamental in characterising the 

haemodynamic measurements recorded. An incompressible, highly concentrated 

haemoglobin solution can be found within the erythrocytes (Sousa et al., 2016). The 

erythrocytes morphology can also be reversibly altered (unless lysis occurs), and this 

is what permits the substantial deformation of erythrocytes within the capillaries and 

the normal function of the microcirculation (Shou et al., 2020). Certain erythrocyte 
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characterisations may also be phenotypical of diseased states, and this should be 

carefully considered, as in the example of rheumatoid arthritis (also a risk factor of 

cardiovascular disease as included in the QRISK3 score) where reduced erythrocyte 

elasticity has previously been reported (Oore-ofe et al., 2021). Huang et al. (2020) 

also concur that the morphology of the vessels, disturbed flow patterns (e.g., low wall 

shear stress) and the rheological properties of blood are crucial factors in the 

development of atherosclerosis. Wall shear stress may be of particular importance in 

the monitoring of the microcirculation, as the monitoring of a changing wall shear 

stress may help to confirm vascular dysfunction. Critically, investigation of viscosity 

and wall shear stress may help to improve understanding of results in relation to 

endothelial function, as Gnasso et al. (2019) also suggest it influences the regulation 

of vascular tone. 

 

Blood Biomarkers: 

In 2012, Ioannidis and Tzoulaki found a selection of blood biomarkers assessed in 

relation to cardiovascular disease had been reported around 6000 times each. 

Despite this, Oury et al. (2018) suggest that the application of blood biomarkers, 

particularly those involved in endothelial dysfunction with endothelial cells and 

glycocalyx lining vessels within the microcirculation (e.g. Growth Differentiation 

Factor-15 (GDF-15) also involved in Endothelial Growth Factor Receptor (EGFR) 

signaling), the regulation of myocardial injury (e.g. Heart-type Fatty Acid Binding 

Protein (HFABP)), cardiac stretch (e.g. B-type Natriuretic Peptide (BNP)), 

inflammation (e.g. C-Reactive Protein (CRP)), and coagulation (e.g. Plasma 

Viscosity) may be beneficial for the risk stratification of TAVI patients. However, the 
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timings of the blood biomarker testing both pre and post procedure are likely to be 

critical, as discussed in a study by Sedhagat et al. (2016). Ultimately, further 

investigation and application of cardiac biomarkers could inform and support best 

clinical practice for these patient cohorts. 

 

During the pandemic it was demonstrated that COVID-19 fingerpick blood lateral 

flow testing (Robertson et al., 2021), for blood biomarkers such as antibodies for 

SARS-CoV-2 have the potential to be an inexpensive and effective rapid point of 

care tool- this may be applied to other diseases, and in the context of this project, 

cardiovascular disease. Correspondingly, there are already well-established cardiac 

biomarkers used routinely within clinical practice today (including troponin, BNP and 

CRP). Additionally, certain blood biomarkers have already been accepted for 

application in cardiovascular risk score algorithms. This is demonstrated in the 

example of total cholesterol and high density lipoprotein (HDL) (in the form of the 

cholesterol:HDL ratio) which is requested within the QRISK3 score calculation. A 

review by Ouyang et al. (2021) explores the concept of cardiovascular disease 

biomarkers and biosensors in great depth, considering both the inequalities and 

complexities of the disease, as well as the practicalities and numerous possibilities of 

biomarkers. The work within this thesis also attempts to further address whether 

blood biomarkers add value to cardiovascular risk prediction through the use of an 

algorithm-based score system. 

 

Data Collection, Risk Factors and Risk Scores: 
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Various studies such as the Framingham study have longitudinally observed 

lifestyles of a general population to identify risk factors, and as a result, there are 

now several known risk factors of cardiovascular disease including, but not limited to 

smoking status, level of physical activity, blood pressure, adiposity and family 

history. A selection of scoring systems also exist, such as QRISK (as previously 

mentioned), Euro SCORE or Society of Thoracic Surgeons Predicted Risk of 

Mortality (STS-PROM) score that are continually being updated in accordance with 

the evidence. However, these scoring systems often consist of complex calculations 

involving numerous clinical risk factors. Conversely, Zdrenghea et al. (2019) propose 

that risk scores should not only assess risk factors, but also account for protective 

factors, suggesting that this may encourage individuals to continue with the 

preventative measures reducing their cardiovascular risk. Comparison of risk versus 

benefit guided strategy is also listed within the gaps in evidence section of the 

European Society of Cardiology (ESC) guidelines (Visseren et al., 2021). The 

accuracy of risk stratification is of the highest importance to ensure patients are not 

being under or over-treated. 

 

The aforementioned ESC guidelines highlight several further shortcomings in current 

risk prediction methods, and these should be addressed in future studies of risk 

scores. The National Institute for Health and Care Excellence (NICE) guidelines 

(2016) also provide an overview on cardiovascular disease prevention, and whilst 

they look at regular risk assessments for those aged over 40 years old, there is less 

evidence and advice available for younger age groups. The use of risk assessment 

tools is also advised against for a large proportion of the population such as those 

with type 1 diabetes or chronic kidney disease for example. There have been many 
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studies that look to assess “lifetime risk”. A better implementation of risk scoring may 

be to assess patients regularly, even if on a remote basis.  

 

1.6. Rationale and Objectives 

 

Research Question: 

Is the conjunctival microcirculation a target for risk stratification of cardiovascular 

disease, and if so, can it be used to tailor treatment options and optimise care 

pathways? 

 

One-tailed null hypothesis: The conjunctival microcirculation is a target for risk 

stratification. 

 

One-tailed alternative hypothesis: The conjunctival microcirculation is not a target 

for risk stratification. 

 

Chapter 1 Objectives: 

• Evaluation of the available evidence surrounding the measurement and 

application of the conjunctival vessel parameters. 

• To establish the ranges of the conjunctival vessel parameters (diameter, axial 

velocity, cross-sectional velocity, blood flow rate, wall shear rate and wall 

shear stress). 
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Chapter 2 Objectives: 

• Critical review of the more extensively assessed retinal research to gather 

findings for utilisation in a conjunctival vessel pilot study. 

• Assessment of new metrics such as vessel centreline pixel intensity in 

disease and vessel classification. 

Chapter 3 Objectives: 

• To outline the specific research design choices and appraise the methods 

used throughout the project. 

Chapter 4 Objectives: 

• Full automation of the conjunctiva video processing application for use on 4K 

video. 

• Upload and processing of the video to be done on a single application at the 

point of capture using the smartphone device.  

Chapter 5 Objectives: 

• Assessment of the conjunctival microvasculature using the conjunctival 

microcirculation imaging tool and application before and after TAVI, as well as 

in a control group for comparison. 

Chapter 6 Objectives: 

• Non-invasive assessment of systemic microvascular dysfunction using the 

conjunctival microcirculation imaging application on coronary microvascular 

disease patients compared to controls. 

Chapter 7 Objectives: 
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• Investigate comorbidities associated with cardiac remodeling and rhythms that 

may alter conjunctival haemodynamics. 

• Identify factors such as inter-eye differences that may augment cardiovascular 

risk prediction. 

Chapter 8 Objectives: 

• Discuss and compare the findings, to include the strengths and limitations of 

the research from Chapters 1-7 in greater depth. 

• Summarise the contributions to knowledge. 

• Highlight areas for future research. 

Chapter 9 Objectives: 

This chapter was included in consideration of the substantial COVID-19 research 

and mass testing studies accomplished during the brief pause in recruitment to 

cardiovascular disease risk prediction project due to the COVID-19 pandemic. 

• To consider the substantial COVID-19 research and mass testing studies 

accomplished during the brief pause in recruitment to cardiovascular disease 

risk prediction project due to the COVID-19 pandemic. 

 

The previous feasibility study conducted within Professor Moore’s living lab of 

healthy study participants, cyanotic congenital heart disease patients (CCHD) and 

myocardial infarction (MI) patients demonstrated significant differences between the 

healthy and diseased conjunctival vessels (Brennan et al., 2021a; Brennan et al., 

2021b). The purpose of this study was to assess two new cohorts the TAVI and 

pressure wire cohorts to add more data to this body of work. These cohorts were 
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selected specifically to test the conjunctival imaging application following discussions 

with cardiologists. The pressure wire cohort was ideal to permit comparison of the 

coronary microcirculation with that of the conjunctiva, whilst the TAVI cohort was 

ideal to permit assessment of the application to detect haemodynamic changes of 

patients before and after intervention- therefore, addressing limitations of the prior 

studies by Brennan et al. Conclusively, the primary objective of this phase of the 

study is to assess the ability of the proposed tool in its identification of 

microcirculatory disease, as well as disease of the larger vessels and valves (the 

aortic valve).
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Research Project Timeline: 

 

Figure 1.2. GANTT chart 

GCP= Good Clinical Practice, HTA= Human Tissue Act, OCT= Optical Coherence Tomography.
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Chapter 2: Cardiovascular Disease and Other Ocular Biomarkers  

 

 

 

One-tailed null hypothesis: Ocular parameters assessed throughout the retinal 

literature can be assessed within the conjunctival microcirculation. 

 

One-tailed alternative hypothesis: Ocular parameters assessed throughout the 

retinal literature cannot be assessed within the conjunctival microcirculation. 

 

 

2.1. Literature Review  

 

Summary: 

 

Introduction  

Imaging of the retina to reflect disease status for conditions such as diabetes is 

commonplace in day-day ophthalmology clinical practice. Advances in digital health 

and imaging processing techniques supports current medical imaging practice, 

reducing workload. Imaging advances allowing ocular vessel classification and 

pathology recognition may well advance risk prediction with conditions such as 

cardiovascular disease. This review systematically explores the techniques 

employed in retinal imaging, along with the accuracy and validity of each technique.  
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Methods  

A pre-defined search strategy was applied. The databases searched included OVID, 

Web of Science and Pubmed. Manuscripts were excluded if they were published 

more than 10 years ago, or in a language other than English. Data was analysed in 

themes of image processing technique. Critical appraisal was carried out on the 

included observational studies using the Critical Appraisal Skills Programme (CASP, 

2018) checklist.  

Results  

Twenty-three studies were included for review. The retinal image processing 

techniques included assessment of pixel intensity, central reflex, optical density ratio, 

tortuosity, fractal dimension and bifurcation angle. The use of deep learning and 

convolutional neural network was also included for review and reached accuracies of 

around 97% for vessel classification. The accuracy of disease classification was 

greatest at around 86% when applying bifurcation angle analysis.  

Conclusion  

Automated image processing techniques that have been rigorously tested within 

numerous databases or studies, with high accuracy, as demonstrated within this 

review for vessel classification are a promising addition for clinical practice; 

particularly as vessel classification in turn may support disease classification and risk 

stratification. The research gathered within this review may help to inform other 

areas of microvascular imaging.  
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Introduction 

  

Despite the advances in research and the understanding of risk factors, the burden 

of cardiovascular disease remains. Microvascular dysfunction has been reported to 

occur both alongside and independent from atherosclerosis (Weber et al., 2021). 

Additionally, an interaction between macrovasculature and microvasculature has 

been upheld (Cífková et al., 2020). The retinal microvasculature has been 

considerably addressed, the literature surrounding the microcirculation is limited 

when compared to that of the macrocirculation. This may be reflective of the 

challenges surrounding imaging of the microcirculation. Particularly, challenges such 

as the ability to classify the small vessels into arterioles and venules, as well as to 

classify for disease and to stratify for risk, warrants further investigation. This review 

seeks to analyse and critically appraise the current retinal vessel imaging 

techniques.   

  

Methods  

  

Search Strategy:  

The search strategy, including the relevant databases and number of records 

obtained from the search, are documented in Table 2.1. Reviews, abstracts and 

letters were excluded, and manuscripts that were not open-access or written in a 

language other than English were also excluded.   
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Table 2.1. Search strategy 

Database Search Results Date Last 

Searched 

OVID “Cardiovascular” 

AND “Retinal 

Vessels” 

 

“Arterioles” AND 

“Venules” 

 

“Cardiovascular” 

AND Conjunctiva 

318 

 

 

 

246 

 

 

9 

28/05/2021 

 

 

 

23/05/2021 

 

 

23/05/2021 

Web of Science “Cardiovascular” 

AND “Retinal 

Vessels” 

 

“Arterioles” AND 

“Venules” 

 

“Cardiovascular” 

AND Conjunctiva 

671 

 

 

 

194 

 

 

158 

28/05/2021 

 

 

 

23/05/2021 

 

 

23/05/2021 

Pubmed “Cardiovascular” 

AND “Retinal 

Vessels” 

 

“Arterioles” AND 

“Venules” 

 

“Cardiovascular” 

AND Conjunctiva 

84 

 

 

 

16 

 

 

3 

28/05/2021 

 

 

 

23/05/2021 

 

 

23/05/2021 

Handsearch N/a 3 28/5/2021 
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Data Extraction and Quality Assessment:  

Data extraction was themed by the image processing measurement category. 

Further categories for data extraction within the pre-defined data extraction form 

included the author and the year of study for study identification, details of the 

retinal/ocular measurement, data analysis and results of each study included within 

the review for comparison. The main outcomes of concern are those evaluating the 

accuracy and validity of the image processing technique. The included observational 

studies were quality assessed using the Critical Appraisal Skills Programme 

checklist (CASP, 2018). Risk of bias was assessed using the ROBINS-1 tool (Sterne 

et al., 2016). Lastly, the PRISMA-P protocol was also used to support the structure 

of the review, as presented in supplementary materials Table S1 (Shamseer et al., 

2015).  

  

Results  

 

Manuscript Search and Study Characteristics:  

The search returned a total of 1699 manuscripts published within the past 10 years 

across the three databases searched (OVID, Web of Science and Pubmed). A total 

of 23 relevant manuscripts were included within this analysis. The results of the data 

extraction and thematic analysis from all the included papers are documented in the 

supplementary tables, and only studies with a moderate-high score when critically 

appraised via GRADE score were included for analysis (Guyatt et al., 2013). 

 

Quality Assessment:  
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The results of the amended CASP (2018) quality assessment and ROBINS-1 risk of 

bias tool (amended from Sterne et al., 2016) are presented in supplementary tables 

S2 and S3. The CASP tool highlighted some uncertainties with cofounding factors 

(Mirsharif et al., 2013; Ishikawa et al., 2019; Yin et al., 2019; Huang et al., 2020; 

Alam et al., 2018) and precision of results for several studies (Mirsharif et al, 2013; 

Morales et al., 2014; Relan et al., 2014; Ding et al., 2015; Vijayakumar et al., 2016; 

Walikala et al., 2017; Yin et al., 2019; Relan and Relan 2021). A requirement for 

follow-up was also indicated for three of the included studies (Owen et al., 2019; 

Huang et al., 2020; Rim et al., 2021). Lastly, due to the nature of the individual 

observational/experimental studies included, there were generally limited 

implications for practice.  

 

The results of the ROBINS-1 tool shows uncertainties of bias due to confounding 

factors agrees with the results from the CASP checklist. Additionally, uncertainties of 

bias in sample selection (Rim et al., 2021) and outcome measurement were flagged 

for two studies (Cordina et al., 2015; Rim et al., 2021), and classification bias was 

considered within one study (Fraz et al., 2014). However, both the overall and 

individual risk of bias, as shown in supplementary Figure S1, were deemed to be low 

risk for all included studies.  

  

Pixel Intensity, RGB, HSV and LAB Values:   

Eight records included in the review were found to evaluate pixel intensity or Red, 

Green or Blue (RGB) values. The papers assessed also incorporated methods of 

deep learning for automation. Six papers within the review specifically assessed the 

deep learning and convolutional neural network applications. The results 
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demonstrate the potential application of these methods to be applied for either 

vessel characterisation or disease classification (with measurements such as central 

reflex).   

The performance metrics show an accuracy ranging from around 77% (Fraz et al., 

2014) to 97% (Zhang et al., 2019), and the results also vary depending on the 

dataset of retinal images used.  

 

Manuscripts were also collected that assessed pixel values through Optical Density 

Ratio (ODR) and dual wavelength methods. Two studies included within this review 

assessing ODR and dual wavelength indicate that this is also a potential method to 

differentiate between arterioles and venules. The results show 97.06% accuracy for 

vessel classification in the study conducted by Alam et al. (2018), and the mean 

ODR values of arterioles and venules for the study by Ishikawa et al. (2019) were 

0.77 ± 0.060 and 1.02 ± 0.067, respectively.  

  

Vessel Tortuosity: 

The results from the study by Cordina et al. (2015) unexpectedly show that only 62% 

of cyanotic congenital heart disease patients presented with increased tortuosity. 

However, these results may be limited by subjective assessment instead of using a 

quantitative method. Two studies assessed the correlation of tortuosity 

(quantitatively assessed) with cardiovascular disease risk factors such as blood 

pressure or body mass index (Owen et al., 2019; Tapp et al., 2019). Interestingly, no 

association was found with prevalent myocardial infarction but was found with stroke 

in the study by Owen et al. (2019). Additionally, arteriolar tortuosity was more 

strongly associated when compared with venular tortuosity in the study by Tapp et 
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al. (2019). Nevertheless, Owen et al. propose an association of metabolic 

dysfunction with increased venular tortuosity.  

  

Fractal Dimension and Bifurcation Angle:  

Retinal fractal dimension evaluates branching pattern complexity (Huang et al., 

2016). Ding et al. (2015) and Morales et al. (2014) both propose that fractal 

dimension may be useful to accurately distinguish between healthy and diseased 

vessel phenotypes. While Huang et al. (2020) proposes an increased retinal 

arteriolar branching angle is associated with increased left ventricular mass index 

and left atrial size, and hence may be a useful tool to indicate early-stage cardiac 

remodeling.  

  

Discussion 

 

Vessel Classification Measurements:  

The literature often indicates that particular biomarkers are associated with the type 

of vessel, arterioles or venules. Similarly, it is likely due to disease being expressed 

differently in arterioles compared to venules, as they differ both structurally and 

functionally. Indications of disease differing between the vessel types are already 

recognised in retinal imaging such as arteriolar narrowing in hypertensive retinopathy 

(Tsukikawa and Stacey, 2020). However, comparative applications between the 

vessel types are also now recognised such as the arteriole to venule ratio (AlBadawi 

and Fraz, 2018).   

  

Disease Classification Measurements:  
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The evidence largely agrees with an association of tortuosity with cardiovascular 

disease in the large vessels of the coronary arteries. Despite that the larger vessels 

bifurcate numerous times into smaller vessels, the tortuosity of the microvasculature 

remains largely unexplored in comparison. It has been suggested that increased 

tortuosity within the microvasculature may be atheroprotective through increasing the 

wall shear stress (Allon et al., 2021). Comparatively, tortuous collateral arteries also 

occur through arteriogenesis in a protective effort to maintain perfusion (Della-Morte 

and Rundek, 2015). Tortuosity of peripheral veins known as varicose veins may also 

be procoagulant through reduced blood flow. Additionally, elastin degradation due to 

aging or hypertension may cause wall remodeling and hence tortuosity (Kahe et al., 

2020). Therefore, this poses debate as to whether vessel tortuosity is an indication 

or cause of disease. The fractal properties of the vasculature are equally complex, 

but it has been suggested fractal dimensions change with disease and measures 

indicating either too high or too low fractality is sub-optimal (Korolj et al., 2019).  

 

Conclusion 

 

This review offers a new perspective on the imaging techniques available for 

microvascular imaging. The medical imaging research and guidelines should 

acknowledge and adapt to the evolving technologies and processing techniques 

available. Future directions should focus on application of the novel image 

processing techniques to further areas of microvascular research.  
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2.2. Pilot Study: Cardiovascular Disease and Other Ocular Biomarkers 

 

Summary 

 

Background  

Unlike the conjunctival microvasculature, the retinal microvasculature has been 

extensively examined. Various ocular parameters have been established within the 

retinal microvascular research to either distinguish between arterioles and venules or 

distinguish between healthy and diseased vessels. Therefore, the objective of this 

pilot study is to apply the ocular parameters measured in the retinal vasculature to 

the conjunctival microvascular imaging system.  

Methods  

Conjunctival vasculature images were collected from a cohort of participants elected 

for pressure wire and grouped by positive (≥25) and negative (<25) index of 

microcirculatory resistance (IMR), as well as by positive (<2.0) and negative 

coronary flow reserve (CFR) (≥2.0) result. Images were imported into Image J, and 

mapped vessel segments were manually assessed for pixel intensity, as well as for 

vessel tortuosity via the vessel tortuosity index (VTI). Average RGB images were 

assessed for Red (R), Green (G) and Blue (B) values. The RGB images were 

converted to HSV images to obtain hue and saturation values, as well as LAB 

images to obtain luminance values.  

Results  

A total of 87 arterioles and 536 venules were assessed from 39 patients (21 

pressure wire negative and 18 pressure wire positive). The pixel intensity 
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(arterioles=125 ± 36 vs venules=115 ± 42, p=0.01), G (arterioles=178 ± 23 vs 

venules=168 ± 23, p<0.001) and B (arterioles=158 ± 25 vs venules=152 ± 23, 

p=0.015) were significantly increased in the arterioles compared to the venules. G 

was also significantly increased in the arterioles of the pressure wire positive patients 

compared to the pressure wire negative (pressure wire negative arterioles= 172 ± 18 

vs pressure wire positive arterioles= 185 ± 23, p=0.026). No significant differences 

were reported in the venules or undifferentiated vessels between pressure wire 

positive and pressure wire negative groups.  

Conclusion  

The additional parameters measured in Image J did detect differences in arterioles 

between both IMR positive and negative groups, as well as differences between 

arterioles and venules. It is likely that the parameters related to disease are more 

commonly expressed within the arterioles.  

 

 

Introduction 

  

Disease of the smaller vessels may have a sizable impact on the mortality rates. 

Approximately 30% of patients experiencing angina have been found to have 

coronary microvascular disease, accounting for over half a million people in the 

United Kingdom alone (Sinha et al., 2021). The current invasive gold standard test 

for assessing microvascular dysfunction within the coronary microcirculation is via 

pressure wire study measuring the index of microcirculatory resistance (IMR) and 

coronary flow reserve (CFR) (Dai et al., 2021; Groepenhoff et al., 2021). An IMR of 

≥25, or a CFR <2 are the positive microvascular disease test result cut-off points 
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(Knuuti et al., 2020). A study by Ahn et al. (2019) suggests the combination of a 

positive IMR and CFR performs better for detecting coronary microvascular disease 

with results of an AUC value of 0.941, compared to 0.87 for IMR and 0.71 for CFR 

alone. 

  

The current non-invasive gold standard is done via positron emission tomography 

(PET) scan measuring coronary flow reserve (CFR) or via cardiac magnetic 

resonance (CMR) imaging measuring myocardial perfusion reserve (MPR) 

(Marinescu et al., 2015). These non-invasive tests both have disadvantages such as 

the use of ionizing radiation with the PET scan and CMR imaging for some, may feel 

claustrophobic. CMR imaging is also unsuitable for anyone with metallic implants 

such as non-CMR compatible pacemakers.   

Consequently, an inexpensive, non-invasive imaging method that involves no 

radiation would be beneficial to assess the microcirculation. Additionally, the 

evidence reported within retinal microvasculature research proposes that differences 

can be detected in a range of retinal microvasculature parameters between healthy 

patients and patients at risk of cardiovascular disease (Cheung et al., 2021). The 

retinal vessels are also routinely assessed in diabetic patients in ophthalmology 

clinical practice today. The concept that the eye, and thus more specifically, the 

easily accessible conjunctival microvasculature may be used as a window for 

cardiovascular health is not unfamiliar. Yet the conjunctival microvasculature has 

been overlooked in relation to cardiovascular health.  

  

 In the previous conjunctival microcirculation studies, vessel segment diameter (D), 

axial velocity (Va), cross sectional velocity (CSV), blood flow rate (Q) and wall shear 
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rate (WSR) were assessed (Brennan et al., 2019). The primary aim of this pilot study 

is to evaluate several further parameters from the conjunctival microvasculature 

images that have been reported within the retinal vessel literature to include vessel 

tortuosity, pixel intensity, RGB values, hue, saturation and luminance for the 

differentiated vessel segments. This study will also seek to compare the results with 

the ocular parameters we previously assessed (D, Va, CSV, Q and WSR) between 

pressure wire negative and positive individuals. 

  

Methods 

  

Image J Measurements:  

Vessel tortuosity index (VTI) and central reflex were measured using the line tool in 

the ImageJ software (Maryland, USA, https://imagej.nih.gov/ij/). Both measurements 

were taken from the mean grayscale image with the overlayed vessel ID labels and 

branch points. The greyscale image was used primarily for the pixel intensity and 

central reflex width measurement, as during the method development stages it was 

noted that the central reflex should show an increase in the pixel intensity on the line 

plot graph. For the purposes of the pilot study the linear distance between vessel 

segment end points was measured using the line profile tool, and the actual vessel 

segment length was already measured via the MATLAB version R2021a application. 

Automation of VTI measurement is possible via MATLAB (Khansari et al. 2016; 

Khansari et al. 2021). To calculate VTI the actual length was divided by the linear 

length, increased VTI values should positively correlate with greater tortuosity.   

  

https://imagej.nih.gov/ij/
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Pixel intensity and Red, Green and Blue values (RGB) were measured using the 

intensity profile and RGB profiler in image J. It has been suggested that HSV images 

are more akin to how we perceive colour, and are invariant to illumination 

(Palanisamy et al., 2018). Hue and Saturation values were obtained through 

conversion of the RGB image to a HSV image, and similarly, the RGB image was 

also converted to a LAB image for Luminance to be assessed. Using these primary 

measures, it is then possible to calculate for weighted intensity 

(0.299R+0.587G+0.114B), Optical Density Ratio (ODR) (R-G/G) and brightness 

(RGB/3).  

  

Vessel Differentiation and Classification:   

The “ground truth” of the vessel segment type was assessed and labelled on a 

mapped vessel image as either arteriole, venule or unclassified by a cardiologist on 

the project. Ground truth was based on the direction of blood flow towards (arteriole) 

or away (venule) from a bifurcation point.  

 

Statistical Analysis: 

For statistical analysis Statistical Package for the Social Sciences (SPSS) for 

Windows version 27 (property of IBM) was used. Continuous variables were 

described using the mean, standard deviation of the mean and 95% confidence 

intervals (CI). Kolmogorov–Smirnov testing was used to assess normality of the 

continuous variables. Differences between groups of parametric continuous 

variables were tested using the Student’s t test. Differences between groups of non-

parametric continuous variables were tested using the Mann Whitney U test. Binary 

logistic regression analysis was carried out and receiver operator characteristic 
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curve generated to assess the area under the curve (AUC). Categorical variables 

such as comorbidities were expressed as number and percentage, and differences 

between groups tested using the chi-squared test. 

 

Results 

 

Baseline Characteristics of the Study Participants: 

Except for an increased history of chronic obstructive pulmonary disease (COPD) in 

the pressure wire positive group (negative= 4.8% vs positive= 27.8%, p=0.047) there 

were no significant differences in baseline characteristics between the groups. The 

results of the baseline characteristics of the study patients are presented in Table 2.2 

below. 

 

Table 2.2. Baseline characteristics 

Characteristic Pressure 

Wire 

Negative 

(n=21 

patients) 

95% CI Pressure 

Wire 

Positive 

(n=18 

patients) 

95% CI *p value 

Age (years) 

±SD 

66.4 ± 7.7 62.9-69.9 67.9 ± 8.2 63.9-72.0 0.530 

Gender  

(% male) 

10 (47.6) n/a 9 (50) n/a 0.882 

Height (cm) 

±SD 

169.0 ± 

10.5 

164.2-

173.8 

167.3 ± 9.3 162.7-

172.0 

0.530 
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Weight (kg) 

±SD 

86.4 ± 17.9 78.3-94.6 76.4 ± 12.9 70.0-82.8 0.094 

Body Mass 

Index (BMI) 

(kg/m²) ±SD 

30.3 ± 5.5 27.7-32.8 27.2 ± 3.4 25.5-28.9 0.069 

Mean Systolic 

Pressure 

(mmHg) ±SD 

128.4 ± 

15.5 

121.4-

135.5 

123.3 ± 

14.8 

116.0-

130.7 

0.234 

Mean Diastolic 

Pressure 

(mmHg) ±SD 

74.1 ± 13.5 68.0-80.3 71.7 ± 11.7 65.9-77.6 0.878 

Heart Rate 

(beats per 

minute) ±SD 

65.5 ± 8.0 61.9-69.2 73.2 ± 16.1 65.2-81.3 0.223 

Resting 

Oxygen 

Saturation (%) 

±SD 

96.8 ± 1.6 96.0-97.5 96.9 ± 1.6 96.1-97.8 0.749 

Smoking (%) 11 (52.4) n/a 8 (44.4) n/a 0.621 $ 

Hypertension 

(HTN) (%) 

15 (71.4) n/a 10 (55.6) n/a 0.303 $ 

Previous 

Myocardial 

Infarction (MI) 

(%) 

4 (19.1) n/a 4 (22.2) n/a 0.807 $ 
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Stroke (%) 2 (9.5) n/a 1 (5.6) n/a 0.643 $ 

Previous 

Transient 

Ischemic 

Attack (TIA) 

(%) 

2 (9.5) n/a 2 (11.1) n/a 0.871 $ 

Heart Failure 

(HF) (%) 

2 (9.5) n/a 1 (5.6) n/a 0.643 $ 

Peripheral 

Vascular 

Disease (PVD) 

(%) 

0 n/a 3 (16.7) n/a 0.052 $ 

Atrial 

Fibrillation 

(AF) (%) 

3 (14.3) n/a 5 (27.8) n/a 0.298 $ 

Chronic 

Obstructive 

Pulmonary 

Disease 

(COPD) (%) 

1 (4.8) n/a 5 (27.8) n/a 0.047 $ 

Family History 

of Heart 

Disease (%) 

8 (38.1) n/a 5 (27.8) n/a 0.575 $ 

*Mann-Whitney U test, $ Chi-squared test. 
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Ocular parameters: 

The ocular parameter results are provided in Table 2.3. Only venular axial and cross-

sectional velocity were significantly reduced (p=0.041 and p=0.030, respectively) in 

the pressure wire positive group (axial velocity= 0.55 ± 0.05 mm/s, cross-sectional 

velocity= 0.38 ± 0.04 mm/s) compared to the negative group (axial velocity= 0.58 ± 

0.07 mm/s, cross sectional velocity= 0.40 ± 0.05 mm/s).  

 

Table 2.3. Ocular parameters 

 
Pressure 

wire 

negative 

n= 21 

patients 

95% CI Pressure 

wire 

positive 

n= 18 

patients 

95% CI *p value 

Feature 
     

Diameter (µm) 

±SD 

24.39 ± 

3.31 

22.88-

25.89 

25.13 ± 

2.61 

23.83-

25.42 

0.666 

Axial Velocity 

(mm/s) ±SD 

0.57 ± 

0.07 

0.53-0.60 0.54 ± 

0.04 

0.52-0.56 0.213 

Cross-Sectional 

Velocity (mm/s) 

±SD 

0.39 ± 

0.05 

0.37-0.42 0.37 ± 

0.03 

0.36-0.39 0.140 

Blood Flow Rate 

(pl/s) ±SD 

201 ± 49 179-223 199 ± 33 183-216 0.587 

Wall Shear Rate 

(s-1) ±SD 

146 ± 30 132-160 131 ± 19 122-141 0.156 
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Wall Shear Stress 

(dynes/cm²) ±SD 

20.4 ± 

10.2 

8.10-11.01 21.8 ± 

13.8 

7.60-9.44 0.379 

  
95% CI 

 
95% CI *p value 

Feature 

(Arterioles) 

n=14 negative, 

n=15 positive 

     

Diameter (µm) 

±SD 

22.08 ± 

6.36 

18.41-

25.75 

19.77 ± 

3.72 

17.71-

21.83 

0.112 

Axial Velocity 

(mm/s) ±SD 

0.59 ± 

0.12 

0.52-0.66 0.54 ± 

0.12 

0.48-0.61 0.425 

Cross-Sectional 

Velocity (mm/s) 

±SD 

0.42 ± 

0.08 

0.37-0.46 0.39 ± 

0.09 

0.34-0.43 0.477 

Blood Flow Rate 

(pl/s) ±SD 

169 ± 81 122-216 128 ± 76 86-170 0.123 

Wall Shear Rate 

(s-1) ±SD 

174 ± 83 127-222 177 ± 65 141-212 0.591 

Wall Shear Stress 

(dynes/cm²) ±SD 

11.52 ± 

7.67 

7.09-15.95 10.60 ± 

3.51 

8.66-12.54 0.813 

Feature (Venules) 

n=20 negative, 

n=18 positive 
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Diameter (µm) 

±SD 

25.52 ± 

3.44 

23.91-

27.13 

26.40 ± 

2.93 

24.94-

27.86 

0.613 

Axial Velocity 

(mm/s) ±SD 

0.58 ± 

0.07 

0.55-0.62 0.55 ± 

0.05 

0.52-0.57 0.041 

Cross-Sectional 

Velocity (mm/s) 

±SD 

0.40 ± 

0.05 

0.38-0.43 0.38 ± 

0.04 

0.36-0.40 0.030 

Blood Flow Rate 

(pl/s) ±SD 

223 ± 50 200-246 218 ± 43 196-239 0.534 

Wall Shear Rate 

(s-1) ±SD 

140 ± 34 124-156 125 ± 21 115-136 0.186 

Wall Shear Stress 

(dynes/cm²) ±SD 

9.15 ± 

2.94 

7.77-10.53 8.14 ± 

1.89 

7.19-9.08 0.264 

Feature 

(Undifferentiated) 

n=20 negative, 

n=18 positive 

     

Diameter (µm) 

±SD 

23.24 ± 

5.41 

20.71-

25.77 

22.35 ± 

3.33 

20.70-

24.01 

0.443 

Axial Velocity 

(mm/s) ±SD 

0.56 ± 

0.07 

0.53-0.59 0.54 ± 

0.09 

0.50-0.58 0.633 

Cross-Sectional 

Velocity (mm/s) 

±SD 

0.39 ± 

0.04 

0.37-0.41 0.38 ± 

0.06 

0.35-0.41 0.478 
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Blood Flow Rate 

(pl/s) ±SD 

186 ± 77 150-222 164 ± 63 133-195 0.317 

Wall Shear Rate 

(s-1) ±SD 

155 ± 45 134-176 145 ± 33 128-161 0.496 

Wall Shear Stress 

(dynes/cm²) ±SD 

10.02 ± 

3.44 

8.41-11.63 9.29 ± 

2.70 

7.95-10.63 0.534 

*Mann-Whitney U test 

 

Vessel differentiation: 

The results of the vessel differentiation analysis are presented in Table 2.4 below. At 

a cut-off point of 0.85, vessel differentiation via the G value resulted in a sensitivity of 

60.6% and specificity of 52.4%, and a resultant AUC of 0.506. The results of the 

mean feature parameters calculated for each patient are shown in Figures 2.1-2.3. 

 

Table 2.4. Vessel differentiation analysis 

 
Arterioles 

n= 87 

95% CI Venules 

n= 536 

95% CI *p value 

Feature 
     

VTI ±SD 1.41 ± 0.21 1.36-1.45 1.44 ± 0.29 1.42-1.47 0.348 

Pixel Intensity ±SD 125 ± 36 117-133 115 ± 42 111-118 0.01 

R ±SD 221 ± 18 217-225 218 ± 20 217-220 0.203 

G ±SD 178 ± 23 173-183 168 ± 23 166-170 <0.001 

B ±SD 158 ± 25 153-163 152 ± 23 150-154 0.015 

Hue ±SD 20.4 ± 10.2 18.0-22.5 21.8 ± 13.8 20.6-23.0 0.698 

Saturation ±SD 59.8 ± 22.4 55.0-64.6 64.1 ± 23.9 62.1-66.2 0.189 
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Luminance ±SD 74.3 ± 7.1 72.8-75.9 73.2 ± 7.4 72.6-73.9 0.303 

 
Pressure 

wire 

negative 

n= 21 

patients 

95% CI Pressure 

wire 

positive 

n= 18 

patients 

95% CI *p value 

Feature 

(Arterioles) 

n=14 negative, 

n=15 positive 

     

VTI ±SD 1.39 ± 0.11 1.33-1.45 1.43 ± 0.13 1.36-1.51 0.31 

Pixel Intensity ±SD 121 ± 28 105-137 132 ± 24 119-146 0.331 

R ±SD 222 ± 10 216-228 217 ± 22 205-229 0.983 

G ±SD 172 ± 18 162-182 185 ± 23 172-197 0.026 

B ±SD 152 ± 21 140-164 164 ± 26 150-178 0.102 

Hue ±SD 21.1 ± 9.7 15.6-26.7 19.8 ± 6.1 16.5-23.2 1.00 

Saturation ±SD 59.0 ± 23.3 45.5-72.4 59.4 ± 18.9 48.9-69.8 0.683 

Luminance ±SD 76.3 ± 4.6 73.6-78.9 72.9 ± 8.1 68.4-77.4 0.29 

Feature (Venules) 

n=20 negative, 

n=18 positive 

     

VTI ±SD 1.48 ± 0.14 1.42-1.55 1.44 ± 0.08 1.40-1.47 0.149 

Pixel Intensity ±SD 113 ± 18 105-122 115 ± 23 103-126 0.762 

R ±SD 219 ± 16 211-226 219 ± 14 212-226 0.874 
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G ±SD 174 ± 13 167-180 169 ± 17 161-178 0.443 

B ±SD 155 ± 17 147-163 152 ± 20 142-162 0.633 

Hue ±SD 24.7 ± 15.8 17.3-32.2 21.6 ± 6.3 18.5-24.7 0.874 

Saturation ±SD 61.9 ± 19.2 52.9-70.9 65.5 ± 20.1 55.5-75.5 0.74 

Luminance ±SD 73.9 ± 5.4 71.4-76.4 73.4 ± 5.8 70.5-76.3 0.633 

Feature 

(Undifferentiated) 

n=20 negative, 

n=18 positive 

     

VTI ±SD 1.43 ± 0.10 1.38-1.47 1.49 ± 0.14 1.42-1.56 0.176 

Pixel Intensity ±SD 120 ± 23 109-131 119 ± 23 108-131 0.573 

R ±SD 212 ± 21 202-222 218 ± 18 209-226 0.186 

G ±SD 170 ± 17 162-178 172 ± 20 162-182 0.762 

B ±SD 153 ± 19 144-162 154 ± 26 141-167 0.573 

Hue ±SD 21.7 ± 8.2 17.8-25.5 20.2 ± 6.8 16.8-23.6 0.897 

Saturation ±SD 62.1 ± 18.7 53.4-70.8 65.9 ± 20.0 56.0-75.8 0.573 

Luminance ±SD 73.6 ± 6.8 70.5-76.8 73.8 ± 8.5 69.6-78.0 0.696 

Abbreviations: 

VTI= Vessel Tortuosity Index, R= Red, G= Green, B= Blue. 

*Mann-Whitney U test 
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Figure 2.1. Overall patient means for A.) R and B.) G features  

Arterioles n= 14 pressure wire negative (R=222±10, G=172±18) and 15 pressure wire positive subjects (R=217±22, G=185±23). 

Venules n= 20 pressure wire negative (R=219±16, G=174±13) and 18 pressure wire positive subjects (R=219±14, G=169±17). 

Undifferentiated n= 20 pressure wire negative (R=212±21, G=170±17) and 18 pressure wire positive subjects (R=218±18, 

G=172±20). *G of the arterioles significantly different between the pressure wire groups p=0.026. *Mann-Whitney U test. 

 

Negative= 219  16 

Positive= 219  14

p=0.874

Negative= 222  10 

Positive= 217  22 

p=0.983

Negative= 212  21

Positive= 218  18

p=0.186

n=14 negative, 

n=15 positive

n=20 negative, 

n=18 positive

n=20 negative, 

n=18 positive

n=14 negative, 

n=15 positive

n=20 negative, 

n=18 positive

n=20 negative, 

n=18 positive

Negative= 172  18 

Positive= 185   3

       

Negative= 174  13 

Positive= 169  17

p=0.443

Negative= 170  17 

Positive= 172  20 

p=0.762
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Figure 2.2. Overall patient means for A.) B and B.) pixel intensity (PI) features 

Arterioles n= 14 pressure wire negative (B=152±21, PI=121±28) and 15 pressure wire positive subjects (B=164±26, PI=132±24). 

Venules n= 20 pressure wire negative (B=155±17, PI=113±18) and 18 pressure wire positive subjects (B=152±20, PI=115±23). 

Undifferentiated n= 20 pressure wire negative (B=153±19, PI=120±23) and 18 pressure wire positive subjects (B=154±26, 

PI=119±23). *Mann-Whitney U test. 

 

n= 14 negative, 

n=15 positive

n= 20 negative, 

n=18 positive

n= 20 negative, 
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n= 14 negative, 

n=15 positive
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Negative= 152  21 

Positive= 164  26

p=0.102

Negative= 155  17 

Positive= 152  20

p=0.633

Negative= 153  19 

Positive= 154  26

p=0.573

Negative= 121  28 

Positive= 132  24

p=0.331

Negative= 113  18 

Positive= 115  23

p=0.762

Negative= 120  23 

Positive= 119  23

p=0.573



85 
 

 

Figure 2.3. Overall patient means for VTI  

Arterioles n= 14 pressure wire negative (VTI=1.39±0.11) and 15 pressure wire positive subjects (VTI=1.43±0.13). 

Venules n= 20 pressure wire negative (VTI=1.48±0.14) and 18 pressure wire positive subjects (VTI=1.44±0.08). 

Undifferentiated n= 20 pressure wire negative (VTI=1.43±0.10) and 18 pressure wire positive subjects (VTI=1.49±0.14). *Mann-

Whitney U test. 

n=14 negative,

n=15 positive

n=20 negative,

n=18 positive

n=20 negative,

n=18 positive

Negative= 1.39  0.11 

Positive= 1.43  0.13

p=0.31

Negative= 1.48  0.14 

Positive= 1.44  0.08

p=0.149

Negative= 1.43  0.10 

Positive= 1.49  0.14

p=0.176
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Discussion 

 

The findings of this pilot study suggest that while significant differences may be 

detected from venular measurements of axial and cross-sectional velocity, the 

measurement of G within the arterioles also detected significant differences between 

the negative and positive pressure wire groups. The addition of pixel measurements 

may be a valuable addition to the conjunctiva video processing applications for 

detection of microvascular disease. There may be a potential role for pixel 

measurements for vessel differentiation with G, B and pixel intensity also being 

significantly different between arterioles and venules, as discussed within the 

corresponding sections below. Albeit the performance metrics for vessel 

differentiation of the most significantly different pixel measurement G was 

disappointing in this pilot study. 

  

VTI:  

The VTI results showed a slight increase in arteriole VTI for pressure wire positive 

patients, but also a slight decrease in venule VTI for the same pressure wire positive 

patients. The results of the differentiated vessel segments also suggest that the 

arterioles were less tortuous than venules. This agrees with the findings presented 

by Khansari et al. (2017) reporting that abnormalities of the microvascular circulation 

are more commonly found in venules, but this may be due to the conjunctival 

microvasculature comprising of more venules vs arterioles.  

  

Pixel Intensity:   
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The pixel intensity results were as expected for the vessel classification groups with 

the arterioles demonstrating a higher pixel intensity when compared to the venules. 

This conforms with the hypothesis proposing that venules should have a darker 

appearance (lower pixel intensity) due to lower blood oxygen levels when compared 

with the arterioles.   

 

RGB, HSV and LAB:  

Oxyhaemoglobin absorbs blue-green light. However, the G and B values were 

significantly higher for the arterioles compared to the venules. Abdulsahib et al. 

(2021) suggest that an increased G value, like pixel intensity, is related to the central 

reflex characteristic of arterioles. Given the significant difference found within this 

pilot study this may be a promising variable for both vessel and disease 

classification, as it is proposed that an increased central reflex occurs as a 

consequence of wall thickening or atherosclerotic plaque (Bhuiyan et al., 2014). 

Contrastingly, Abdulsahib et al. also propose that colour homogeneity is 

characteristic of venules, but as the standard deviation values report, a similar 

variation of colour was found within the venules group of this pilot study. No 

significant differences were reported for hue, saturation or luminance. However, it 

has been suggested that RGB images are closer to the raw data captured from the 

camera (Fu et al., 2019). 

 

Limitations:   

A limitation within this pilot study was the inability to measure central reflex width. 

There were too few measurements taken to accurately report for this parameter 

within the pressure wire cohort. In the majority of cases, the central reflex of vessel 
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segments was either not apparent or difficult to accurately quantify. As central reflex 

is dependent on light reflection and the resultant pixel intensity it may be that this is 

due to varying illumination or potentially refractive error. Similar findings were found 

when attempting to address the wall to lumen ratio, from the literature this appears to 

be easier to determine with retinal imaging (Cífková et al., 2021; Ott et al., 2013; 

Streese et al., 2020). Additionally, there were too few abnormalities identified such 

as arteriovenous nicking, micro-haemorrhages and aneurysms commented on to 

compare between groups within the pilot study.  

 

Conclusion 

 

The findings reported within this pilot study suggest that based on the potential to 

distinguish between controls and coronary microvascular disease, the G value of 

arterioles may be a valuable addition to the existing conjunctival imaging application. 

For the added ability to distinguish between vessel types, the pixel intensity, G and 

blue values may also be useful.  
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Chapter 3: Methods 

 

 

3.1. Research Design and Participants 

 

Research Design: 

The research study discussed in this thesis was designed as a prospective, 

observational, single-centre, multi-cohort study. The participants were allocated an 

anonymised major adverse cardiac event (MACE) ID number. All videos were saved 

with the respective ID number for each subject, and the researcher processing the 

videos was then blinded to the participant groups.  

 

Participants: 

Previous Study Participants; Myocardial Infarction and Cyanotic Congenital Heart 

Disease vs Controls 

 

Myocardial infarction and cyanotic congenital heart disease patients were recruited 

alongside matched controls in the earlier studies (Brennan et al., 2021a; Brennan et 

al., 2021b). The data for each of the anonymised patients was recorded in an 

encrypted database. The cohorts recruited in this arm of the study (as detailed 

below) were then recorded on the same database. The database records all results 

obtained from the data collection questionnaire, as well as the ocular and blood 
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biomarker results. The ocular parameters of different comorbidities could also be 

investigated from this larger pooled cohort of 407 subjects. 

 

Inclusion and Exclusion Criteria: 

Patients were excluded if they were under 18 years of age, pregnant, had a bleeding 

disorder for which blood sampling would not be advisable or if they were unable to 

consent. The Transcatheter Aortic Valve Implantation (TAVI) cohort inclusion criteria 

involved recruiting only patients referred for TAVI with severe aortic stenosis as 

assessed via echocardiographic assessment. Further older low-risk control 

participants (with no evidence of aortic stenosis) were also recruited for comparison 

with the TAVI cohort.  

 

The pressure wire cohort eligibility criteria included patients referred for pressure 

wire with suspected coronary microvascular disease, and physiologically non-

obstructive coronaries. This meant only patients with a fractional flow reserve (FFR) 

≥ 80 were recruited to ensure the focus was not on epicardial disease, but instead 

only on the presence or absence of microvascular disease within the coronaries. 

Participants were categorised as pressure wire negative (the controls cohort) if the 

pressure wire study results show an index of microcirculatory (IMR) <25 and a 

coronary flow reserve (CFR) of ≥2. All other participants (IMR ≥25 and CFR <2) were 

classified as pressure wire positive for coronary microvascular disease. 

 

Recruitment: 
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Patients were recruited through the Royal Victoria Hospital Belfast, Northern Ireland. 

Patients were informed of the study, and any patients meeting the recruitment 

criteria and expressing an interest in taking part received the ethically approved 

patient information leaflet. Informed consent was obtained using the ethically 

approved consent form. Prior to recruitment of the new cohorts, a substantial ethics 

amendment had to be approved via the Integrated Research Application System 

(IRAS) for recruitment of the TAVI and pressure wire cohorts. Recruitment then 

recommenced in October 2020 and was set to continue until the sample sizes 

calculated using the power calculation (as described in the succeeding sections) 

were obtained.  

 

Recruitment of Controls: 

Older control subjects were recruited to compare with the TAVI cohort, these were 

individuals without severe aortic stenosis recruited through the Royal Victoria 

Hospital. Previously, control subjects were age and sex matched to the myocardial 

infarction and cyanotic congenital heart disease cohorts.  

All patients were imaged within the same clinical environment at the Royal Victoria 

Hospital in Belfast, and to date, no adverse events were encountered during the 

study. Imaging for the TAVI cohort was typically carried out at pre-assessment clinic, 

or on the morning of the procedure. Post-TAVI ocular imaging and blood testing was 

typically carried out 24 hours after TAVI (to eliminate mitigating factors such as 

vasodilatory medications administered for TAVI). The pressure wire patients were 

also typically examined around 4 hours following their procedure so medications 

would not affect the results of the ocular and blood tests.  
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 Pulse oximeter, blood pressure (average of three readings), temperature and height 

and weight measurements were taken and recorded for all patients and the ethically 

approved questionnaire (assessing various risk factors) was also taken (wherein, 

medications, as well as timings of measurements were also recorded). The 

questionnaire collected data to include postcode, age, gender, ethnicity, height, 

weight, blood pressure, smoking status, comorbidities, medications and family 

history, as these are risk factors required to calculate the QRISK3 score. Other 

factors recorded included heart rate, oxygen saturation, alcohol intake, occupation 

details and activity levels as recognised by the European Society of Cardiology 

Cardiovascular Disease Prevention in Clinical Practice guidelines (Piepoli et al., 

2016). Handedness was also assessed within the questionnaire and may be of 

particular interest as this has been suggested as an indicator of cerebral hemisphere 

dominance (Marcori et al., 2020). 

Risk Stratification and Scoring: 

The National Institute for Clinical Excellence (NICE, 2020) guidelines recommend 

the employment of QRISK for risk calculations. All eligible participants (all cohorts 

except for the TAVI and matched TAVI controls due to the exceeding age limits) 

were consistently assessed using the data collected via questionnaire and electronic 

health records. The scores were calculated for each patient using the online QRISK3 

calculator (https://qrisk.org/three/), as recommended by the National Institute for 

Health and Care Excellence (NICE, 2020) guidelines, to calculate a person’s risk of 

developing a major adverse cardiac event such as a myocardial infarction or stroke 

over a 10 year period. 

3.2. Blood Processing and Biomarker Analysis  

https://qrisk.org/three/
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The study has ethical approval for the collection of a maximum of 50ml for blood 

sampling at a possible 3 time points (pre and post procedure, as well as at follow up 

approximately 3 months after the procedure). The timings of collection, processing 

and freezing (as well as the timings of eye imaging) are important, and hence are 

recorded within the data collection questionnaire to allow fair comparisons to be 

made (timings of medications are also recorded for this purpose). Recruitment of 

each cohort was standardised. In the TAVI cohort and throughout pre-TAVI 

recruitment, this occurred either at pre-assessment or on the day of their procedure 

(the date and time was recorded within the data collection questionnaire). Post-TAVI 

recruitment did not occur any earlier than 4 hours post procedure, and no later than 

24 hours post procedure. This was included in the protocol to correct for any effects 

from medication, particularly vasodilators, administered for TAVI. 

As per protocol, we collect one 4ml blue citrate plasma tube (for routine coagulation 

and platelet function testing), three of the 4ml yellow top serum tubes (one for routine 

lipid profile, C-Reactive Protein (CRP), N-terminal pro B-type natriuretic peptide 

(NtproBNP), electrolyte and urate testing and two for apolipoprotein A1 and B 

analysis), three of the 4ml EDTA plasma tubes (one for routine full blood count, one 

for routine glycated haemoglobin A1C (HbA1C) and one for plasma viscosity testing 

for the purpose of establishing wall shear stress), as well as both an 8ml EDTA 

plasma and 8ml coagulation activator tube for processing serum for all other 

additional inflammatory and endothelial markers as associated with cardiovascular 

disease (primarily analysed via RANDOX biochip) (Awuah et al., 2022). The 

vacutainer tubes must be collected in the correct order of draw, inverted and 

processed in accordance with manufacturer instructions, and hence serum tubes are 

left for thirty minutes to allow for clotting prior to processing. All tubes except the 8ml 
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plasma and serum vacutainers can be processed by the clinical biochemistry staff 

within the Kelvin Laboratory, Royal Victoria Hospital, Belfast, UK. However, the 

blood samples collected for apolipoprotein A1 and B were sent to the Biochemistry 

Department at Cardiff and Vale University Hospital, UK for testing, and the blood 

sample collected for plasma viscosity testing was sent to the Ulster Hospital, 

Dundonald, UK. 

 

The two 8ml research blood tubes for plasma and serum were processed in 

accordance with the Kelvin Laboratory protocols, and thus centrifuged at 3500rpm 

for 5 minutes. The plasma and serum were then aliquoted into 0.5ml microcentrifuge 

tubes pre-labelled with the unique MACE identifier and sample type for the 

corresponding patient. Approximately, 300µl of whole blood was aliquoted into a 

labelled microcentrifuge tube from the 8ml EDTA plasma vacutainer prior to 

processing. Following processing and plasma aliquoting, approximately 300µl of 

buffy coat was also aliquoted into a further labelled microcentrifuge tube. In total, ten 

0.5ml aliquots are typically obtained of both plasma and serum, and two aliquots can 

then be kept for further testing at Ulster University. All samples are numerically 

ordered into the Sarstedt freezer boxes and labelled with the study and ethics 

details. The location details of each sample are recorded on the freezer map. 

 

The remaining samples are sent to Randox for analysis to test both plasma and 

serum samples for a selection of inflammatory and endothelial dysfunction 

biomarkers. Each biomarker assessed requires 100µl of patient plasma or serum 

sample. Subsequently, 2ml of both plasma and serum is required, as 20 biomarkers 
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are investigated to include interleukins IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, 

vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), tumour 

necrosis factor-α (TNF-α), interferon-ɣ (IFN-ɣ), monocyte chemoattractant protein-1 

(MCP-1) (as assessed on the Randox Laboratories Ltd cytokine array, using the 

Randox Evidence Investigator analyser), heart fatty acid binding protein (H-FABP), 

adiponectin, homocysteine, high density lipoprotein-3 (HDL-3) (as tested on the 

Randox RX Imola analyser), folate, vitamin B12 (as measured using the Roche 

Cobas 8000), plasma asymmetric dimethylarginine (ADMA) and plasma leucine-rich 

alpha-2-glycoprotein-1 (LRG-1) (as assessed using the ELISAgenie ELISA).  

Plasma Viscosity and Wall Shear Stress Estimations: 

The wall shear stress was estimated within this research project, and this was due to 

not having access to whole blood viscosity testing, and hence plasma viscosity was 

measured instead. Characterisation of the rheological properties of plasma are not 

extensively documented. Nevertheless, plasma is a mixture of proteins and water 

and behaves as a Newtonian fluid whilst whole blood does not. It is also largely 

independent of wall shear rate. The Quemada model equation was applied (formula 

3), and the estimation of whole blood viscosity was then multiplied by each vessel 

segment’s wall shear rate to obtain the estimated wall shear stress (Mimouni, 2016). 

It should also be noted that whole blood viscosity may vary within and throughout the 

length of each vessel segment (as viscosity also varies with other factors such as 

temperature, and likewise wall shear stress varies with tortuosity, for example), but it 

was not possible to measure this for each individual segment and thus this average 

whole blood velocity estimation was applied instead (Balogh and Bagchi, 2019). 
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Formula 3. Quemada model for estimation of whole blood viscosity  

η= whole blood viscosity; ηp = plasma viscosity; K0= 4.33; K∞= 2.07; γ̇= wall shear 

rate; γc= 1.88; Ht= Haematocrit (the volume concentration of red blood cells) 

 

3.3. Imaging and Video Processing 

 

Any abnormalities such as inflammation or tears, as well as the quality of the videos 

taken, were noted within the patient’s data collection questionnaire when imaging the 

conjunctival vessels. Four video recordings of approximately 10 seconds were 

obtained from each patient, looking at the left temporal, left nasal, right nasal and 

right temporal views. The operator should aim to select areas with greatest vessel 

density where possible to maximise the number of vessel segments that may be 

analysed. Vessel density is quantified within the Dundee conjunctiva video 

application. There is a high degree of selection bias within this result due to areas of 

high vessel density being selected for imaging within the conjunctival vasculature of 

each subject. 

 

The recordings are saved with the unique MACE identifier and field of view and may 

be accessed from a private Google Drive link. To ensure only the best video frames 

are selected for analysis, the segmentation selection process was manually carried 
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out. The selected frames should be focused (including no more than 10% unfocused 

frames) with minimal movement (drift must be less than 25% of the frame width) and 

no blinking. The frames can be viewed using a proxy scale of 1/4 (to speed up 

viewing and to accurately assess image quality) and considered individually using 

the DJV version 1.3.0 software (available at: https://darbyjohnston.github.io/DJV/). 

The start and end frames of the 60 consecutive best frames are recorded within a 

text document and named after the patient’s anonymised number, a “_” and either 

“LN” for left nasal, “LT” for left temporal, “RN” for right nasal and “RT” for right 

temporal views correspondingly. The videos must also be named as described 

above and saved to a file named after the anonymised patient ID number within a 

“conjunctival_videos” file on the C:drive.  

The Dundee conjunctival video application then automatically processes the selected 

video segmentation by the anonymous patient ID number accordingly, via command 

prompt “the black box system”. The black box system utilises the stand-alone 

MATLAB application by using command prompt, copying and pasting the 

conjunctival video application location along with the corresponding patient and 

video number (1=LN, 2=LT, 3=RN and 4=RT). This stand-alone application also 

offers the below results shown in Figure 3.1 to be output. There is also the option to 

change the frame limit, as well as the data path. These remained the same 

throughout this research project. Once the application has finished running and 

processing a video, the output file can be viewed within the patient’s data file.
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Figure 3.1. Dundee conjunctival video application results 

A.) Histogram of vessel segment widths. B.) Average image. C.) Skeletonised image of vessel segment
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For pre and post procedure imaging (in the case of this research project, pre and 

post TAVI) of the same patient the pre procedure videos must be processed first. 

The output files should then be transferred to a different pre procedure folder before 

the post procedure videos can be processed, and then transferred to a post 

procedure folder. The registered sequence MATLAB file is the most important within 

the output file, as this file is then input into the eye project application (version 2 with 

the updated conversion rate for this study) created in collaboration with researchers 

from Nanotechnology and Integrated Biomedical Engineering Centre (NIBEC), Ulster 

University. Again, the pre procedure registered sequence must be processed 

through the NIBEC eye project application before the post procedure registered 

sequence, and then it is recommended that the output files from this application are 

transferred to a respective NIBEC eye app pre procedure folder and post procedure 

folder. Selection of the exact same vessel segments pre and post is limited, as even 

if the same area is imaged each time, it can be difficult to maintain the same focus 

and even illumination as carried out previously.  

 

A MATLAB code called “play frames”, developed by Jing (2020), can be used to 

check the quality of the processed registered sequence video prior to using the 

NIBEC eye project application. Once the registered sequence has been uploaded to 

the NIBEC eye project application, the whole focused video is selected for the region 

of interest (ROI). The video is then edited and played to ensure the video is stable. 

The frames may be reselected if unstable frames are found upon play back. The 

sigma value is then set to 7, and the centerlines and binary map are checked. If it 

appears that the sigma value would need increased from the centrelines and binary 

map (e.g., typically seen as holes in the larger vessel within the binary map or as 
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one vessel with more than one centreline), then the ROI must be reselected to 

exclude the larger vessel(s). The minimum vessel length set at 30 to ensure the 

maximum number of vessel segments can be analysed. The final step of the 

application involves selecting only the Space Time Imaging (STI) graphs with 

analysable yellow motion flow lines and no horizontal or vertical lines. If vertical lines 

of artefact are seen, the video clip is again rechecked for unstable frames and the 

frames are reselected. 

 

The Principles and Processes Applied within the Applications: 

At the time of recruitment, selecting the best sequence of images from the video 

taken was a manual process, as previously discussed. Then the Dundee video 

processing application primarily stabilises the selected segment of the videos and 

carries out the image registration automatically. The MATLAB application developed 

by researchers from NIBEC uses the output image registration MATLAB file from the 

Dundee application to allow the user to manually select the ROI, and although 

supervised by the user at each stage, the application then automatically carries out 

the following processes: vessel segmentation, centreline extraction/branch point 

detection and the EDT as well as the flow (STI graph extraction) analysis and results 

are then output. EDT was exercised within the application as it determines the 

distance between to perpendicular points, which was suitable due to the cylindrical 

profile of the blood vessels (Kipli et al., 2020). Additionally, the STI method was the 

processing method suggested and discussed in the review presented by Shu et al. 

(2019). 
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Arteriole and Venule Classification: 

Initially, the vessel ID maps were developed through MATLAB and used to match the 

corresponding vessel with the ID on the vessel map to the output csv file results. 

This permitted manual interrogation, vessel classification and labelling. The 

principles discussed within a paper by Meyer et al. (2018) were considered, and the 

conjunctival vasculature Audio Visual Interleave (AVI) file output from the NIBEC 

application was used. Vessel segments with blood flowing towards a bifurcation point 

were labelled as arterioles, whilst vessel segments with blood flowing away from a 

bifurcation point were considered to be venules. Although high agreement was found 

in a preliminary study between four different investigators for vessel classification, a 

large proportion of vessels remained undifferentiated and the possibility of operator 

error and misclassification is possible.  

 

Li et al. (2020) suggest the initial observations via comprehensive examination and 

annotations are fundamental in the machine learning processes. Several further 

avenues, particularly, concerning potential automated methodology were evaluated 

within the previously discussed literature review and pilot study. These avenues are 

also considered within the application development section. It was initially proposed 

that binary logistic regression could be carried out to develop an algorithm that could 

automatically distinguish between, and thus classify and label selected vessel 

segments as arterioles and venules from feature extraction.  

 

3.4. Statistical Analysis 
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Prior to data analysis the data collected within the data collection questionnaire was 

anonymised and recorded within a secure, password-locked database. The 

database was audited and checked to minimise the risk of incorrect data entry and 

human error. All statistical analysis was carried out and graphs produced using IBM 

SPSS Statistics version 27 for Windows (Armonk, N.Y., USA: IBM Corp.). Normality 

was assessed using the Kolmogorov-Smirnov test. 

 

 Parametric continuous results were presented as mean ± standard deviation, and 

the difference between groups was tested using the Student’s t test. The 95% 

confidence intervals (CI) were also calculated and presented within the results 

tables. Non-parametric continuous results were presented as median ± interquartile 

range, and the difference between groups were tested using the Mann-Whitney U 

test.  

Categorical variables were presented as frequency and percentages, and 

differences between groups tested using the Chi-Square test. For analysis of more 

than two groups a one-way analysis of variance (ANOVA) test was applied, and 

Bonferroni post-hoc test was used where equal variance could be assumed, or 

Games-Howell post-hoc test was used when equal variance could not be assumed. 

The level of significance was set at p<0.05. Correlation analysis was carried out 

using Spearman’s Rho, and correlations were determined to be significant if they 

were ≥0.7. Intra-observer repeatability was assessed using intra-class correlation 

coefficients (ICC). Binary logistic regression analysis was also conducted, and 

receiver operator characteristic curves and straight-line graphs were generated to 
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create algorithms and patient risk scores. Logistic transformation was applied to 

variables that were found to be non-normally distributed. 

 

Power Calculations: 

Power calculations were conducted using ClinCalc 

(https://clincalc.com/stats/samplesize.aspx), with an alpha value of 0.05, and based 

on the early data of the means and standard deviations between the two groups 

within each cohort (TAVI and pressure wire). The results of the 90% power 

calculation are based on the initial feasibility study reported by Brennan et al. 

(2021a), that showed a mean axial velocity of 0.53 ± 0.15 mm/s for the control group 

compared to a reduced axial velocity of 0.49 mm/s for the myocardial infarction (MI) 

group. Therefore, we estimated the effect size would be approximately halved for the 

pressure wire cohort, arguably, at reduced cardiovascular risk compared to the MI 

group. The results of a 3% reduction in mean for the positive pressure wire cohort 

compared to the negative pressure wire cohort, at an enrolment ratio of 1.5, 

suggested a total of 3847 vessel segments would be required. Although the number 

of vessel segments varies per person, the average number was previously reported 

to be 36 (Brennan et al., 2021a), and hence 107 participants would be required. 

Group 1 (the pressure wire negative group) results show 1539 vessel segments, or 

43 participants would be required, and Group 2 (the pressure wire positive group) 

results show 2308 vessel segments, or 65 participants would be required. The 80% 

power calculation for this cohort suggests 1150 vessel segments (approximately 32 

participants) would be required in Group 1, and 1725 vessel segments 

(approximately 48 participants) would be required in Group 2. Similarly, for the TAVI 
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cohort we estimated that 77 participants (2760 vessel segments/ average of 36 

vessel segments per person) would be required for 80% power calculation. Whilst 

103 participants (3694 vessel segments/ average of 36 vessel segments per person) 

would be required for 90% power calculation.  

 

3.5. Ethics and Risk Assessment 

 

Ethical approval was granted through IRAS and the South Birmingham Research 

Ethics Committee (IRAS number 166742), as well as by the Belfast Health and 

Social Care Trust and Ulster University. The study complied with The Declaration of 

Helsinki, Good Clinical Practice Guidelines and the Human Tissue Act, and was 

designed in accordance with the Standards for Reporting Diagnostic accuracy 

studies (STARD) 2015 recommendations (Cohen et al., 2016). Data obtained from 

the study was managed in accordance with the Data Protection Act 2018. Laboratory 

regulations and the Ulster University local rules for phlebotomy were adhered too 

throughout. Infection control regulations (particularly considering the COVID-19 

pandemic) were also adhered too. Further key risks were considered in association 

with the COVID-19 pandemic as detailed in Figure 3.2. Additionally, the appropriate 

Control of Substances Hazardous to Health, risk assessments and personal 

protective equipment were used.
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Figure 3.2. Key risks identified from risk assessments for recommencing recruitment 

CVD= Cardiovascular Disease and PPE= Personal Protective Equipment. 
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Chapter 4: Imaging System Optimisation and Application (App) Development 

 

 

One-tailed null hypothesis: The conjunctival imaging application can be enhanced 

to permit fully automated processing of 4K videos in a single application. 

 

One-tailed alternative hypothesis: The conjunctival imaging application cannot be 

enhanced to permit fully automated processing of 4K videos in a single application. 

 

 

4.1 Abstract 

 

In line with the optimisation and recalibration of the imaging system, the video 

processing application also had to be updated. The main objective was to develop 

the smartphone-based application to enable fully automated 4K Ultra High Definition 

(UHD) video processing, from the point of image acquisition and video segment 

selection, right through to the flow analysis and output of the conjunctival vessel 

parameters (vessel diameter, axial/cross-sectional velocity, blood flow rate and wall 

shear rate). The updates involved collaborating with software development experts 

to create a python executable in Linux, that would then be deployed to a cloud-based 

web server. The identification of vessel segment centrelines, detection of branch 

points and measurement of the vessel segment diameter has already been 
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automated for the older 1080p semi-automated processing application using a 

segmentation algorithm and the principle of Euclidean distance transform (EDT). 

This process could be easily transferred for the new 4K application through update of 

the conversion factor using MATLAB. New techniques that were utilised included 

Manhattan scoring for automated image registration and convolutional neural 

network applied to support automated selection of high quality space time image 

spectrograms for the assessment of blood flow axial velocity. The end result of the 

fully automated application is beneficial, as after the beginning stage of video upload, 

the stages of video processing through to the generation and output of results are 

carried out objectively without manual input through this in-house developed 

application. 

 

 

4.2 Introduction 

 

The optimisation of the imaging system paved the way for optimisation of the 

corresponding processing applications. Additional challenges paired with the 

processing of higher resolution images, such as the increased file sizes. It is also 

important that both the application and device are fit for purpose, usable and easily 

adaptable with evolving technology. In order to optimise the camera system and to 

ensure the application is adaptable with developments in technology, the application 

was developed in collaboration with researchers from Nanotechnology and 

Integrated Biomedical Engineering Centre (NIBEC), to allow processing of 4K videos 

from the image registration stage right through the vessel segmentation, centreline 
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extraction/branch point detection, euclidean distance transform (EDT) and flow 

analysis stages as demonstrated in Figure 4.1 below. The application will require 

less human input with the sigma value and minimum vessel length being pre-defined 

in the protocol. The space time image (STI) graph selection stage was manual up 

until this point of development, to ensure only spectrograms that were of high quality 

i.e., with no image artefact were selected.  

 

 

Figure 4.1. Conjunctiva vessel video processing and parameter measurement 

summary 

D= Diameter and Vs= Cross-Sectional Velocity 
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Consequently, amendments to processing workflow were required, and the following 

list of objectives was created: 

• Combining the image registration application (the “Conjunctiva_Video_App”) 

that is a stand-alone “black box” application created by researchers at 

Dundee, with the flow analysis MATLAB application (“eyeprojectAPP”) 

created by researchers at NIBEC to create a single and independently owned 

application. 

• Increased automation by amending semi-automated or manual stages such 

as the segmentation selection, region of interest selection and spatial 

temporal image extraction. 

• Faster processing speeds with the opportunity to process more than one 

video at a time. 

• Based on pilot study findings, the extraction of centreline line mean pixel 

intensity values for each vessel segment. 

• Transferring the application to a web based server for easier access from the 

smartphone device, and thus video upload and processing could be done 

immediately from the smartphone at the point of capture. 

 

4.3 Methods 

 

Imaging system: 

The function of the slit lamp biomicroscope is to produce an intense slit beam of light 

from the lamp which is then focused onto the patient’s eye. The eye is then observed 
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via magnification with the microscope. A fixation point was also attached to the slit 

lamp to help the patient focus in the direction of the fixation point, reducing 

movement to obtain a more stable video. If the patient is more comfortable this may 

also reduce movement. The height of the slit lamp, as well as the chin rest can also 

be adjusted to suit the patient. The patient rests their chin on the chin rest (assessed 

using the alignment mark) and forehead on the forehead band for ocular examination 

and imaging. Alternatively, the patient’s bed or chair may also need to be adjusted, 

to ensure a clear, focused and stable video can be produced for analysis. The 

joystick is used to span across each of the views; left temporal, left nasal, right nasal 

and right temporal, respectively. In terms of infection control, focus should be placed 

on the chin rest and forehead band when cleaning the slit lamp with an alcohol wipe 

before and after each use.  

 

The initial imaging system comprised of a Topcon SL-D4 slit lamp (set at a 

magnification of 40x) (Topcon Medical Images Inc., USA) and ZARF adaptor (ZARF 

Enterprises, USA) for the iPhone 6S (Apple Inc., USA) to attach to the slit lamp. The 

2x magnification setting on the iPhone along with the 40x on the slit lamp results in 

an overall magnification of 80x. This phase of the study seen an iPhone 11 Pro 

(Apple Inc., USA) used instead due to the option of 4K (higher resolution) imaging, 

video stabilisation and a better depth of field. Although various other third-party 

smart phone applications were explored to control the iPhone imaging settings, for 

consistency the decision was made to use the same ProMovie Recorder application 

(www.promovieapp.com) as before. The same settings within the application were 

also used (including the ISO (light intensity) settings at the minimum setting of 25 to 

reduce noise artefact), with the only difference being that 4K resolution was used 
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instead of the previous 1080p setting. Despite the use of the 4K video recording 

settings, the videos within this phase were both saved as 4K, and a converted 1080p 

recording.  

 

Calibration: 

The 1080p video was derived through converting the original 4K video using the free 

MOV converter application (https://www.freeconvert.com/mov-converter/) at the 

same frame rate (60fps) and MOV setting. This resolution conversion was required 

due to the large amounts of output data that was considered to be difficult to handle 

at this stage, through the current conjunctiva video processing applications 

developed in collaboration with Dundee and NIBEC. Due to the change of iPhone 

camera, the imaging system also had to be recalibrated to obtain an accurate 

pixel/mm conversion factor. There is the potential for further application development 

and 4K video processing in future studies (as discussed later). Advancing the 

applications to permit 4K processing would be highly advantageous, as it is 

hypothesised that this would permit better visualisation of blood flow and increase 

both the precision and accuracy of the measurements obtained. Chapter 2 discussed 

the various studies that have previously relied on pixel measurements in the 

classification of vessels, and inclusion of this development may also support the 

automation of vessel classification.  

 

The new camera system was calibrated by imaging a calibration slide (a reticle), 

using the same set-up and settings as a patient’s conjunctival vessels would be 

imaged. Therefore, the focus remained at 0.5 and the lens-target distance at 100 ± 
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2mm throughout the calibration process. Five videos were taken for each different 

iPhone set-up, for the purposes of comparison the iPhone 11 Pro was imaged in 

both 4K and 1080p settings and the iPhone 6S was also recalibrated. The iPhone 11 

Pro camera is made up of three lenses. The ultra-wide lens was found to not be 

compatible with the application. Calibration was also carried out for the iPhone 11 

Pro telephoto lens at 4K resolution settings, and this lens was found to have a higher 

pixel/mm conversion factor. The estimated depth of field for this lens was poorer 

than that of the standard wide lens. 

 

Once the videos were obtained, they were first loaded into the VirtualDub software 

(32 bit windows version 1.10.4 recommended within Image J user guide, available 

at: http://www.virtualdub.org). Segmentation selection was then carried out to select 

the most stable and focused 60 frames, as this same process is carried out when 

processing a patient’s conjunctival video. A non-compressed PNG image sequence 

file for each video was then imported as an image sequence to Image J (Maryland, 

USA: https://imagej.nih.gov/ij/), and an average image of each image sequence was 

obtained using the projection Z plugin. Upon obtaining the average image, the line 

tool was used to measure the distance in pixels between the twenty 0.05mm 

markings on both the top and bottom of the calibration slide as shown in Figure 4.2. 

A plot could then be produced in image J; the results were exported to Excel and a 

mean and standard deviation pixel/mm conversion factor was obtained for each 

video. The results of the calibration were also independently checked by experts at 

NIBEC. 

 

https://imagej.nih.gov/ij/
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Figure 4.2. Calibration slide measurements 

 

Repeatability: 

The intra-observer repeatability analysis was carried out previously by researchers at 

NIBEC for the iPhone 6S, and then again within this thesis for the iPhone 11. The 

analysis was carried out re-analysing a total of 16 videos for 4 subjects and 

comparing the results of the re-analysis to that of the original analysis. The diameter, 

axial velocity, cross-sectional velocity, blood flow rate and wall shear rate were 

calculated and compared for 221 matched vessel segments. 

 

For the inter-visit repeatability analysis, a total of 48 videos were processed, 24 for 

each for subject (4 fields of view; left temporal, left nasal, right nasal and right 
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temporal imaged across 6 timepoints). The vessel segments for each of the two 

subjects, with no known evidence of cardiovascular disease, were matched across 

the same 6 timepoints scheduled throughout a working day, as shown in Table 4.1 

below. The mean and standard deviation (SD) were calculated for the separate 

parameters (diameter, axial velocity, cross-sectional velocity, blood flow rate and 

wall shear rate) at each timepoint for both individuals. The maximum mean 

difference for the parameters of each subject were also assessed individually, and 

the coefficients of repeatability and 95% confidence intervals (CI) were calculated. 

 

Table 4.1. Timepoint descriptions 

Timepoint (TP) Description 

1 10am 

2 11am 

3 12pm 

4 1pm 

5 2pm 

6 3pm 

 

Data management: 

Originally, the conjunctiva videos were saved to a secure cloud and then processed 

separately through the two different applications for image registration and flow 

analysis. A more efficient method of uploading and processing videos directly via a 

single web server application will be executed at this application development stage. 

The output results of the application would be emailed to the user. 
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Sequence Selection:  

Previously sequence selection was conducted manually. However, through using a 

Manhattan Scoring technique for each consecutive frame, the process became fully 

automated with the option for manual selection still possible. The application can 

now process multiple potential video segment combinations at a single time. The 

smartphone access to the web server application at the time of capture means that if 

the video does not return frames of satisfactory quality (i.e., there is eye movement) 

the video can be recaptured and reassessed. 

 

Image Registration: 

In order to optimise the camera system and to ensure the application is adaptable 

with developments in technology, the application was developed to allow processing 

of 4K videos. The output registered sequence file is then automatically input into the 

eyeprojectAPP version 4 application (version 3 was updated for 4K processing, and 

version 4 includes the automated STI update), that was developed in MATLAB for 

processing. The eyeprojectAPP was packaged into a stand-alone executable file for 

Linux operating systems in order to transfer this on to the server. No manual input 

will be required from the user throughout this stage using the web server application. 

Although the registered sequence file is saved and automatically emailed to the user 

within a zip file, the previous semi-automated method of processing is still 

accessible. 

 

Vessel Segmentation, Centreline Extraction, Branch Point Detection and EDT: 
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Vessel segmentation, centreline extraction, branch point detection and EDT were 

already automated, and thus except for the transferal to a web-based server these 

stages remain relatively unchanged. The minimum vessel segment length is now 

automatically set to 40 pixels, and the sigma value to 13. Accordingly, less input is 

required when compared to the previous applications, as the user does not need to 

navigate through each stage. 

 

Space Time Image (STI) Graphs and Axial Velocity: 

Automation was made possible via application of convolution neural networks 

(CNN). The highest accuracy was reported for the vgg19 CNN at 86% (training time= 

150 minutes), with googlenet having the shortest training time at 26 minutes as well 

as demonstrating similar accuracy at 84%. Similarly, 84% accuracy was also 

demonstrated for resnet (training time= 68 minutes) (Jing et al., 2022a). Therefore, 

CNN was applied for automatic processing. The NIBEC app was updated with the 

option to review all selected STI graphs, including all possible vessel segments with 

their respective measurements. Figure 4.3. provides the amended workflow diagram 

that incorporates all of the aforementioned updates. 
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Figure 4.3. Amended workflow diagram reflecting application development updates 
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Statistical Analysis: 

Continuous variables were described using the mean and standard deviation of the 

mean. Kolmogorov–Smirnov testing was used to assess normality of the continuous 

variables. For calibration a mean and standard deviation of the pixel/mm conversion 

factor was obtained from the 40 measurements of each of the 5 videos per iPhone 

set-up and calculated using excel. For intra-observer repeatability, intraclass 

correlation coefficients (ICC) were applied with 95% CI. Lastly, coefficients of 

repeatability with 95% CI were calculated to assess inter-visit repeatability. 

 

4.4 Results  

 

Calibration: 

The resultant conversion factors from the calibration were as follows; iPhone 6s= 

540.9 ± 36.7 pixels/mm, iPhone11 Pro 1080p= 454.8 ± 22.4 pixels/mm and 

iPhone11 Pro 4K= 894.7 ± 53.6 pixels/mm. The previous calibration factor for the 

iPhone 6s was 1.81 µm/pixel but following the change of camera sensor this 

changed by approximately 20% to 2.22 µm/pixel. The graph showing the calibration 

factor in pixels/mm for each iPhone set-up is presented in Figure 4.4. 
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Figure 4.4. Boxplot showing the mean calibration factor(pixels/mm) for each iPhone 

set-up  

40 resolution measurements taken per video; 5 videos taken per setting= 200 

measurements recorded in total for each setting. 

 

Repeatability: 

Prior to the web server application and the higher resolution video processing, the 

“black box system” created by Dundee was utilised for image registration. The 

process of manual segmentation selection was independently assessed by two 

different researchers. The results shown in Figure 4.5 suggest overlap of start and 

end frames for both researchers for ten (66.7%) videos; 1, 4, 5, 7, 8, 9, 10, 12, 13 

and 15. Selections for videos 7 and 9 were almost identical, and only differed by a 
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maximum of 6 frames. However, the updated automatic analysis assures 100% 

repeatability using Manhattan scoring.
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Figure 4.5. Inter-observer repeatability of the manual video segmentation selection 
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The intra-observer repeatability analysis of the slit lamp and iPhone 11 pro 

combination used within this study found this method to be repeatable. The results of 

the mean difference (ICC, 95% CI) for each of the ocular parameters were: 

diameter= 0.02 ± 0.31 μm (0.999, 95% CI 0.999 – 0.999), axial velocity= 0.002 ± 

0.02 mm/s (0.986, 95% CI 0.981 – 0.989), cross-sectional velocity= 0.001 ± 0.02 

mm/s (0.985, 95% CI 0.980 – 0.988), blood flow rate= 0.08 ± 11.31 pl/s (0.997, 95% 

CI 0.996 – 0.998) and wall shear rate= 0.98 ± 8.39 s−1 (0.988, 95% CI 0.985 – 

0.991). 

 

Xu et al. (2015) reported acceptable inter-observer and inter-visit repeatability. For 

the inter-visit repeatability assessment within this study there was a total maximum 

mean difference for; diameter= 4.08 µm (coefficient of repeatability (CR)=1.47 (95% 

confidence intervals= -2.61-5.55), axial velocity= 0.07 mm/s (CR=0.04 (-0.03-0.11), 

cross-sectional velocity= 0.06 mm/s (CR=0.03 (-0.03-0.09)), blood flow rate= 43.06 

pl/s (CR=13.37 (-26.69-56.43)) and wall shear rate= 71.10 s-1 (CR=25.01 (-46.09-

96.11)). The findings of this study also suggest acceptable variation between the 

conjunctival haemodynamic measurements across the 6 timepoints for both 

subjects. The results for two subjects at each of the 6 timepoints are presented in 

Table 4.2, whilst Table 4.3 summarizes the maximum and minimum results (and at 

what time point those results occur) for each ocular parameter. The results of the 

maximum difference alongside the coefficients of repeatability in Table 4.4 support 

acceptable repeatability. The graphs for each of the parameters measured for both 

subjects over the 6 timepoints is shown in Figures 4.6-4.8.  
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Table 4.2. Mean ocular parameters for subjects 1 and 2 at 6 timepoints (TP1-6). 

TP Subject Diameter 

µm 

Axial 

Velocity 

mm/s 

Cross-

Sectional 

Velocity 

mm/s 

Blood 

Flow 

Rate pl/s 

Wall 

Shear 

Rate s-1 

1 1 20.27 0.44 0.31 114.00 148.57 

2 1 20.73 0.45 0.32 121.01 133.54 

3 1 21.31 0.44 0.32 131.42 150.63 

4 1 17.54 0.46 0.33 94.80 163.96 

5 1 22.06 0.48 0.35 132.01 208.11 

6 1 18.11 0.51 0.37 87.24 197.67 

Total 

mean ± 

SD 

1 20.00 ± 

1.80 

0.46 ± 

0.03 

0.33 ± 0.02 113.41 ± 

7.66 

167.08 ± 

29.55 

1 2 19.29 0.52 0.38 117.68 175.70 

2 2 17.39 0.54 0.39 100.16 210.88 

3 2 17.73 0.49 0.36 95.03 183.10 

4 2 15.87 0.56 0.41 91.95 243.32 

5 2 18.10 0.54 0.39 108.32 202.42 

6 2 19.52 0.55 0.39 133.31 178.26 

Total 

mean ± 

SD 

2 17.98 ± 

1.34 

0.53 ± 

0.02 

0.39 ± 0.02 107.74 ± 

15.63 

198.95 ± 

25.86 
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Table 4.3. Minimum and maximum values for the ocular parameters of subjects 1 

and 2. 

RANGE Diameter 

µm 

Axial 

Velocity 

mm/s 

Cross-

Sectional 

Velocity 

mm/s 

Blood 

Flow Rate 

pl/s 

Wall Shear 

Rate s-1 

Subject 1 

Minimum 

17.54 (TP4) 0.44  

(TP1, TP3) 

0.31 

(TP1) 

87.24 

(TP6) 

133.54 

(TP2) 

Maximum 22.06 

(TP5) 

0.51 

(TP6) 

0.37 

(TP6) 

132.01 

(TP5) 

208.11 

(TP5) 

Subject 2 

Minimum 

15.87 

(TP4) 

0.49 

(TP3) 

0.36 

(TP3) 

91.95 

(TP4) 

175.70 

(TP1) 

Maximum 19.52 

(TP6) 

0.56 

(TP4) 

0.41 

(TP4) 

133.31 

(TP6) 

243.32 

(TP4) 

Table 4.4. The greatest difference in ocular parameters for subjects 1 and 2. 

Maximum 

Difference 

Diameter 

µm 

Axial 

Velocity 

mm/s 

Cross-

Sectional 

Velocity mm/s 

Blood 

Flow 

Rate pl/s 

Wall 

Shear 

Rate s-1 

Subject 1 4.52 0.07 0.06 44.77 74.57 

Subject 2 3.64 0.07 0.06 41.35 67.62 

Total Mean 4.08 0.07 0.06 43.06 71.10 

Total CR 

(95% CI) 

1.47 (-

2.61-5.55) 

0.04 (-0.03-

0.11) 

0.03 (-0.03-

0.09) 

13.37 (-

26.69-

56.43) 

25.01 (-

46.09-

96.11) 
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Figure 4.6. Inter-visit repeatability assessment for A.) diameter (µm) and B.) blood flow rate (pl/s) 

TP= Timepoint 
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Figure 4.7. Inter-visit repeatability assessment for A.) axial velocity (mm/s) and B.) cross-sectional velocity (mm/s) 

TP= Timepoint 
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Figure 4.8. Inter-visit repeatability assessment for wall shear rate (s-1) 

TP= Timepoint
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App Testing (Manual vs Automated): 

 

Figure 4.9. Graphical user interface of the updated web server application 

 

The initial testing of 12 matched vessel segments for one subject assessing all fields 

of view found the mean difference (ICC scores, 95% CI) of; diameter= 0.29 µm 

(0.995, 0.981-0.998), axial velocity= 0.009 mm/s (0.881, 0.640-0.964), cross-

sectional velocity= 0.007 mm/s (0.865, 0.598-0.959), blood flow rate= 7.26 pl/s 

(0.982, 0.939-0.995) and wall shear rate= 3.22 s-1 (0.900, 0.690-0.970). The results 

of the ICC analysis show good to excellent reliability between the manual and 

automated methods for all ocular parameters. The new application interface is 

presented in Figure 4.9. 
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4.5 Discussion 

 

The Medicines and Healthcare Regulatory Authority (MHRA, 2022) state that 

software required for medical devices and associated applications need to be CE-

marked, and under this definition the conjunctival imaging application may belong in 

class IIa to inform clinical management. Additionally, the Medical Devices 

Coordination Group (MDCG, 2020) advise that scientific validity should be 

determined through review of the literature, and technical and clinical performance 

should be appraised, analysed and documented. Thus far these guidelines do not 

give specific test values for accuracy or repeatability. Despite a lack of definitive 

application performance guidelines, the findings within our previous algorithm-based 

risk score study (that utilises the conjunctival eye application measurements) report 

good performance metrics to include a sensitivity of 93.0%, specificity of 91.5% and 

an area under the curve of 0.967 (Awuah et al., 2022). The repeatability analysis 

showed acceptable repeatability also, as the coefficient of repeatability fell within the 

95% confidence intervals across the 6 time points of the 2 subjects.  

 

The 4K videos produced from this optimised conjunctival imaging system are of 

cinematic quality, and inter-phone repeatability was also confirmed. It has been 

suggested that the resulting quality improvement from 1080p to 4K resolution offers 

significantly improved visual effects that is of great benefit to both education and 

medical imaging (Ichihashi et al., 2017). It is expected with 4K resolution that 

processing time would significantly increase, but the videos can now be fully 

processed within approximately 20 minutes. This is an improvement of at least 10 
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minutes faster per video from the manual application processing. The new 

application now lends itself to the possibility of selecting more than 60 frames, 

granting, 60 frames or less is often more accurate with less chance of artefact/noise. 

Similarly, less vessel segments were identified via the automated flow analysis STI 

selection steps (n=30) when compared to the manual selection (n=64). The 

automated method remains most beneficial as the opportunity to look through all the 

STI graphs is optional. The fully automated method also removes any subjectivity, 

markedly improving repeatability, as the same uploaded video will output the exact 

same result each time.  

 

Conclusion 

 

These findings suggest the conjunctival imaging application is robust and adaptable 

to the advancements of camera and smartphone technology. The development of 

this 4K conjunctival video processing application enabled improved image quality, 

automation and processing speed. 

 

Key Points: 

• 4K (UHD) video imaging has been made possible through the calibration and 

optimisation of the imaging system, and this demonstrates that the imaging 

system is adaptable to new smartphone cameras. 

• Acceptable repeatability was demonstrated for this imaging method. 
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• 4K video processing has been made possible for image registration and flow 

analysis. 

• Manual input is no longer needed at each stage of application (the segment 

and STI selection stages are now fully automated using Manhattan Scoring 

and convolutional neural networks, respectively). 
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Chapter 5: Use of an In-House Developed Application in the Transcatheter 

Aortic Valve Implantation (TAVI) Cohort 

 

 

One-tailed null hypothesis: Haemodynamic alterations can be detected from pre to 

post-TAVI using the in-house developed application on the TAVI cohort. 

 

One-tailed alternative hypothesis: Haemodynamic alterations cannot be detected 

from pre to post-TAVI using the in-house developed application on the TAVI cohort. 

 

 

5.1 Abstract 

 

Introduction: 

It is well known that disease of the aortic valve disrupts coronary blood flow and is 

associated with endothelial dysfunction. Stenosis of the aortic valve has also been 

reported to provoke alterations of the microcirculation. Patients with severe aortic 

stenosis often present with chest pain in the absence of epicardial disease. These 

patients are often referred for TAVI, and TAVI is linked with improvements of 

haemodynamics. The aim of this study is to assess for systemic microvascular 

dysfunction by using the conjunctival microcirculation imaging tool and application 

before and after TAVI, as well as in a control group for comparison. 
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Methods: 

Patients with severe aortic stenosis, referred for TAVI, were recruited to the study 

after fully informed consent was obtained. An ethically approved data collection 

questionnaire was used to record the lifestyle and patient information. The 

conjunctival imaging of the microcirculation was performed using the previously 

evaluated iPhone and slit lamp imaging system, and the corresponding video 

processing application.  

Results: 

Ninety-four severe aortic stenosis patients referred for TAVI were included in the 

study. The results demonstrate a significant increase in arteriolar axial/cross-

sectional velocity (0.57 ± 0.12 mm/s to 0.62 ± 0.12 mm/s, p=0.006 and 0.40 ± 0.08 

mm/s to 0.44 ± 0.08 mm/s, p=0.001, respectively) and wall shear rate (161 ± 71 s-1 to 

194 ± 94 s-1, p=0.019)  post-TAVI. The results also suggest a significant reduction of 

venular wall shear stress from pre- to post-TAVI (7.98 ± 2.50 dynes/cm² to 6.57 ± 

1.63 dynes/cm², p<0.001). 

Conclusion: 

The assessment of the TAVI cohort permitted matched and serial assessment of the 

conjunctival microvascular vessel parameters following treatment. Use of the ocular 

application for conjunctival microcirculation imaging enabled the viewing and 

documentation of increased axial/cross-sectional velocity and wall shear rate of 

arterioles, as well as a significant reduction in wall shear stress of the venules 

assessed from pre to post-TAVI. Future observational studies should report longer 

term follow-up results to better assess the potential changes in haemodynamics over 

time.  
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5.2 Introduction 

 

Disease of the aortic valve is the most common valvular disease, and the only 

effective treatment for severe aortic stenosis is replacement of the valve (TAVI). An 

aging population means the already elevated incidence of severe aortic stenosis is 

only going to increase further. Accordingly, the incidence of coronary microvascular 

disease (CMD) would also increase, as coronary microvascular function has been 

reported to be impaired concomitant of aortic stenosis (Zhou et al., 2022). Konst et 

al. (2020) refer to this microvascular function impairment as type 2 CMD. Although, 

coronary microvascular dysfunction is poorly defined in this valvular disease cohort. 

Consequently, screening, risk prediction and the potential ability to tailor treatment 

and management of the disease becomes ever more important. We previously and 

systemically demonstrated alterations in the conjunctival microvasculature of 

patients with epicardial vascular disease (Brennan et al., 2021a). Therefore, this 

study seeks to systemically assess the microvasculature within this valvular disease 

cohort of severe aortic stenosis patients referred for TAVI, non-invasively, using the 

conjunctival microcirculation imaging tool. 

 

5.3 Methods 

 

The key inclusion criteria for the TAVI cohort included that the subjects had to have 

been referred for TAVI as a result of having severe aortic stenosis. Exclusion criteria 

included an inability to consent. The blood samples were collected, and the 

conjunctival microcirculation of the participants were imaged at pre-assessment or 



138 
 

just prior to TAVI. Post-TAVI images of the conjunctival microcirculation were again 

collected at least 4 hours post procedure. This was to allow comparison of the 

conjunctival haemodynamic parameters between pre and post-TAVI for the severe 

aortic stenosis patients. A study was also undertaken to assess the same vessel 

segments, where possible, from pre- to post-TAVI. Control patients who were ≥60 

years old without aortic stenosis were also recruited. The conjunctival 

microcirculation of these subjects was also imaged using the smartphone and slit 

lamp imaging system and corresponding processing application, to enable 

comparisons between the severe aortic stenosis patients and a control group.  

 

Statistical Analysis:  

Data collected from the data collection questionnaire, the ocular examination and 

blood sample results were recorded within a secure and encrypted database. All 

analyses were performed using IBM SPSS version 27. Normality was assessed 

using the Kolmogorov-Smirnov test. The means, standard deviations and 95% 

confidence intervals (CI) were calculated for continuous parametric variables. 

Categorical variables were presented as frequencies and percentages. Differences 

between pre and post and controls vs TAVI ocular parameters and blood biomarkers 

were assessed using Mann-Whitney U test. Differences between categorial variables 

from pre to post TAVI, or between the control and TAVI groups were assessed using 

the chi squared (χ2) test. 

 

5.4 Results 
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Cohort Baseline Characteristics:  

A total of 94 patients were recruited to the TAVI cohort, 42 male and 52 females. The 

mean age of this cohort was 78.7 ± 6.2 years. The mean BMI was overweight at 27.7 

± 5.4 kg/m², with the mean height being 1.64 ± 0.10 m and the mean weight at 74.8 

± 17.6 kg. The mean systolic blood pressure was pre-hypertensive at 135.8 ± 20.5 

mmHg, and the mean diastolic blood pressure was 68.9 ± 12.2 mmHg. The mean 

heart rate was within normal limits (60-100 bpm) at 75.0 ± 12.5 bpm, and the resting 

oxygen saturation was also within normal limits (95-100%) at 97.4 ± 1.6%.  

 

A total of 49 participants were recruited to the control group for comparison. A further 

36 older pressure wire negative patients were also considered within the control 

cohort for comparison, and hence 85 participants were included in the TAVI control 

group. Although baseline characteristics between the two cohorts were similar, the 

age of the control group was significantly younger than the TAVI group (78.7 ± 6.2 

years vs 82.1 ± 5.9 years, respectively, p<0.001). Heart rate was also significantly 

increased in the TAVI cohort (75.0 ± 12.5 bpm) compared to controls (70.3 ± 12.6 

bpm, p<0.007). Additionally, alcohol intake was significantly increased for controls 

(3.5 ± 6.9 units per week) compared to the TAVI cohort (1.1 ± 4.2 units per week, 

p=0.001). The baseline characteristics are presented in Table 5.1. 
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Table 5.1. TAVI cohort characteristics 

Patient Characteristic TAVI 

Controls 

n= 85 

95% CI TAVI 

n= 94 

95% CI *p 

value 

Age (years) 78.7 ± 

6.2 

77.3-

80.0 

82.1 ± 

5.9 

80.9-

83.3 

<0.00

1 

Gender (no. (%) male) 41 (48.2) n/a 42 (44.7) n/a 0.634 

$ 

Handedness (no. (%) right) 80 

(94.12) 

n/a 91 

(96.81) 

n/a 0.384 

$ 

Height (cm) 165.8 ± 

9.2 

163.8-

167.8 

163.7 ± 

10.2 

161.6-

165.8 

0.164 

Weight (kg) 78.4 ± 

17.2 

74.7-

82.1 

74.8 ± 

17.6 

71.2-

78.5 

0.156 

Body Mass Index (BMI) 

(kg/m²) 

28.5 ± 

5.5 

27.3-

29.6 

27.7 ± 

5.4 

26.6-

28.8 

0.337 

Clinical 

Mean Systolic Blood 

Pressure (mmHg) 

134.6 ± 

19.5 

130.4-

138.8 

135.8 ± 

20.5 

131.6-

140.0 

0.798 

Mean Diastolic Blood 

Pressure (mmHg) 

70.4 ± 

9.6 

68.4-

72.5 

68.9 ± 

12.2 

66.4-

71.4 

0.229 

Systolic Blood Pressure SD 6.0 ± 6.3 4.6-7.4 5.8 ± 5.9 4.6-7.0 0.832 

Heart Rate (bpm) 70.3 ± 

12.6 

67.6-

73.0 

75.0  ± 

12.5 

72.4-

77.5 

0.007 
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Resting Oxygen Saturation 

(%) 

97.4 ± 

1.7 

97.0-

98.0 

97.4 ± 

1.6 

97.1-

97.7 

0.782 

Temperature (°C) 36.1 ± 

0.5 

36.0-

36.3 

36.2 ± 

0.5 

36.0-

36.3 

0.51 

Risk Factor 

Smoking Years 11.6 ± 

17.8 

7.8-15.5 14.2 ± 

22.2 

9.6-18.8 0.616 

Number Cigarettes per Day 5.9 ± 9.3 3.9-7.9 5.9 ± 9.0 4.0-7.7 0.908 

Years Since Stopped 

Smoking 

6.1 ± 

11.6 

3.5-8.6 7.7 ± 

14.8 

4.6-10.7 0.645 

Smoking Pack Years 9.7 ± 

16.4 

6.1-13.2 11.2 ± 

21.4 

6.8-15.6 0.818 

Alcohol Intake days/week 0.9 ± 1.8 0.6-1.3 0.4 ± 1.4 0.1-0.7 0.001 

Units Alcohol per Week  3.5 ± 6.9 2.0-5.0 1.1 ± 4.2 0.3-2.0 0.001 

Days Exercise per Week 1.9 ± 2.8 1.3-2.5 1.7 ± 3.0 1.1-2.3 0.281 

Smoking History (yes (%)) 30 (35.3) n/a 35 (37.2) n/a 0.788 

$ 

Exercise (yes (%)) 31 (36.5) n/a 24 (25.5) n/a 0.113 

$ 

*Mann-Whitney U test, $ Chi-squared test. 

 

Comorbidities: 

Peripheral vascular disease (control= 3.5% vs TAVI= 13.8%, p=0.016), renal disease 

(control= 36.5% vs TAVI= 59.6%, p=0.002) and heart failure (control= 3.5% vs 
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TAVI= 37.2%, p<0.001) were significantly increased in the TAVI cohort compared to 

the controls. Ischemic heart disease (IHD) (control= 51.8% vs TAVI= 28.7%, 

p=0.002) and a family history of heart disease were more common in the control 

cohort (control= 25.9% vs TAVI= 9.6%, p=0.004). There were more controls with a 

pacemaker implanted when compared to the TAVI cohort (control= 25.9% vs TAVI= 

9.6%, p=0.004). These results are recorded in Table 5.2. 

 

Table 5.2. TAVI cohort comorbidities 

Comorbidities 

(Frequency (% yes)) 

Controls 

n= 85 

TAVI 

n= 94 

*p value 

Hypertension 57 (67.1) 61 (64.9) 0.76 

Diabetes 27 (31.8) 28 (29.8) 0.775 

COPD 9 (10.6) 9 (9.6) 0.822 

Hypercholesterolaemia 60 (70.6) 60 (63.8) 0.337 

IHD 44 (51.8) 27 (28.7) 0.002 

Previous MI >90days 13 (15.3) 13 (13.8) 0.781 

Heart Failure 3 (3.5) 35 (37.2) <0.001 

Previous PCI 22 (25.9) 24 (25.5) 0.957 

Stroke 9 (10.6) 5 (5.3) 0.19 

TIA 8 (9.4) 11 (11.7) 0.619 

AF 31 (36.5) 27 (28.7) 0.269 

AF TYPE 

Type 1= PAF 

Type 2= Permanent 

11 (12.9)=type 

1, 20 

(23.5)=type 2 

13 (13.8)=type 1, 

14 (14.9) =type 2 
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PPM 22 (25.9) 9 (9.6) 0.004 

PVD 3 (3.5) 13 (13.8) 0.016 

CKD 31 (36.5) 56 (59.6) 0.002 

VTE 2 (2.4) 3 (3.2) 0.734 

Bronchiectasis 2 (2.4) 3 (3.2) 0.734 

PF 0 1 (1.1) 0.34 

RA 1 (1.2) 3 (3.2) 0.362 

Family History (Frequency (% yes)) 

Cancer  7 (8.2) 14 (14.9) 0.353 

Diabetes 3 (3.5) 6 (6.4) 0.383 

Heart Disease 22 (25.9) 9 (9.6) 0.004 

Stroke 9 (10.6) 4 (4.3) 0.103 

Alzheimer’s 0  1 (1.1) 0.34 

Parkinson’s 1 (1.2) 0 0.292 

Abbreviations: 

AF= Atrial Fibrillation, CKD= Chronic Kidney Disease, COPD= Chronic Obstructive 

Pulmonary Disorder, IHD= Ischemic Heart Disease, MI= Myocardial Infarction, 

PAF= Paroxysmal Atrial Fibrillation, PCI= Percutaneous Coronary Intervention, 

PF= Pulmonary Fibrosis, PPM= Permanent Pacemaker, PVD= Peripheral 

Vascular Disease, RA= Rheumatoid Arthritis, TIA= Transient Ischemic Attack, 

VTE= Venous Thromboembolism. *Chi-squared. 
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Medications: 

Medications were also similar between the TAVI and control cohort, as shown in 

Table 5.3. However, more TAVI patients were on P2YI2 inhibitors (controls= 12.9% 

vs TAVI= 28.7%, p=0.01), angiotensin converting enzyme (ACE) inhibitors (controls= 

36.5% vs TAVI= 17.0%, p=0.003) and loop diuretics (controls= 27.1% vs TAVI= 

47.9%, p=0.04) than controls. Additionally, more controls were on ranolazine 

(controls= 5.9% vs TAVI= 0%, p=0.017), nicorandil (controls= 3.5% vs TAVI= 0%, 

p=0.066), nitrates (controls= 24.7% vs 0%, p<0.001) and statins (controls= 75.3% vs 

TAVI= 60.6%, p=0.036) than the TAVI patients. 

 

Table 5.3. TAVI cohort medications 

Medications (Frequency (% yes)) Controls 

n= 85 

TAVI 

n= 94 

*p value 

Aspirin 49 (57.7) 37 (39.4) 0.378 

P2YI2 inhibitor 11 (12.9) 27 (28.7) 0.01 

Warfarin 0 2 (2.1) 0.176 

NOAC 33 (38.8) 33 (35.1) 0.607 

ACE 31 (36.5) 16 (17.0) 0.003 

ARB 17 (20.0) 14 (14.9) 0.367 

MRA 1 (1.2) 3 (3.2) 0.362 

SGLT2 Inhibitor 4 (4.7) 5 (5.3) 0.851 

Beta Blocker 48 (56.5) 53 (56.4) 0.991 

Ca-Channel Blocker 31 (36.5) 24 (25.5) 0.113 
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Thiazide-like Diuretic 8 (9.4) 7 (7.5) 0.636 

Loop Diuretic 23 (27.1) 45 (47.9) 0.04 

Alpha Blocker 18 (21.2) 16 (17.0) 0.479 

Ranolazine 5 (5.9) 0 0.017 

Nicorandil 3 (3.5) 0 0.066 

Nitrate 21 (24.7) 0 <0.001 

Statin 64 (75.3) 57 (60.6) 0.036 

Cholesterol absorption inhibitor 3 (3.5) 3 (3.2) 0.9 

Abbreviations: 

ACE= Angiotensin-Converting Enzyme, ARB= Angiotensin Receptor Blocker, Ca= 

Calcium, MRA= Mineralocorticoid Receptor Antagonist, NOAC= Non-vitamin K 

antagonist oral anticoagulant, SGLT2= Sodium-Glucose Cotransporter-2. *Chi-

squared. 

 

Blood Biomarkers: TAVI vs Controls 

Significant differences between the control and the TAVI cohort respectively, were 

found for the following mean blood biomarkers; urea (7.19 ± 3.10 mmol/L vs 8.02 ± 

2.88 mmol/L, p=0.01), creatinine (94.56 ± 46.53 µmol/L vs 102.46 ± 39.97 µmol/L, 

p=0.025), creatinine clearance (calculated using the Cockcroft-Gault formula 

(Péquignot et al., 2009)) which was reduced for both cohorts but significantly 

reduced for the TAVI cohort compared to controls (68.90 ± 21.59 mL/min vs 56.48 ± 

20.14 mL/min, p<0.001), haematocrit (HCT) (0.39 ± 0.04 L/L vs 0.37 ± 0.05 L/L, 

p=0.045), N-terminal pro B-type natriuretic peptide (NTproBNP) results were 

elevated for both cohorts but significantly increased in the TAVI cohort (1071.45 ± 

2533.35 ng/L vs 2531.16 ± 3510.94 ng/L, p<0.001), total cholesterol (3.55 ± 0.82 
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mmol/L vs 4.15 ± 1.07 mmol/L, p=0.001), high density lipoprotein (HDL) (1.30 ± 0.36 

mmol/L vs 1.42 ± 0.40 mmol/L, p=0.044), low density lipoprotein (LDL) (1.60 ± 0.64 

mmol/L vs 2.12 ± 0.92 mmol/L, p=0.001), non-HDL (2.23 ± 0.68 mmol/L vs 2.73 ± 

0.96 mmol/L, p=0.001), activated partial thromboplastin time (APTT) was significantly 

reduced to a low level in the TAVI cohort (30.67 ± 14.11 s vs 26.24 ± 4.98 s, 

p=0.008), fibrinogen (3.67 ± 0.90 g/L vs 4.00 ± 0.96 g/L, p=0.031) and urate (0.32 ± 

0.09 mmol/L vs 0.39 ± 0.12 mmol/L, p=0.006).  

However, no significant differences were reported for haemoglobin A1C (HbA1C) 

and both cohort means were pre-diabetic (43.77 ± 9.89 mmol/mol vs 44.13 ± 12.95 

mmol/mol, p=0.327), sodium (139.12 ± 3.27 mmol/L vs 138.86 ± 2.97 mmol/L, 

p=0.569), potassium (4.35 ± 0.42 mmol/L vs 4.41 ± 0.42 mmol/L, p=0.569), 

haemoglobin (HGB) (128.59 ± 14.24 g/L vs 124.98 ± 16.72 g/L, p=0.193), white cell 

count (WCC) (7.16 ± 1.71 vs 7.24 ± 2.25, p=0.791), platelet count (234.52 ± 74.24 vs 

233.31 ± 74.99, p=0.913), mean corpuscular volume (MCV) (90.59 ± 5.88 fl vs 89.38 

± 6.72 fl, p=0.17), triglyceride (1.43 ± 0.67 mmol/L vs 1.36 ± 0.74 mmol/L, p=0.313), 

cholesterol:HDL ratio (2.85 ± 0.72 vs 3.04 ± 0.87, p=0.153), prothrombin time (11.92 

± 1.53 s vs 12.21 ± 1.91 s, p=0.388) and C-reactive protein (CRP) (4.23 ± 5.98 mg/L 

vs 6.21 ± 9.36 mg/L, p=0.064). These results are reported in Table 5.4. 

 

Table 5.4. TAVI cohort blood biomarkers 

Blood 

Biomarkers 

TAVI 

Controls 

n= 85 

95% CI TAVI 

n= 94 

95% CI *p value 
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HbA1C 

mmol per 

mol 

43.77 ± 

9.89 

41.56-

45.99 

44.13 ± 

12.95 

41.38-

46.87 

0.327 

Sodium 

mmol per L 

139.12 ± 

3.27 

138.41-

139.82 

138.86 ± 

2.97 

138.25-

139.47 

0.569 

Potassium 

mmol per L 

4.35 ± 0.42 4.26-4.44 4.41 ± 0.42 4.33-4.50 0.474 

Urea  

mmol per L 

7.19 ± 3.10 6.52-7.86 8.02 ± 2.88 7.43-8.61 0.01 

Creatinine 

µmol per L 

94.56 ± 

46.53 

84.53-

104.60 

102.46 ± 

39.97 

94.27-

110.64 

0.025 

Creatinine 

(Formula 

mg per L) 

1.07 ± 0.53 0.96-1.81 1.16 ± 0.45 1.07-1.25 0.025 

Creatinine 

Clearance 

mL per min 

68.90 ± 

21.58 

54.71-

62.69 

56.48 ± 

20.14 

44.52-

51.52 

<0.001 

HGB  

g per L 

128.59 ± 

14.24 

125.52-

131.66 

124.98 ± 

16.72 

121.55-

128.40 

0.193 

Haematocrit 

L per L 

0.39 ± 0.04 0.38-0.40 0.37 ± 0.05 0.36-0.38 0.045 

White cell 

count 

7.16 ± 1.71 6.79-7.53 7.24 ± 2.25 6.78-7.70 0.791 

Platelet 

count 

234.52 ± 

74.24 

218.51-

250.53 

233.31 ± 

74.99 

217.95-

248.67 

0.913 
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MCV  

fl 

90.59 ± 

5.88 

89.32-

91.86 

89.38 ± 

6.72 

88.01-

90.76 

0.17 

NtproBNP 

ng per L 

1071.45 ± 

2533.35 

438.64-

1704.26 

2531.16 ± 

3510.94 

1812.05-

3250.27 

<0.001 

Total 

Cholesterol 

mmol per L 

3.55 ± 0.82 3.35-3.74 4.15 ± 1.07 3.92-4.37 0.001 

Triglyceride 

mmol per L 

1.43 ± 0.67 1.28-1.59 1.36 ± 0.74 1.20-1.51 0.313 

HDL  

mmol per L 

1.30 ± 0.36 1.21-1.38 1.42 ± 0.40 1.34-1.50 0.044 

LDL  

mmol per L 

1.60 ± 0.64 1.45-1.75 2.12 ± 0.92 1.93-2.31 0.001 

Non-HDL 

mmol per L 

2.23 ± 0.68 2.07-2.38 2.73 ± 0.96 2.53-2.93 0.001 

Cholesterol:

HDL Ratio  

2.85 ± 0.72 2.68-3.02 3.04 ± 0.87 2.87-3.23 0.153 

Prothrombin 

Time secs 

11.92 ± 

1.53 

11.51-

12.51 

12.21 ± 

1.91 

11.81-

12.61 

0.388 

APTT secs 30.67 ± 

14.11 

26.18-

35.10 

26.24 ± 

4.98 

25.19-

27.28 

0.008 

Fibrinogen  

g per L 

3.67 ± 0.90 3.37-3.96 4.00 ± 0.96 3.80-4.20 0.031 

Urate  

mmol per L 

0.32 ± 0.09 0.29-0.35 0.39 ± 0.12 0.36-0.41 0.006 
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CRP  

mg per L 

4.23 ± 5.98 2.61-6.41 6.21 ± 9.36 4.26-8.15 0.064 

Abbreviations: 

APTT= Activated Partial Thromboplastin Time, CRP= C-Reactive Protein, HbA1C= 

Haemoglobin A1C, HGB= Haemoglobin, HDL= High Density Lipoprotein, LDL= 

Low Density Lipoprotein, MCV= Mean Corpuscular Volume, NtproBNP= N-

terminal Pro-Brain type Natriuretic Peptide. *Mann-Whitney U test. 

 

TAVI Pre vs Post: 

Significant differences were also reported when comparing blood biomarkers pre- 

and post-TAVI respectively; sodium (138.86 ± 2.97 mmol/L vs 137.42 ± 3.08 mmol/L, 

p=0.002), potassium (4.41 ± 0.42 mmol/L vs 4.21 ± 0.43 mmol/L, p=0.001), 

creatinine clearance (48.02 ± 17.08 mL/min vs 57.20 ± 19.41 mL/min, p<0.001), 

HGB which was significantly reduced to low levels post-TAVI (124.98 ± 16.72 g/L vs 

115.57 ± 15.96 g/L, p<0.001), HCT (0.37 ± 0.05 L/L vs 0.35 ± 0.04 L/L p<0.001), 

WCC (7.24 ± 2.25 vs 8.97 ± 3.17, p<0.001), platelet count (233.31 ± 74.99 vs 193.90 

± 63.41, p<0.001), CRP significantly increased to high levels post-TAVI (6.20 ± 9.36 

mg/L vs 15.57 ± 13.09 mg/L, p<0.001) and prothrombin time (12.21 ± 1.91 s vs 

12.80 ± 2.11 s, p=0.023). No significant differences were reported for MCV (89.38 ± 

6.72 fl vs 89.41 ± 6.62 fl, p=0.991), APTT (26.23 ± 4.98 s vs 27.98 ± 9.66 s, 

p=0.186), fibrinogen (4.00 ± 0.96 g/L vs 3.89 ± 0.93 g/L, p=0.429) or plasma 

viscosity (1.75 ± 0.16 mPa vs 1.72 ± 0.17 mPa, p=0.197). Although, the mean 

plasma viscosity result was reduced to the upper limits of the normal reference range 

post-TAVI. The results of the pre vs post-TAVI biomarker analysis are presented in 

Table 5.6. 
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Table 5.6. TAVI: pre vs post blood biomarkers 

Blood 

Biomarkers 

TAVI Pre 

n= 94 

95% CI TAVI Post 

n= 94 

95% CI *p value 

Sodium 

mmol per L 

138.86 ± 

2.97 

136.79-

138.06 

137.42 ± 

3.08 

138.25-

139.47 

0.002 

Potassium 

mmol per L 

4.41 ± 0.42 4.13-4.30 4.21 ± 0.43 4.33-4.50 0.001 

Urea  

mmol per L 

8.02 ±  2.88 6.81-7.99 7.40 ± 2.86 7.43-8.61 0.105 

Creatinine 

µmol per L 

102.46 ± 

39.97 

92.75-

113.17 

102.96 ± 

49.31 

94.27-

110.64 

0.735 

Formula  

mg per L 

1.16 ± 0.45 1.05-1.28 1.16 ± 0.56 11.07-1.25 0.681 

Creatinine 

Clearance 

mL per min 

48.02 ± 

17.08 

53.16-

61.25 

57.20 ± 

19.41 

44.52-

51.52 

<0.001 

HGB  

g per L 

124.98 ± 

16.72 

121.55-

128.40 

115.57 ± 

15.96 

112.26-

118.87 

<0.001 

Haematocrit 

L per L 

0.37 ± 0.05 0.36-0.38 0.35 ± 0.04 0.34-0.35 <0.001 

White cell 

count 

7.24 ± 2.25 6.78-7.70 8.97 ± 3.17 8.32-9.63 <0.001 

Platelet 

count 

233.31 ± 

74.99 

217.95-

248.67 

193.90 ± 

63.41 

180.77-

207.03 

<0.001 
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MCV fl 89.38 ± 

6.72 

88.01-

90.76 

89.41 ± 

6.62 

88.04-

90.78 

0.991 

CRP  

mg per L 

6.2 ± 9.36 4.26-8.15 15.57 ± 

13.09 

11.44-

19.70 

<0.001 

Prothrombin 

Time secs 

12.21 ± 

1.91 

11.81-

12.61 

12.80 ± 

2.11 

12.33-

13.26 

0.023 

APTT secs 26.23 ± 

4.98 

25.19-

27.28 

27.98 ± 

9.66 

25.84-

30.11 

0.186 

Fibrinogen  

g per L 

4 ± 0.96 3.80-4.20 3.89 ± 0.93 3.69-4.10 0.429 

Plasma 

Viscosity 

mPa 

1.75 ± 0.16 1.71-1.78 1.72 ± 0.17 1.68-1.75 0.197 

Abbreviations: 

APTT= Activated Partial Thromboplastin Time, CRP= C-Reactive Protein, HGB= 

Haemoglobin, MCV= Mean Corpuscular Volume. *Mann-Whitney U test. 

 

Ocular Parameters; TAVI vs Controls 

No significant differences were found between the severe aortic stenosis TAVI 

cohort and the controls for the following ocular parameters; diameter, axial velocity, 

cross sectional velocity, blood flow rate or wall shear rate, as demonstrated in Table 

5.7. The results of the vessel segment analysis are provided in Table S4. 
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Table 5.7. TAVI cohort ocular parameters 

Overall Comparison TAVI 

Controls 

n= 85 

patients 

95% CI TAVI 

n= 94 

patients 

95% CI *p 

value 

Mean Diameter(D) µm 25.32 ± 

2.66 

24.75-

25.90 

25.52 ± 

3.60 

24.77-26.26 0.806 

Mean Axial 

Velocity(Va) mm/s 

0.55 ± 

0.05 

0.54-0.56 0.56 ± 

0.06 

0.55-0.57 0.312 

Mean Cross Sectional 

Velocity(CSV) mm/s 

0.38 ± 

0.04 

0.38-0.39 0.39 ± 

0.04 

0.38-0.40 0.388 

Mean Blood Flow 

Rate(Q) pl/s 

211 ± 49 201-222 219 ± 

65 

205-232 0.513 

Mean Wall Shear 

Rate(WSR) s-1 

138 ± 27 133-144 139 ± 

27 

133-144 0.739 

Arteriole 

Mean Diameter(D) µm 22.90 ± 

5.72 

21.58-

24.23 

23.15 ± 

6.04 

21.79-24.51 0.621 

Mean Axial 

Velocity(Va) mm/s 

0.57 ± 

0.11 

0.55-0.60 0.57 ± 

0.12 

0.55-0.60 0.822 

Mean Cross Sectional 

Velocity(CSV) mm/s 

0.40 ± 

0.08 

0.38-0.42 0.40 ± 

0.08 

0.38-0.42 0.774 

Mean Blood Flow 

Rate(Q) pl/s 

182 ± 97 159-204 185 ± 

95 

163-206 0.688 
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Mean Wall Shear 

Rate(WSR) s-1 

160 ± 61 146-174 161 ± 

71 

145-177 0.661 

Venule 

Mean Diameter(D) µm 25.98 ± 

3.34 

25.25-

26.71 

25.84 ± 

3.90 

25.03-26.64 0.651 

Mean Axial 

Velocity(Va) mm/s 

0.55 ± 

0.07 

0.54-0.57 0.56 ± 

0.07 

0.55-0.58 0.461 

Mean Cross Sectional 

Velocity(CSV) mm/s 

0.38 ± 

0.05 

0.37-0.39 0.39 ± 

0.05 

0.38-0.40 0.435 

Mean Blood Flow 

Rate(Q) pl/s 

220 ± 55 208-232 225 ± 

75 

210-241 0.966 

Mean Wall Shear 

Rate(WSR) s-1 

135 ± 33 127-142 136 ± 

31 

130-143 0.582 

Undifferentiated  

Mean Diameter(D) µm 23.72 ± 

6.87 

22.06-

25.39 

24.16 ± 

6.98 

22.43-25.89 0.679 

Mean Axial 

Velocity(Va) mm/s 

0.55 ± 

0.09 

0.53-0.57 0.56 ± 

0.10 

0.53-0.58 0.311 

Mean Cross Sectional 

Velocity(CSV) mm/s 

0.38 ± 

0.07 

0.37-0.40 0.39 ± 

0.07 

0.37-0.41 0.397 

Mean Blood Flow 

Rate(Q) pl/s 

189 ± 

118 

160-217 193 ± 

110 

166-220 0.627 

Mean Wall Shear 

Rate(WSR) s-1 

147 ± 55 134-161 146 ± 

54 

133-160 0.939 

*Mann-Whitney U test. 
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TAVI Pre vs Post: 

Comparisons between pre- and post-TAVI found a significant reduction in venular 

wall shear stress from pre- to post-TAVI respectively (7.98 ± 2.50 dynes/cm² vs 6.57 

± 1.63 dynes/cm², p<0.001), with only a slight increase in arteriolar wall shear stress 

(9.24 ± 4.38 dynes/cm² vs 9.61 ± 4.32 dynes/cm², p=0.521). These findings are 

documented in Table 5.8 and depicted in Figures 5.1 and 5.2. The vessel segment 

analysis results are provided in Table S5. 

 

Contrastingly, significant increases in arteriolar wall shear rate (161 ± 71 s-1 vs 194 ± 

94 s-1, p=0.019) as well as arteriolar axial (0.57 ± 0.12 mm/s vs 0.62 ± 0.12 mm/s, 

p=0.006) and cross-sectional velocities (0.40 ± 0.08 mm/s vs 0.44 ± 0.08 mm/s, 

p=0.001) were also found post-TAVI, with only slight reductions in venular wall shear 

rate (136 ± 31 s-1  vs 130 ± 26 s-1, p=0.11), axial (0.56 ± 0.07 mm/s vs 0.55 ± 0.06 

mm/s, p=0.619) and cross-sectional velocity (0.39 ± 0.05 mm/s vs 0.38 ± 0.04 mm/s, 

p=0.506) as shown in Figures 5.3 and 5.4.
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Figure 5.1. Box plot of A.) Diameter (D) µm, B.) Axial Velocity (Va) mm/s, C.) Cross-Sectional Velocity (CSV) mm/s and D.) Blood 

Flow Rate (Q) pl/s results for pre-TAVI, post-TAVI and control groups.  

Vessel Segments:

n=269 Controls 

n=351 Pre TAVI

n=293 Post TAVI 

n=1191 Controls 

n=1362 Pre TAVI

n=1505 Post TAVI 

n=212 Controls 

n=168 Pre TAVI

n=147 Post TAVI
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A.) Control arterioles= 22.9±5.72 µm, venules=25.98±3.34 µm, undifferentiated=23.72±6.87 µm; Pre TAVI 

arterioles=23.15±6.04 µm, venules=25.84±3.90 µm, undifferentiated=24.16±6.98 µm; Post TAVI arterioles=22.22±7.28 

µm, venules=26.62±3.47 µm, undifferentiated=23.80±6.46 µm. B.) Control arterioles=0.57±0.11mm/s, 

venules=0.55±0.07 mm/s, undifferentiated=0.55±0.09 mm/s; Pre TAVI arterioles=0.57±0.12 mm/s, venules=0.56±0.07 

mm/s, undifferentiated=0.56±0.10 mm/s; Post TAVI arterioles=0.62±0.12 mm/s, venules=0.55±0.06 mm/s, 

undifferentiated=0.55±0.10 mm/s. C.) Control arterioles=0.40±0.08 mm/s, venules=0.38±0.05 mm/s, 

undifferentiated=0.38±0.07 mm/s; Pre TAVI arterioles=0.40±0.08 mm/s, venules=0.39±0.05 mm/s, 

undifferentiated=0.39±0.07 mm/s; Post TAVI arterioles=0.44±0.08 mm/s, venules=0.38±0.04 mm/s, 

undifferentiated=0.38±0.07 mm/s. D.) Control arterioles=182±97pl/s, venules=220±55pl/s, undifferentiated=189±118pl/s; 

Pre TAVI arterioles=185±95pl/s, venules=225±75pl/s, undifferentiated=193±110pl/s; Post TAVI arterioles=191±126pl/s, 

venules=233±64pl/s, undifferentiated=196±110pl/s. Mann-Whitney U test *p<0.05, **p<0.01. 

Pre-TAVI n=94, Post-TAVI n=94 and Control group n=85.
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Figure 5.2.  Box plot of Wall Shear Rate (WSR) s-1 and Wall Shear Stress (WSS) dynes/cm² results  

A.)  WSR control arterioles=160±61 s-1, venules=135±33 s-1, undifferentiated=147±55 s-1; Pre TAVI arterioles=161±71 s-1, 

venules=136±31 s-1, undifferentiated=146±54 s-1; Post TAVI arterioles=194±94 s-1, venules=130±26 s-1, undifferentiated=147±47 s-

1. B.) WSS for pre-TAVI arterioles=9.24±4.38 dynes/cm², venules= 7.98±2.50 dynes/cm², undifferentiated= 8.32±3.09 dynes/cm²; 

Post TAVI arterioles=9.61±4.32 dynes/cm² , venules=6.57±1.63 dynes/cm², undifferentiated=7.46±2.82 dynes/cm². Mann-Whitney 

U test *p<0.05,***p<0.001. 

Pre-TAVI n=94, Post-TAVI n=94 and Control group n=85

Vessel Segments:

n=269 Controls 

n=351 Pre TAVI

n=293 Post TAVI 

n=1191 Controls 

n=1362 Pre TAVI

n=1505 Post TAVI 

n=212 Controls 

n=168 Pre TAVI

n=147 Post TAVI
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Table 5.8. TAVI: pre vs post ocular parameters 

Overall Comparison TAVI 

Pre 

n= 94 

patients 

95% CI TAVI 

Post 

n= 94 

patients 

95% CI *p value 

Mean Diameter(D) µm 25.52 ± 

3.60 

24.77-

26.26 

25.93 ± 

3.37 

25.22-

26.64 

0.489 

Mean Axial 

Velocity(Va) mm/s 

0.56 ± 

0.06 

0.55-0.57 0.56 ± 

0.05 

0.55-0.57 0.774 

Mean Cross Sectional 

Velocity(CSV) mm/s 

0.39 ± 

0.04 

0.38-0.40 0.39 ± 

0.04 

0.38-0.40 0.821 

Mean Blood Flow 

Rate(Q) pl/s 

219 ± 

65 

205-232 225 ± 

62 

212-238 0.661 

Mean Wall Shear 

Rate(WSR) s-1 

139 ± 

27 

133-144 138 ± 

27 

133-144 0.715 

Mean Wall Shear 

Stress(WSS) 

dynes/cm² 

8.06 ± 

2.40 

7.56-8.56 6.96 ± 

1.72 

6.60-7.32 0.001 

Arteriole 

Mean Diameter(D) µm 23.15 ± 

6.04 

21.79-

24.51 

22.22 ± 

7.28 

20.58-

23.86 

0.349 

Mean Axial 

Velocity(Va) mm/s 

0.57 ± 

0.12 

0.55-0.60 0.62 ± 

0.12 

0.60-0.65 0.006 
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Mean Cross Sectional 

Velocity(CSV) mm/s 

0.40 ± 

0.08 

0.38-0.42 0.44 ± 

0.08 

0.42-0.46 0.001 

Mean Blood Flow 

Rate(Q) pl/s 

185 ± 

95 

163-206 191 ± 

126 

162-219 0.728 

Mean Wall Shear 

Rate(WSR) s-1 

161 ± 

71 

145-177 194 ± 

94 

173-216 0.019 

Mean Wall Shear 

Stress(WSS) 

dynes/cm² 

9.24 ± 

4.38 

8.24-

10.24 

9.61 ± 

4.32 

8.64-

10.59 

0.521 

Venule  

Mean Diameter(D) µm 25.84 ± 

3.90 

25.03-

26.64 

26.62 ± 

3.47 

25.90-

27.35 

0.154 

Mean Axial 

Velocity(Va) mm/s 

0.56 ± 

0.07 

0.55-0.58 0.55 ± 

0.06 

0.54-0.57 0.619 

Mean Cross Sectional 

Velocity(CSV) mm/s 

0.39 ± 

0.05 

0.38-0.40 0.38 ± 

0.04 

0.37-0.39 0.506 

Mean Blood Flow 

Rate(Q) pl/s 

225 ± 

75 

210-241 233 ± 

64 

219-246 0.402 

Mean Wall Shear 

Rate(WSR) s-1 

136 ± 

31 

130-143 130 ± 

26 

124-135 0.11 

Mean Wall Shear 

Stress(WSS) 

dynes/cm² 

7.98 ± 

2.50 

7.46-8.50 6.57 ± 

1.63 

6.23-6.91 <0.001 

Undifferentiated 
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Mean Diameter(D) µm 24.16 ± 

6.98 

22.43-

25.89 

23.80 ± 

6.46 

22.07-

25.53 

0.876 

Mean Axial 

Velocity(Va) mm/s 

0.56 ± 

0.10 

0.53-0.58 0.55 ± 

0.10 

0.52-0.57 0.46 

Mean Cross Sectional 

Velocity(CSV) mm/s 

0.39 ± 

0.07 

0.37-0.41 0.38 ± 

0.07 

0.36-0.40 0.464 

Mean Blood Flow 

Rate(Q) pl/s 

193 ± 

110 

166-183 196 ± 

110 

166-225 0.888 

Mean Wall Shear 

Rate(WSR) s-1 

146 ± 

54 

133-160 147 ± 

47 

135-160 0.763 

Mean Wall Shear 

Stress(WSS) 

dynes/cm² 

8.32 ± 

3.09 

7.54-9.10 7.46 ± 

2.82 

6.70-8.21 0.166 

*Mann-Whitney U test. 
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Figure 5.3. Box plot of arteriolar A.) Diameter µm, B.) Axial Velocity mm/s, C.) Cross-Sectional Velocity mm/s and D.) Blood Flow 

Rate pl/s results for pre-TAVI, post-TAVI and control groups. Mann-Whitney U test *p<0.05,***p<0.001. 

Pre-TAVI n=94, Post-TAVI n=94 and Controls n=85.
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Figure 5.4. Box plot of arteriolar Wall Shear Rate (WSR) s-1 and Wall Shear Stress (WSS) dynes/cm² 

A.) WSR s-1 results for pre-TAVI, post-TAVI and control groups B.) WSS dynes/cm² results for pre-TAVI and post-TAVI group 

Pre-TAVI n=94, Post-TAVI n=94 and Controls n=85. Mann-Whitney U test *p<0.05,***p<0.001.
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A total of 94 patients with severe aortic stenosis referred for TAVI were recruited to 

the study, but matching vessels pre- and post-TAVI were only found for 37 patients. 

There were 71 vessels found to match between the pre and post imaging for 

assessment. The baseline characteristics of the participants are presented in Table 

5.9 below. The results of the ocular parameters from the conjunctival imaging pre- 

and post-TAVI are presented in Table 5.10. The WSS was significantly reduced from 

pre- to post-TAVI (7.91 ± 3.91 to 6.47 ± 2.97 dynes/cm², p=0.014) as shown in 

Figure 5.5. However, no further significant differences in the ocular parameters (to 

include diameter, axial velocity, cross-sectional velocity and wall shear rate) were 

reported in the matched vessel segments pre- vs post-TAVI. 

 

Figure 5.5. Line graph showing reduction of Wall Shear Stress (WSS) dynes/cm² 

from pre- to post-TAVI. Pre- to post-TAVI n=37. 

n=37n=37
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Table 5.9. Baseline characteristics: matched vessel TAVI cohort 

Characteristic Matched Vessel TAVI Cohort 

n=37 

Age (years) 82.0 ± 6.9 

Gender (no. (%) male) 12 (32.4) 

Height (m) 1.63 ± 0.10 

Weight (kg) 72.3 ± 16.2 

Heart Rate (bpm) 76 ± 11 

Systolic Blood Pressure (mmHg) 140 ± 20 

Diastolic Blood Pressure (mmHg) 70 ± 13 

Medical History  

(no. (%) yes) 

Hypertension 

Diabetes Mellitus  

Hypercholesterolaemia 

MI 

Stroke 

TIA 

PVD 

 

 

23 (62.2) 

11 (29.7) 

25 (67.6) 

2 (5.4) 

3 (8.1) 

3 (8.1) 

6 (16.6) 

 

Medications 

(no. (%) yes) 

Antiplatelet 

Anticoagulant 

 

 

27 (73.0) 

10 (27.0) 
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ACE inhibitor 

ARB 

Beta blocker 

Ca-channel blocker 

Diuretic 

Statin 

 

7 (18.9) 

4 (10.8) 

18 (48.6) 

10 (27.0) 

17 (46.0) 

22 (59.5) 

Clinical Measurements Pre-TAVI  

n=37 

Post-TAVI 

n=37 

*p Value 

Oxygen Saturation (%) 97.5 ± 1.8 98.1 ± 2.1 0.125 

Intra-aortic Systolic Pressure (mmHg) 159.1 ± 

25.7 

149.5 ± 

21.6 

0.092 

Intra-aortic Diastolic Pressure (mmHg) 63.8 ± 13.0 56.5 ± 11.3 0.017 

Left Ventricular Ejection Fraction (%) 54.3 ± 10.6 56.8 ± 8.3 0.279 

Abbreviations: 

ACE= Angiotensin Converting Enzyme, ARB= Angiotensin Receptor Blocker, Ca= 

Calcium, MI= Myocardial Infarction, PVD= Peripheral Vascular Disease, TIA= 

Transient Ischemic Attack. *Mann-Whitney U test. 
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Table 5.10. Ocular parameters of the matched vessel TAVI cohort 

Ocular parameter Pre-TAVI (severe 

aortic stenosis) 

n=71  

Matched Post-

TAVI 

 

n=71 

*p value 

Diameter (µm) 27.57 ± 8.23 28.20 ± 8.12 0.341 

Axial Velocity 

(mm/s) 

0.59 ± 0.17 0.58 ± 0.17 0.885 

Cross-Sectional 

Velocity (mm/s) 

0.40 ± 0.12 0.39 ± 0.11 0.853 

Blood Flow Rate 

(pl/s) 

259 ± 161 263 ± 155 0.911 

Wall Shear Rate  

(s-1) 

129 ± 57 124 ± 58 0.619 

Wall Shear Stress 

(dynes/cm2) 

7.91 ± 3.91 6.47 ± 2.97 0.014 

*Mann-Whitney U test. 

 

5.5 Discussion (in-depth discussion continued in Chapter 8) 

 

Comparison of the controls against the TAVI cohort showed no significant 

differences between the ocular parameters. However, it was noted that the blood 

flow rate was markedly increased for both these groups, who were considerably 

older in comparison to our previous high risk cardiovascular disease (age= 57 ± 12 
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years, blood flow rate= 154 ± 125 pl/s) and control group (age= 53 ± 10 years, blood 

flow rate= 153 ± 124 pl/s) (Brennan et al., 2021a). This suggests that aging, or 

senescence, may be an important factor in determining the blood flow rate. Older 

age is also associated with an increased number of comorbidities and medications 

as demonstrated within the results. These findings are emulated in the study by 

Ungvari et al. (2010) that also indicate aging to be associated with endothelial 

dysfunction in the absence of other cardiovascular disease risk factors.  

 

The blood biomarkers suggest significant differences in lipid, coagulation and 

inflammatory markers that may reflect atherosclerotic processes to include lipid-

infiltration, inflammation and fibrosis (Phua et al., 2022). NTproBNP was significantly 

increased and may reflect the increased number of subjects in the TAVI cohort with 

heart failure. Biomarkers such as increased urea, creatinine and reduced creatinine 

clearance may also reflect the increased number of subjects in the TAVI cohort with 

renal disease. Creatinine clearance was found to significantly improve post-TAVI. 

There was still a reduction in haematocrit and haemoglobin, potentially, due to 

bleeding complications. Reduction in platelet count was also found, as well as an 

increase in white cell count, prothrombin time and CRP post-TAVI this may indicate 

platelet activation and a systemic thromboinflammatory response (Gallet et al., 2013; 

Kalińczuk et al., 2019). 

 

The pre- vs post-TAVI study revealed the conjunctival imaging application was able 

to detect arteriolar improvements of axial velocity, cross-sectional velocity and wall 

shear rate, and reductions in venular wall shear stress. The increased axial and 
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cross-sectional velocity agree with findings from Camuglia et al. (2014) and Vendrik 

et al. (2020) that suggest immediate and long-term (6-12 months) improvement of 

coronary microvascular function. A reduction of venular wall shear stress may be 

due to thrombogenic activity associated with TAVI (Ranasinghe et al., 2019; Balogh 

et al., 2019; Laflamme et al., 2015). Reductions of wall shear stress were also found 

for the matched pre- vs post-TAVI vessel segments in this study. Similarly, Ishii et al. 

(2019) also found a reduction in aortic wall shear stress. A reduction of intra-aortic 

diastolic blood pressure was also reported post-TAVI for this cohort, and this finding 

reiterates results from the study by Perlman et al. (2013), suggesting this may be 

due to mild aortic regurgitation post-TAVI.  

 

Conclusion 

 

To the best of our knowledge, this study was the first to assess the conjunctival 

microcirculation of valvular disease, specifically, of severe aortic stenosis patients 

before and after TAVI. This study highlights the possibilities of the non-invasive 

conjunctival microvascular imaging tool as a means to assess microvascular function 

in valvular heart disease. The increased axial and cross-sectional velocity of 

arterioles post-TAVI demonstrates an improvement in the haemodynamics of the 

conjunctival microcirculation following TAVI. Future research should longitudinally 

assess these haemodynamic parameters. 
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Chapter 6: Use of an In-House Developed Application in Coronary 

Microvascular Disease (CMD) 

 

 

One-tailed null hypothesis: The in-house developed application can detect 

alterations of the conjunctival microcirculation within the CMD cohort. 

 

One-tailed alternative hypothesis: The in-house developed application cannot 

detect alterations of the conjunctival microcirculation within the CMD cohort. 

 

 

6.1 Abstract 

 

Introduction: 

The larger epicardial coronary vessels have been extensively assessed through 

coronary angiography. Pathophysiology of the coronary microcirculation is not fully 

understood, and this may be in part due to the nature of invasive testing. Coronary 

microvascular dysfunction is also linked to an increased risk of cardiovascular 

disease. The aim of this study was to conduct non-invasive assessment of systemic 

microvascular dysfunction using the conjunctival microcirculation imaging application 

on CMD patients compared to controls. 

Methods: 
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Patients referred for pressure wire study due to chest pain or shortness of breath, 

but no significant evidence of epicardial disease, were recruited to the study only 

after fully informed consent was obtained. Lifestyle demographics, anthropometric 

and clinical measurements were gathered within the data collection questionnaire. 

All study participants had an ocular examination, whereby the conjunctival vessels 

were imaged using the slit lamp and iPhone system. Collected videos were 

processed using the smartphone-based application. Blood samples were also 

collected and tested for a selection of markers to include electrolytes, lipids and 

inflammatory markers. 

Results: 

48 CMD and 68 controls were included in the study. Significant reductions of axial 

and cross sectional velocities (0.55 ± 0.06 mm/s to 0.53 ± 0.04 mm/s, p=0.036 and 

0.38 ± 0.04 to 0.37 ± 0.03 mm/s, p=0.038, respectively) were observed within the 

CMD cohort. Comparably, a selection of lipid and inflammatory blood biomarkers to 

include NTproBNP, triglyceride and fibrinogen were also elevated in the CMD cohort. 

Conclusion: 

The pressure wire measurements of the coronary microvasculature may also be 

detected from the measurements of the conjunctival microvasculature using the app. 

The conjunctival vessel measurements alongside blood biomarkers such as 

NTproBNP, HDL, triglyceride and fibrinogen may support cardiovascular risk 

assessment. 
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6.2 Introduction 

 

Coronary microvascular dysfunction is an important contributor to the 

pathophysiology of cardiovascular disease, but often goes undiagnosed. Presently, 

the gold standard diagnostic test for coronary microvascular disease (CMD) is 

invasive coronary function testing that exposes the patient to ionising radiation 

(Mileva et al., 2019). If microvascular dysfunction can be identified beyond the 

coronaries, using the non-invasive method of imaging the conjunctival 

microcirculation, this may have the potential to support non-invasive diagnosis of 

CMD, as well as augment cardiovascular risk prediction. The primary aim of this 

study was to compare and evaluate the haemodynamic parameters of the 

conjunctiva in a CMD group compared to controls, using the conjunctival imaging 

tool and processing application. 

 

6.3 Methods 

 

The key inclusion criteria for the pressure wire cohort included patients recruited 

following invasive coronary angiography investigating symptoms of angina or 

shortness of breath. The fractional flow reserve of all patients recruited to the study 

had to be ≥80. All subjects underwent a pressure wire study to investigate index of 

microcirculatory resistance (IMR) and coronary flow reserve (CFR). The pressure 

wire positive group included those with a diagnosis of CMD (IMR ≥25 or CFR <2.0). 

The negative pressure wire group included those without a diagnosis of CMD (IMR 

<25 or CFR ≥2.0). The exclusion criteria included <18 years of age, pregnant, 
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inability to consent, history of conjunctival inflammation or contact lens use in the 24 

hours prior to recruitment, haemodynamically significant valvular heart disease, left 

ventricular ejection fraction <40% or previous coronary artery bypass graft (CABG). 

Using the smartphone and slit lamp imaging system and corresponding processing 

application, the conjunctival vascular imaging was conducted for both the CMD and 

control groups, and the clinical demographics and blood biomarkers were also 

tested. 

 

Statistical Analysis: 

Statistical analyses were performed using IBM SPSS v 27. Descriptive statistics 

(mean ± standard deviation (SD) and 95% confidence intervals (CI)) were used for 

parametric continuous data. Percentages were used for summarising categorical 

data. Chi-squared test was used to determine the association between categorical 

variables. Student’s t-test was used to examine the differences between group 

means for parametric data. Where the assumptions of the Student’s t-test were 

unmet, the Mann Whitney U test was used. Normality of continuous variables was 

assessed using the Kolmogorov-Smirnov test.  

 

6.4 Results 

 

Cohort Baseline Characteristics: 

A total of 119 patients were recruited to the pressure wire cohort. However, 8 

patients were excluded due to inaccuracies within the pressure wire measurements. 
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The negative pressure wire cohort consisted of 68 patients and the positive pressure 

wire cohort consisted of 43 patients. As recorded in Table 6.1, no significant 

differences in baseline characteristics were reported between the negative and 

positive pressure wire groups except for heart rate. Heart rate was significantly 

increased in the positive pressure wire group compared to the negative pressure 

wire group (65.2 ± 9.2 bpm vs 72.6 ± 14.3 bpm, p=0.009). 

 

Table 6.1. Pressure wire cohort baseline characteristics 

Patient 

Characteristic 

Pressure 

wire 

negative 

(Controls) 

n= 68 

patients 

95% CI Pressure 

wire 

positive 

(CMD) 

n= 43 

patients 

95% CI *p value 

Age (years) 63.1 ± 9.2 60.9-65.3 66.0 ± 9.8 63.0-69.0 0.077 

Gender  

(no. (%) male) 

42 (61.8) n/a 21 (48.8) n/a 0.18 $ 

Handedness 

(no. (%) right) 

59 (86.8) n/a 38 (88.4) n/a 0.52 $ 

Height (cm) 169.5 ± 9.4 167.3-

171.8 

167.7 ± 8.7 165.0-

170.4 

0.258 

Weight (kg) 89.0 ± 20.4 84.1-94.0 82.8 ± 16.7 77.7-87.9 0.129 

BMI (kg/m²) 31.0 ± 6.8 29.3-32.6 29.4 ± 5.7 27.7-31.2 0.132 

Clinical 
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Mean Systolic 

Blood 

Pressure 

(mmHg) 

125.2 ± 

15.8 

121.5-

129.1 

124.6 ± 

17.0 

119.3-

129.8 

0.58 

Mean Diastolic 

Blood 

Pressure 

(mmHg) 

72.4 ± 10.7 69.8-75.0 70.5 ± 9.6 67.6-73.5 0.635 

Systolic Blood 

Pressure SD 

8.0 ± 5.0 6.8-9.2 7.5 ± 5.7 5.7-9.2 0.325 

Heart Rate 

(bpm) 

65.2 ± 9.2 63.0-67.5 72.6 ± 14.3 68.2-77.0 0.009 

Resting 

Oxygen 

Saturation (%) 

97.2 ± 1.5 96.9-97.6 96.9 ± 1.5 96.4-97.3 0.298 

Temperature 

(°C) 

36.1 ± 0.5 36.0-36.2 36.0 ± 0.5 35.9-36.2 0.947 

QRISK3 Score 18.61 ± 

11.91 

15.73-

21.50 

21.90 ± 

15.84 

17.02-

26.77 

0.333 

Score of 

healthy person 

with same age, 

sex and 

ethnicity (%) 

10.69 ± 

6.32 

9.16-12.22 12.87 ± 

6.51 

10.87-

14.88 

0.051 

Relative Risk 2.21 ± 2.09 1.71-2.72 1.87 ± 1.56 1.39-2.35 0.452 
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Factor 

Smoking 

Years 

14.8 ± 17.8 10.4-19.1 17.19 ± 

20.4 

10.9-23.5 0.619 

Number 

Cigarettes per 

Day 

10.6 ± 14.4 7.1-14.1 12.9 ± 17.0 7.6-18.2 0.701 

Years Since 

Stopped 

Smoking 

6.7 ± 11.9 3.8-5.4 7.6 ± 11.8 3.8-11.3 0.935 

Smoking Pack 

Years 

14.9 ± 23.0 9.3-20.6 21.4 ± 31.4 11.7-31.2 0.454 

Alcohol Intake 

days/week 

2.0 ± 1.6 1.5-2.5 2.6 ± 2.8 1.5-3.8 0.865 

Units Alcohol 

per Week  

11.1 ± 19.1 5.01-17.08 11.8 ± 18.8 4.2-19.4 0.556 

Days Exercise 

per Week 

2.7 ± 3.0 2.0-3.4 2.1 ± 2.8 1.2-3.0 0.271 

Smoking 

History (yes 

(%)) 

35 (51.5) n/a 23 (53.5) n/a 0.836 $ 

Exercise (yes 

(%)) 

36 (52.9) n/a 18 (41.9) n/a 0.255 $ 

*Mann-Whitney U test, $ Chi-squared test. 
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Comorbidity: 

Asthma was the only comorbidity that was significantly increased in the positive 

pressure wire group compared to the negative (0% vs 7%, p=0.027). Family history 

of comorbidities was similar between the groups also, as shown in Table 6.2. 

 

Table 6.2. Pressure wire cohort comorbidities 

Comorbidities (Frequency (% 

yes)) 

Controls  

n= 68 

CMD 

n= 43 

*p 

value 

Hypertension 36 (52.9) 22 (51.2) 0.855 

Diabetes 21 (30.9) 13 (30.2) 0.942 

COPD 4 (5.9) 6 (14.0) 0.148 

Hypercholesterolaemia 51 (75.0) 37 (86.0) 0.162 

IHD 26 (38.2) 13 (30.2) 0.39 

Previous MI >90days 16 (23.5) 10 (23.3) 0.974 

Heart Failure 4 (5.9) 3 (7.0) 0.817 

Previous PCI 25 (36.8) 13 (30.2) 0.48 

Cardiac Surgery 1 (1.5) 0 0.424 

Stroke 6 (8.8) 4 (9.3) 0.932 

TIA 3 (4.4) 5 (11.6) 0.152 

AF 6 (8.8) 8 (18.6) 0.131 

PPM 0 2 (4.7) 0.073 

PVD 1 (1.5) 3 (7.0) 0.129 

VTE 0 1 (2.3) 0.207 
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Bronchiectasis 0 2 (4.7) 0.073 

Asthma 0 3 (7.0) 0.027 

Benign Prostatic Hyperplasia 2 (2.9) 0 0.256 

Breast Cancer 1 (1.5) 0 0.424 

Cataract 1 (1.5) 4 (9.3) 0.053 

Depression 1 (1.5) 3 (7.0) 0.129 

Dry Eyes 1 (1.5) 1 (2.3) 0.741 

Fibromyalgia 0 1 (2.3) 0.207 

Glaucoma 2 (2.9) 0 0.256 

Gout 1 (1.5) 1 (2.3) 0.741 

Hypothyroidism 3 (4.4) 1 (2.3) 0.566 

Lymphoma 0 1 (2.3) 0.207 

Migraine 0 1 (2.3) 0.207 

Musculoskeletal  0 1 (2.3) 0.207 

Osteoarthritis 11 (16.2) 5 (11.6) 0.506 

PAF 5 (7.4) 4 (9.3) 0.714 

Prostate Cancer 2 (2.9) 1 (2.3) 0.846 

Psoriasis 2 (2.9) 0 0.256 

Renal 9 (13.2) 7 (16.3) 0.656 

Renal Calculus 1 (1.5) 0 0.424 

Retinal Detachment 0 1 (2.3) 0.207 

Sleep Disorder 2 (2.9) 0 0.256 

Family History (Frequency (% yes)) 

Cancer  9 9 0.236 
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Diabetes 10 6 0.912 

Heart Disease 37 17 0.155 

Ischemic Heart Disease 37 18 0.198 

Stroke 8 8 0.318 

Alzheimer’s 2 1 0.846 

Parkinson’s 1 0 0.424 

Abbreviations: 

AF= Atrial Fibrillation, COPD= Chronic Obstructive Pulmonary Disorder, IHD= 

Ischemic Heart Disease, MI= Myocardial Infarction, PAF= Paroxysmal Atrial 

Fibrillation, PCI= Percutaneous Coronary Intervention, PF= Pulmonary Fibrosis, 

PPM= Permanent Pacemaker, PVD= Peripheral Vascular Disease, TIA= Transient 

Ischemic Attack, VTE= Venous Thromboembolism 

*Chi-squared test. 

 

Medications: 

Table 6.3 shows that the medications taken by the participants were similar between 

the two pressure wire groups, with significant differences only for anticoagulants 

(controls= 5% vs CMD= 9%, p=0.036) angiotensin receptor blockers (ARB) 

(controls= 5% vs CMD= 10%, p=0.017) and loop diuretics (controls= 2% vs CMD= 

6%, p=0.029).  
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Table 6.3. Pressure wire cohort medications 

Medications (Frequency (% yes)) Controls  

n= 68 

CMD 

n= 43 

*p value 

Aspirin 41 (60.3) 29 (67.4) 0.447 

P2Y12 inhibitor 20 (29.4) 11 (25.6) 0.661 

Anticoagulant 5 (7.4) 9 (20.9) 0.036 

ACE 29 (42.6) 20 (46.5) 0.69 

ARB 5 (7.4) 10 (23.3) 0.017 

MRA 1 (1.5) 1 (2.3) 0.741 

SGLT2 inhibitor 4 (5.9) 7 (16.3) 0.074 

Beta Blocker 41 (60.3) 31 (72.1) 0.205 

Ca-Channel Blocker 15 (22.1) 14 (32.6) 0.22 

Thiazide diuretic 5 (7.4) 5 (11.6) 0.443 

Loop diuretic 2 (2.9) 6 (14.0) 0.029 

Other anti-hypertensive 5 (7.4) 3 (7.0) 0.94 

Ranolazine 5 (7.4) 8 (18.6) 0.073 

Nicorandil 3 (4.4) 4 (9.3) 0.302 

Nitrate 25 (36.8) 18 (41.9) 0.591 

Statin 55 (80.9) 37 (86.0) 0.482 

Cholesterol absorption inhibitor 2 (2.9) 3 (7.0) 0.318 

Abbreviations: 

ACE= Angiotensin-Converting Enzyme, ARB= Angiotensin Receptor Blocker, Ca= 

Calcium, MRA= Mineralocorticoid Receptor Antagonist, SGLT2= Sodium-Glucose 

Cotransporter-2. *Chi-squared test. 
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Blood Biomarkers: 

Comparable to the transcatheter aortic valve implantation (TAVI) controls vs the 

TAVI cohort, N-Terminal pro B-type natriuretic peptide (NTproBNP) was significantly 

increased for the pressure wire positive (CMD) group (910.00 ± 3000.54 ng/L) 

compared to the pressure wire negative (Control) group (199.36 ± 290.64 ng/L, 

p=0.01). High Density Lipoprotein (HDL) (Control= 1.20 ± 0.31 mmol/L vs CMD= 

1.32 ± 0.39 mmol/L, p=0.042) and fibrinogen (Control= 3.34 ± 0.63 g/L vs CMD= 

3.76 ± 0.85 g/L, p=0.016) were also significantly elevated in the positive group. 

However, triglyceride (Control= 1.80 ± 0.88 mmol/L vs CMD= 1.65 ± 1.51 mmol/L, 

p=0.046) and cholesterol:HDL (Control= 3.41 ± 1.24 vs CMD= 2.92 ± 0.70, p=0.044) 

were significantly reduced in the positive group. 

No significant differences were found for the following biomarkers between the 

pressure wire negative and the pressure wire positive group respectively; glycated 

haemoglobin A1C (HbA1C) (44.15 ± 12.76 mmol/L vs 43.74 ± 15.80 mmol/L, 

p=0.381), sodium (139.06 ± 2.17 mmol/L vs 139.56 ± 2.81 mmol/L, p=0.185), 

potassium (4.31 ± 0.35 mmol/L vs 4.30 ± 0.41 mmol/L, p=0.413), urea (5.48 ± 1.52 

mmol/L vs 5.76 ± 2.02 mmol/L, p=0.667), creatinine (84.26 ± 15.49 µmol/L vs 79.93 

± 23.66 µmol/L, p=0.057), creatinine clearance (104.60 ± 39.71 ml/min vs 99.14 ± 

30.57 ml/min, p=0.73), Haemoglobin (HGB) (138.93 ± 13.57 g/L vs 137.05 ± 12.58 

g/L, p=0.622), Haematocrit (HCT) (0.41 ± 0.04 L/L vs 0.41 ± 0.03 L/L, p=0.57), White 

Cell Count (WCC) (7.35 ± 1.71 vs 7.87 ± 2.61, p=0.584), platelet count (244.9 ± 

59.39 vs 258.86 ± 65.45, p=0.361), Mean Corpuscular Volume (MCV) (88.47 ± 5.54 

fl vs 89.77 ± 5.46 fl, p=0.122), total cholesterol (3.86 ± 1.08 mmol/L vs 3.74 ± 0.92 

mmol/L, p=0.754), Low Density Lipoprotein (LDL) (1.86 ± 0.96 mmol/L vs 1.71 ± 0.76 

mmol/L, p=0.948), non-HDL (2.67 ± 1.09 mmol/L vs 2.43 ± 0.77 mmol/L, p=0.441), 
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prothrombin time (11.79 ± 1.39 s vs 11.61 ± 1.08 s, p=0.57), Activated Partial 

Thromboplastin Time (APTT) (31.61 ± 16.70 s vs 31.51 ± 14.30 s, p=0.927), urate 

(0.33 ± 0.07 mmol/L vs 0.33 ± 0.08 mmol/L, p=0.567), C-Reative Protein (CRP) (2.79 

± 3.31 mg/L vs 3.61 ± 5.02 mg/L, p=0.598), plasma viscosity (1.67 ± 0.11 mPa vs 

1.68 ± 0.09 mPa, p=0.443), apolipoprotein A1 (1.39 ± 0.25 g/L vs 1.42 ± 0.24 g/L, 

p=0.215) and apolipoprotein B (0.79 ± 0.28 g/L vs 0.75 ± 0.16 g/L, p=0.977). Table 

6.4 presents the blood biomarker results of the CMD group compared to the controls. 

 

Table 6.4. Pressure wire cohort blood biomarkers 

Blood 

Biomarkers 

Controls  

n= 68 

95% CI CMD 

n= 43 

95% CI *p value 

HbA1C mmol 

per L 

44.15 ± 

12.76 

41.06-

47.24 

43.74 ± 

15.80 

38.82-

48.66 

0.381 

Sodium mmol 

per L 

139.06 ± 

2.17 

138.53-

139.58 

139.56 ± 

2.81 

138.69-

140.42 

0.185 

Potassium 

mmol per L 

4.31 ± 0.35 4.22-4.39 4.30 ± 0.41 4.17-4.42 0.413 

Urea  

mmol per L 

5.48 ± 1.52 5.11-5.85 5.76 ± 2.02 5.14-6.38 0.667 

Creatinine 

µmol per L 

84.26 ± 

15.49 

80.52-

88.01 

79.93 ± 

23.66 

72.65-

87.21 

0.057 

Formula  

mg per L 

0.95 ± 0.18 0.91-1.0 0.90 ± 0.27 0.82-0.99 0.057 
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Creatinine 

Clearance mL 

per min 

104.60 ± 

39.71 

94.99-

114.21 

99.14 ± 

30.57 

89.73-

108.55 

0.73 

HGB  

g per L 

138.93 ± 

13.57 

135.64-

142.21 

137.05 ± 

12.58 

133.17-

140.92 

0.622 

Haematocrit L 

per L 

0.41 ± 0.04 0.40-0.42 0.41 ± 0.03 0.40-0.42 0.57 

White cell 

count 

7.35 ± 1.71 6.94-7.77 7.87 ± 2.61 7.07-8.68 0.584 

Platelet count 244.9 ± 

59.39 

230.52-

259.27 

258.86 ± 

65.45 

238.72-

279.00 

0.361 

MCV fl 88.47 ± 

5.54 

87.13-

89.81 

89.77 ± 

5.46 

88.09-

91.45 

0.122 

NtproBNP ng 

per L 

199.36 ± 

290.64 

126.76-

271.96 

910.00 ± 

3000.54 

25.03-

1845.03 

0.01 

Total 

Cholesterol 

mmol per L 

3.86 ± 1.08 3.59-4.12 3.74 ± 0.92 3.46-4.02 0.754 

Triglyceride 

mmol per L 

1.80 ± 0.88 1.58-2.00 1.65 ± 1.51 1.19-2.12 0.046 

HDL  

mmol per L 

1.20 ± 0.31 1.12-1.27 1.32 ± 0.39 1.21-1.43 0.042 

LDL  

mmol per L 

1.86 ± 0.96 1.63-1.80 1.71 ± 0.76 1.48-1.95 0.948 
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NonHDL mmol 

per L 

2.67 ± 1.09 2.40-2.94 2.43 ± 0.77 2.19-2.66 0.441 

Cholesterol:H

DL Ratio 

3.41 ± 1.24 3.11-3.71 2.92 ± 0.70 2.71-3.14 0.044 

Prothrombin 

Time secs 

11.79 ± 

1.39 

11.43-

12.14 

11.61 ± 

1.08 

11.25-

11.97 

0.57 

APTT secs 31.61 ± 

16.70 

27.34-

35.89 

31.51 ± 

14.30 

26.74-

36.27 

0.927 

Fibrinogen  

g per L 

3.34 ± 0.63 3.17-3.50 3.76 ± 0.85 3.48-4.05 0.016 

Urate  

mmol per L 

0.33 ± 0.07 0.31-0.35 0.33 ± 0.08 0.30-0.35 0.567 

CRP  

mg per L 

2.79 ± 3.31 1.97-3.61 3.61 ± 5.02 2.05-5.17 0.598 

Plasma 

Viscosity mPa 

1.67 ± 0.11 1.65-1.70 1.68 ± 0.09 1.65-1.71 0.443 

Apolipoprotein 

A1  

g per L 

1.39 ± 0.25 1.32-1.45 1.42 ± 0.24 1.35-1.50 0.215 

Apolipoprotein 

B  

g per L 

0.79 ± 0.28 0.72-0.86 0.75 ± 0.16 0.70-0.80 0.977 

Abbreviations: 

APTT= Activated Partial Thromboplastin Time, CRP= C-Reactive Protein, HbA1C= 

Haemoglobin A1C, HGB= Haemoglobin, HDL= High Density Lipoprotein, LDL= 
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Low Density Lipoprotein, MCV= Mean Corpuscular Volume, NtproBNP= N-

terminal Pro-Brain type Natriuretic Peptide. *Mann-Whitney U test. 

 

Ocular Parameters of the Pressure Wire Negative Group vs the Pressure Wire 

Positive Group: 

As shown in Table 6.5 and by Figure 6.1, mean axial and cross-sectional velocity 

were significantly reduced in the pressure wire positive group compared to the 

pressure wire negative group (mean axial velocity; Control= 0.55 ± 0.06 mm/s vs 

CMD= 0.53 ± 0.04 mm/s, p=0.036, mean cross-sectional velocity; Control= 0.38 ± 

0.04 mm/s vs CMD= 0.37 ± 0.03 mm/s, p=0.038). Figure 6.2 illustrates the results of 

mean diameter, blood flow rate, wall shear rate and wall shear stress. The results of 

the vessel differentiation show that this difference may be largely due to the venules 

(mean axial velocity; Control venules= 0.55 ± 0.07 mm/s vs CMD venules= 0.53 ± 

0.05 mm/s, p=0.042, mean cross-sectional velocity; Control venules= 0.38 ± 0.05 

mm/s vs CMD venules= 0.37 ± 0.03 mm/s p=0.044) as shown by Figure 6.3. Figure 

6.4 shows the vessel differentiation results for diameter, blood flow rate, wall shear 

rate and wall shear stress. The results of the vessel segment analysis are provided 

in Table S6.
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Figure 6.1. Box plot of A.) Axial Velocity mm/s (p=0.036) and B.) Cross-Sectional Velocity mm/s (p=0.038) results for negative 

(controls) versus positive (CMD) pressure wire groups 

Controls n=68 and CMD n=43. Mann-Whitney U test *p<0.05.
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Figure 6.2. Box plot of A.) Diameter µm (p=0.59), B.) Blood Flow Rate pl/s (p=0.287), C.) Wall Shear Rate s-1 (p=0.624) and D.) 

Wall Shear Stress dynes/cm² (p=0.057) results for negative (controls) versus positive (CMD) pressure wire group. Controls n= 68 

and CMD n=43. *Mann-Whitney U test.
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Table 6.5. Pressure wire cohort ocular parameters 

Overall 

Comparison 

Controls  

n= 68 

patients 

95% CI CMD 

n= 43 

patients 

95% CI *p value 

Mean 

Diameter(D) 

µm 

24.55 ± 

3.21 

23.77-

25.33 

24.32 ± 

3.18 

23.34-

25.30 

0.59 

Mean Axial 

Velocity(Va) 

mm/s 

0.55 ± 0.06 0.53-0.56 0.53 ± 0.04 0.51-0.54 0.036 

Mean Cross 

Sectional 

Velocity(CSV) 

mm/s 

0.38 ± 0.04 0.37-0.39 0.37 ± 0.03 0.36-0.38 0.038 

Mean Blood 

Flow Rate(Q) 

pl/s 

196 ± 50 184-208 186 ± 44 172-199 0.287 

Mean Wall 

Shear 

Rate(WSR) s-1 

143 ± 30 136-150 141 ± 27 132-149 0.624 

Mean Wall 

Shear 

Stress(WSS) 

dynes/cm² 

9.39 ± 2.65 8.75-10.03 9.06 ± 2.12 8.40-9.71 0.557 
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Arteriole  

Mean 

Diameter(D) 

µm 

21.56 ± 

6.39 

19.78-

23.34 

20.78 ± 

5.15 

19.09-

22.47 

0.311 

Mean Axial 

Velocity(Va) 

mm/s 

0.55 ± 0.12 0.52-0.59 0.53 ± 0.12 0.49-0.57 0.285 

Mean Cross 

Sectional 

Velocity(CSV) 

mm/s 

0.39 ± 0.08 0.37-0.42 0.37 ± 0.09 0.35-0.40 0.327 

Mean Blood 

Flow Rate(Q) 

pl/s 

156 ± 91 131-181 142 ± 82 115-169 0.369 

Mean Wall 

Shear 

Rate(WSR) s-1 

171 ± 84 148-195 164 ± 62 143-184 0.922 

Mean Wall 

Shear 

Stress(WSS) 

dynes/cm² 

11.18 ± 

5.45 

9.67-12.70 10.52 ± 

3.74 

9.29-11.75 0.941 

Venule  
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Mean 

Diameter(D) 

µm 

25.08 ± 

3.55 

24.20-

25.95 

25.24 ± 

4.00 

24.00-

26.49 

0.777 

Mean Axial 

Velocity(Va) 

mm/s 

0.55 ± 0.07 0.54-0.57 0.53 ± 0.05 0.52-0.55 0.042 

Mean Cross 

Sectional 

Velocity(CSV) 

mm/s 

0.38 ± 0.05 0.37-0.40 0.37 ± 0.03 0.36-0.38 0.044 

Mean Blood 

Flow Rate(Q) 

pl/s 

204 ± 56 191-218 200 ± 54 183-217 0.835 

Mean Wall 

Shear 

Rate(WSR) s-1 

139 ± 33 131-147 138 ± 33 127-148 0.715 

Mean Wall 

Shear 

Stress(WSS) 

dynes/cm² 

9.10 ± 2.63 8.45-9.75 8.93 ± 2.36 8.20-9.66 0.738 

Undifferentiated  

Mean 

Diameter(D) 

µm 

23.73 ± 

6.57 

21.88-

25.58 

21.69 ± 

4.20 

20.15-

23.23 

0.137 
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Mean Axial 

Velocity(Va) 

mm/s 

0.55 ± 0.08 0.53-0.57 0.51 ± 0.09 0.48-0.55 0.099 

Mean Cross 

Sectional 

Velocity(CSV) 

mm/s 

0.39 ± 0.06 0.37-0.40 0.36 ± 0.06 0.34-0.38 0.182 

Mean Blood 

Flow Rate(Q) 

pl/s 

192 ± 118 159-225 147 ± 65 123-171 0.055 

Mean Wall 

Shear 

Rate(WSR) s-1 

150 ± 51 136-164 147 ± 43 131-163 0.981 

Mean Wall 

Shear 

Stress(WSS) 

dynes/cm² 

9.92 ± 3.62 8.90-10.94 9.35 ± 2.84 8.31-10.39 0.643 

*Mann-Whitney U test. 
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Figure 6.3. Vessel differentiation of A.) Axial Velocity (Va) mm/s and B.) Cross-Sectional Velocity (CSV) mm/s for negative 

(controls) versus positive (CMD) pressure wire groups. *Mann-Whitney U test.  

A.) Arteriole Pressure Wire Negative=0.55±0.12mm/s, Venule Pressure Wire Negative=0.55±0.07mm/s, Undifferentiated Pressure 

Wire Negative=0.55±0.08mm/s; Arteriole Pressure Wire Positive=0.53±0.12mm/s, Venule Pressure Wire Positive=0.53±0.05mm/s, 
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Undifferentiated Pressure Wire Positive=0.51±0.09mm/s. B.) Arteriole Pressure Wire Negative=0.39±0.08mm/s, Venule Pressure 

Wire Negative=0.38±0.05mm/s, Undifferentiated Pressure Wire Negative=0.39±0.06mm/s; Arteriole Pressure Wire 

Positive=0.37±0.09mm/s, Venule Pressure Wire Positive=0.37±0.03mm/s, Undifferentiated Pressure Wire 

Positive=0.36±0.06mm/s. Controls n=68 and CMD n=43. *p<0.05.
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Figure 6.4. Vessel differentiation of A.) Diameter (D) µm, B.) Blood Flow Rate (Q) pl/s, C.) Wall Shear Rate (WSR) s-1 and D.) Wall 

Shear Stress (WSS) dynes/cm² for negative (controls) versus positive (CMD) pressure wire groups. Controls n=68 and CMD n=43. 

                

             

             

             

             

             

             



195 
 

A.) Arteriole Pressure Wire Negative=21.36±6.31µm, Venule Pressure Wire Negative=25.08±3.55µm, Undifferentiated Pressure 

Wire Negative=23.73±6.57µm, Arteriole Pressure Wire Positive=20.78±5.15µm, Venule Pressure Wire Positive=25.24±400µm, 

Undifferentiated Pressure Wire Positive=21.69±4.20µm; B.) Arteriole Pressure Wire Negative=156±91pl/s, Venule Pressure Wire 

Negative=204±56 pl/s, Undifferentiated Pressure Wire Negative=192±118 pl/s, Arteriole Pressure Wire Positive=142±82 pl/s, 

Venule Pressure Wire Positive=200±54 pl/s, Undifferentiated Pressure Wire Positive=147±65 pl/s; C.) Arteriole Pressure Wire 

Negative=171±84s-1, Venule Pressure Wire Negative=139±33s-1, Undifferentiated Pressure Wire Negative=150±51s-1, Arteriole 

Pressure Wire Positive=164±62s-1, Venule Pressure Wire Positive=138±33s-1, Undifferentiated Pressure Wire Positive=147±43s-1; 

D.) Arteriole Pressure Wire Negative=11.18±5.45dynes/cm², Venule Pressure Wire Negative=9.1±2.63 dynes/cm², Undifferentiated 

Pressure Wire Negative=9.92±3.62 dynes/cm², Arteriole Pressure Wire Positive=10.52±3.74 dynes/cm², Venule Pressure Wire 

Positive=8.93±2.36 dynes/cm², Undifferentiated Pressure Wire Positive=9.35±2.84 dynes/cm².  *Mann-Whitney U test.
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6.5 Discussion (in-depth discussion continued in Chapter 8) 

 

The finding of increased heart rate in the CMD compared to the control group agrees 

with the study by Haider et al. (2019) that reports a significantly higher baseline heart 

rate in patients with abnormal coronary flow reserve (p<0.001). Similarly, the number 

of subjects with a history of asthma was increased in the CMD group, and it is 

possible that this may have been a cofounding factor. Tikhonova et al. (2015) found 

alterations of the blood flow oscillations in subjects with asthma compared to the 

control group.  

 

In this study, the biomarkers that showed significant differences between the CMD 

and control groups included NTproBNP, HDL, triglyceride and Fibrinogen. A recent 

study by Östlund-Papadogeorgos also demonstrated a correlation between 

NTproBNP levels and CMD. However, the evidence is mixed with Jones et al. (2014) 

suggesting no correlation between NTproBNP levels and CMD in a study of 224 

women. Therefore, future larger studies may be required to investigate this 

relationship. A study by Liu et al. (2020) reports similar results to the study presented 

here, supporting the use of the biomarker triglyceride as a sub-clinical marker of 

myocardial injury. Lastly, fibrinogen has also previously been reported in the study 

by Lassé et al. (2021) to be a potential predictor of cardiovascular risk. 

 

 Expectedly, as based on the results of the earlier studies of this project, this study 

also found overall reductions of wall shear stress, axial velocity and cross-sectional 

velocity using the conjunctival imaging tool and processing application. This is also 
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the first study with results to suggest alterations of conjunctival microvascular 

function reflect those of coronary microvascular function. The results suggest the 

finding of a reduction in axial/cross-sectional velocity is more prevalent in venules, 

but this may be due to the conjunctival vasculature consisting of more venules. A 

review by Feuer et al. (2022) proposes that alterations in microvascular function are 

reflective of systemic pathophysiology.  

 

Limitations: 

Except for angiotensin receptor blockers (ARB) and loop diuretics used to treat high 

blood pressure, and anticoagulants, used to reduce the risk of blood clots, no 

significant differences in medications were reported between the groups. In-depth 

analysis of the effect of these medications showed no significant association with the 

conjunctival microcirculation parameters of axial/cross-sectional velocity or wall 

shear stress. 

 

Conclusion 

 

The findings presented in this study support the hypothesis that alterations in the 

coronary microcirculation may also be identified beyond the coronaries, in the 

conjunctival microcirculation, due to systemic microvascular dysfunction. This study 

imparts substantiating evidence and pre-clinical data on the efficacy of this pre-

clinical application to predict microvascular disease. 
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Chapter 7: Haemodynamics and Risk Scoring 

 

 

One-tailed null hypothesis: The conjunctival microcirculation is a target for risk 

stratification, and haemodynamic alterations can be detected between healthy and 

cardiovascular disease groups using the in-house developed application. 

 

One-tailed alternative hypothesis: The conjunctival microcirculation is not a target 

for risk stratification, and haemodynamic alterations cannot be detected between 

healthy and cardiovascular disease groups using the in-house developed 

application. 

 

 

7.1 Abstract 

 

Introduction: 

Conjunctival haemodynamic parameters may be influenced by structural changes 

such as with cardiac remodeling, or with electrical changes such as with arrhythmia 

or pacing. Additionally, increased inter-arm blood pressure differences have been 

associated with increased cardiovascular disease risk. Inter-eye differences of the 

conjunctival microcirculation have not been assessed before. This study aims to 

firstly, investigate comorbidities associated with cardiac remodeling and rhythms that 
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may alter conjunctival haemodynamics, and secondly, identify factors such as inter-

eye differences that may augment cardiovascular risk prediction. 

Methods:  

To investigate cardiac remodeling the ocular parameters of the coronary 

microvascular disease (CMD), diabetes mellitus (DM) and heart failure (HF) groups 

were compared along with a control group. The controls cohort included subjects 

with no history of DM, HF, hypertension, hypercholesterolemia, myocardial infarction, 

stroke, transient ischemic attack, peripheral vascular disease, cyanotic congenital 

heart disease or aortic stenosis. The CMD group comprised of all individuals from 

the entire dataset with CMD but no history of DM or HF, likewise, the DM group 

consisted of all the individuals with DM but no CMD or HF and the HF group 

consisted of all the individuals with HF. To investigate the impact of rhythm on the 

conjunctival haemodynamics, an atrial fibrillation group and a paced group of 

subjects were also compared to controls. Similarly, the atrial fibrillation group 

included all individuals with atrial fibrillation within the entire dataset, and the paced 

group contained all individuals known to have a paced heart rhythm. The inter-eye 

study compared the inter-eye ocular parameter differences of the entire CMD 

(pressure wire positive) group to that of the control (pressure wire negative) group. 

To identify factors that may augment risk prediction, binary logistic regression 

analysis was performed to identify the best predictor variables of the full database 

(consisting of 407 subjects classed into the high risk cardiovascular disease group or 

the control group). Lastly, this control group was stratified by QRISK3 score and the 

ocular parameters were compared. 

Results: 
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Wall shear rate was significantly reduced for CMD, DM and HF compared to 

controls. The area under the curve (AUC) for CMD=0.772, DM=0.686 and HF=0.729. 

Wall shear rate was also significantly reduced in the paced group compared to 

controls (147 ± 31 s-1 vs 132 ± 22 s-1 p=0.027). For the atrial fibrillation group, all 

ocular parameters assessed, except for wall shear rate, were significantly increased 

(p<0.05). Inter-eye differences were increased in the CMD group compared to 

controls. Full database analysis found the best predictors of cardiovascular risk 

classification to be heart rate, axial velocity, N-terminal pro B-type natriuretic peptide 

(NTproBNP) and fibrinogen with an AUC=0.899. QRISK3 score stratification of the 

controls also detected significant differences in ocular parameters between the low, 

moderate and high risk classes. 

Conclusion: 

The findings suggest that conjunctival haemodynamics are influenced by both 

alterations of cardiac structure and rhythm. Conjunctival haemodynamic parameters 

measured using the conjunctival imaging tool and application to include inter-eye 

differences, as well as other biomarkers such as heart rate, NTproBNP and 

fibrinogen may have utility in a multi-biomarker approach to support cardiovascular 

risk prediction.  
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7.2 Introduction 

 

Both structural and electrical changes may impact haemodynamic parameters and 

cardiovascular risk. Therefore, this study aims to assess ocular parameter 

differences in groups of patients where cardiac remodeling may occur to include 

CMD (microvascular remodeling), DM (metabolic-related remodeling) and HF often 

occurring consequent to cardiac remodeling. The study also aims to assess the 

differences of groups of patients with electrical changes to include atrial fibrillation 

and paced groups. Inter-eye differences were also investigated for the CMD group. 

To better assess cardiovascular risk, the full database of ocular parameters for 407 

subjects is considered within the cardiovascular disease and control cohorts they 

were recruited to. Lastly, the controls are stratified by QRISK3 score and the ocular 

parameters defined for a low (<10), moderate (10-20) or high QRISK3 score (>20). 

 

7.3 Methods 

 

This multi-cohort study quantitatively assesses the conjunctival microcirculation 

using the conjunctival imaging tool and processing application. The cohorts 

investigated included controls, patients referred for pressure wire with non-

obstructive coronary arteries but a resulting index of microvascular resistance (IMR) 

≥25 or coronary flow reserve (CFR) <2.0 (CMD group), patients with known DM, HF, 

atrial fibrillation and those with a paced heart rhythm. Fully informed consent was 

obtained from participants prior to enrolment in the study. Participants were recruited 

at the Royal Victoria Hospital, Belfast, UK between January 2018 and March 2022 
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(Integrated Research Application System study number 166742). The study 

conformed to Good Clinical Practice and the Declaration of Helsinki. 

Statistical Analysis: 

Normality was tested using the Kolmogorov-Smirnov test. Continuous variables were 

presented as mean ± standard deviation (SD). A one-way analysis of variance 

(ANOVA) comparison with Games Howell post hoc was used to assess the 

difference between groups of continuous variables. Categorical variables were 

presented as number (%). The Chi-Square test with post hoc testing (adjusted 

standardised residuals and Bonferroni correction) was used to assess the difference 

between categorical variables. To assess the mean inter-eye difference the mean 

results for each patient were calculated for each field of view, and the left side was 

subtracted from the right. Binary logistic regression (using forward wald, backward 

wald and forced entry) was carried out to assess for cardiovascular disease risk 

predictor variables, and receiver operator characteristic (ROC) curves were 

generated.  

 

7.4 Results 

 

Cardiac Remodeling: 

The controls cohort included 47 individuals with no history of DM, HF, hypertension 

(HTN), hypercholesterolemia (HCL), myocardial infarction (MI), stroke, transient 

ischemic attack (TIA), peripheral vascular disease (PVD), cyanotic congenital heart 

disease (CCHD) or aortic stenosis (AS). The CMD cohort included 29 individuals 
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with no diagnosis of DM or HF. The DM cohort included 67 individuals with no 

diagnosis of CMD or HF. The HF group included 55 individuals. Within the HF 

cohort, 2 individuals had co-existing CMD and 18 individuals had co-existing DM. 

The baseline characteristics and ocular results for each cohort are presented in 

Tables 7.1 and 7.2 below.  

 

Table 7.1. Cardiac remodeling cohorts: baseline characteristics 

Characteristic Control 

(n=47) 

CMD 

(n=29) 

DM 

(n=67) 

HF 

(n=55) 

*p value 

Age (years)  54.46 ± 14.3 65.59 ± 9.1 70.48 ± 

13.3 

70.55 ± 

18.1 

<0.001 

Gender  

(no., (%) male) 

31 (68.9) 14 (48.3) 44 (65.7) 32 (58.2) 0.353 $ 

Height (m) 1.68 ± 0.1 1.68 ± 0.1 1.68 ± 0.1 1.68 ± 0.1 0.965 

Weight (kg) 76.5 ± 19 77.4 ± 13 87.1 ± 22 78.9 ± 17 0.013 

Heart Rate 

(bpm) 

70 ± 10 69 ± 12 72 ± 12 75 ± 13 0.042 

Systolic Blood 

Pressure 

(mmHg) 

129 ± 18 127 ± 18 130 ± 16 125 ± 18 0.528 

Diastolic Blood 

Pressure 

(mmHg) 

75 ± 10 71 ± 9 70 ± 9 68 ± 11 0.008 
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Medical 

History 

(no., (%)) 

HTN 

HCL 

MI 

Stroke 

TIA 

PVD 

CCHD 

AS 

N/a  

 

 

12 (41.4) 

24 (82.8) 

5 (17.2) 

2 (6.9) 

1 (3.5) 

1 (3.5) 

0 

0 

 

 

 

45 (67.2) 

52 (77.6) 

10 (14.9) 

6 (9.0) 

5 (7.5) 

3 (4.5) 

0 

16 (23.9) 

 

 

 

37 (67.3) 

36 (65.5) 

14 (25.5) 

3 (5.5) 

8 (14.6) 

9 (16.4) 

7 (12.7) 

35 (63.6) 

 

 

 

<0.001 $ 

<0.001 $ 

0.004 $ 

0.227 $ 

0.031 $ 

0.005 $ 

<0.001 $ 

<0.001 $ 

Abbreviations: 

AS= Aortic Stenosis, CCHD= Cyanotic Congenital Heart Disease, CMD= Coronary 

Microvascular Disease, DM= Diabetes Mellitus, HCL= Hypercholesterolemia, HF= 

Heart Failure, HTN= Hypertension, MI= Myocardial Infarction, PVD= Perioheral 

Vascular Disease, TIA= Transient Ischemic Attack. *Mann-Whitney U test. $ Chi-

squared test. 

 

The mean blood flow rate (Q) was increased in CMD (189 ± 40 pl/s), DM (204 ± 60 

pl/s) and HF (207 ± 72 pl/s) compared to the controls (155 ± 55 pl/s). Mean wall 

shear rate (WSR) was reduced in CMD (134 ± 23 s-1), DM (142 ± 29 s-1) and HF 

(138 ± 27 s-1) compared to the controls (166 ± 39 s-1). ROC analysis of WSR gave 

an area under the curve (AUC) of 0.772 for controls vs CMD, 0.686 for controls vs 

DM and 0.729 for controls vs HF as shown in Figure 7.1. The axial and cross-

sectional velocities were also significantly increased in the DM cohort (0.55 ± 0.07, 
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0.38 ± 0.04 mm/s) compared to the CMD cohort (0.52 ± 0.04, 0.36 ± 0.03 mm/s) 

(p<0.05). However, no significant differences were reported in the mean axial or 

cross-sectional velocity results between the controls and the other groups, but 

significant differences were reported for the mean diameter.  

 

Table 7.2. Cardiac remodeling cohorts: ocular parameters 

Ocular 

Parameter 

Control 

(n=47) 

CMD 

(n=29) 

DM 

(n=67) 

HF 

(n=55) 

*p value 

Diameter 

(µm) 

21.4 ± 3.4 24.8 ± 3.0 24.7 ± 3.4 25.0 ± 4.2 <0.001 

Axial 

Velocity 

(mm/s) 

0.53 ± 0.06 0.52 ± 0.04 0.55 ± 0.07 0.54 ± 0.07 <0.001 

Cross-

Sectional 

Velocity 

(mm/s) 

0.38 ± 0.04 0.36 ± 0.03 0.38 ± 0.04 0.38 ± 0.05 0.001 

Blood Flow 

Rate (pl/s) 

155 ± 55 189 ± 40 204 ± 60 207 ± 72 <0.001 

Wall Shear 

Rate (s-1) 

166 ± 39 134 ± 23 142 ± 29 138 ± 27 <0.001 

Abbreviations: 

CMD= Coronary Microvascular Disease, DM= Diabetes Mellitus, HF= Heart Failure. 

*Mann-Whitney U test. 
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Figure 7.1.  WSR ROC graphs 

A) Controls (n=47) vs CMD (n=29) (cut off point=0.4, sensitivity=72.4%, specificity=62.2%), B) Controls (n=47) vs DM (n=67) 

(cut-off point=0.60, sensitivity=62.7%, specificity=60.0%), C) Controls (n=47) vs HF (n=55) (cut-off point=0.55, 

sensitivity=70.9%, specificity=60.0%)
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Heart Rhythm: 

Total analysis of the heart rhythm for all cohorts recruited in the study showed that 

57 participants recruited to the study had atrial fibrillation (AF), and a separate 21 

participants had a paced heart rhythm. There were 20 subjects excluded from the 

analysis due to undisclosed heart rhythm, or from having another 

electrocardiographic abnormality such as left bundle branch block. The control group 

(n=308) consisted of 187 (60.7%) males with a total mean age of 63.7 ± 14.9 years. 

The controls also had a mean height of 1.68 ± 0.11 m, and a mean weight of 81.51 ± 

19.86 kg. The mean heart rate of the controls was 71 ± 12 bpm, and they had a 

mean systolic blood pressure of 128 ± 19 mmHg and a diastolic blood pressure of 72 

± 11 mmHg. 142 (46.1%) controls had a history of HTN, 69 (22.4%) had DM, 185 

(60.0%) had HCL, 44 (14.3%) had a previous MI, 12 (3.9%) had a previous stroke, 

17 (5.5%) had a previous TIA, 13 (4.2%) had PVD, 60 (19.5%) had AS, 34 (11.0%) 

had known CMD and 34 (11.0%) had HF. 

The AF group consisted of 36 (63.2%) males (p=0.609) with a total mean age of 76.9 

± 11.7 years, which was significantly increased in comparison to controls (p<0.001). 

The AF group had a mean height of 1.70 ± 0.10 m and a mean weight of 80.83 ± 

17.55 kg (p=0.155 and 0.807, respectively). The mean heart rate of the controls was 

74 ± 13 bpm (p=0.203), and they had a mean systolic blood pressure of 127 ± 15 

mmHg and a diastolic blood pressure of 71 ± 11 mmHg (p=0.857 and 0.817, 

respectively). 34 (59.7%) within this group had a history of HTN, and this was 

significantly increased compared to that of the controls (p=0.045). 16 (28.1%) had a 

history of DM, and this slight increase in percentage compared to controls was not 

statistically significant (p=0.426). Analogous with controls, 8 (14.0%) had a previous 

MI (p=0.996), while the number of participants with HCL was slightly increased for 
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the AF group at 37 (64.9%) (p=0.426). Expectantly, a history of stroke was 

significantly increased in the AF group n=7 (13.7%) (p=0.008). 4 (7.0%) had a history 

of TIA (p=0.630). 6 (11.8%) had PVD, and this was significantly increased in 

comparison to controls (p=0.044). The percentage of participants with AS n=26 

(45.6%) and HF n=17 (29.8%) was also significantly increased in the AF group 

compared to controls (p<0.001). However, 7 (12.3%) within the AF group had a 

history of known CMD, thus, whilst this was increased in comparison to controls, 

there was no statistically significant difference in the number of participants with 

known CMD between the two groups (p=0.198). 

 

The second and last heart rhythm in this analysis was paced. The paced group was 

made up of 8 (38.1%) male participants (p=0.832), with a mean age of 76.7 ± 14.5 

years that was significantly older than the controls (p<0.001). This group had a mean 

height of 1.66 ± 0.10 m and weight of 80.00 ± 22.78 kg (p=0.535 and 0.565, 

respectively). The mean heart rate was 69 ± 13 bpm (p=0.266). The mean systolic 

blood pressure was significantly increased compared to control at 139 ± 22 mmHg 

(p=0.017). The mean diastolic blood pressure was similar to that of controls at 72 ± 

10 mmHg (p=0.738). 12 (57.1%) paced group participants had a history of HTN 

(p=0.289), 4 (19.0%) had DM (p=0.753), 9 (42.9%) had HCL (p=0.139), 3 (14.3%) 

had a previous MI (p=0.972), 2 (9.5%) had a previous stroke (p=0.206), 3 (14.3%) 

had a previous TIA (p=0.097), 2 (9.5%) had PVD (p=0.248), 7 (33.3%) had AS 

(p=0.115), 1 (4.8%) had known CMD (p=0.181) and 3 (14.3%) had HF (p=0.629). 
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All ocular parameters except for wall shear rate were significantly increased in AF 

compared to controls as shown in Figures 7.2-7.4 (Diameter; controls= 23.56 ± 3.50 

µm vs AF= 25.40 ± 3.53 µm, p<0.001; Axial Velocity; controls= 0.53 ± 0.06 mm/s vs 

AF= 0.57 ± 0.05 mm/s, p<0.001; Cross-Sectional Velocity; controls= 0.37 ± 0.04 

mm/s vs AF= 0.40 ± 0.03 mm/s, p<0.001; Blood Flow Rate; controls= 181 ± 57 pl/s 

vs AF= 221 ± 59 pl/s, p<0.001). However, for all participants with paced rhythm 

compared to controls the mean wall shear rate was significantly reduced (controls 

mean wall shear rate=147 ± 31 s-1 vs paced mean wall shear rate=132 ± 22 s-1, 

p=0.027), whilst the mean diameter was significantly increased (controls mean 

diameter= 23.56 ± 3.50 µm vs paced mean diameter= 25.45 ± 3.25 µm, p=0.029), as 

shown in Figures 7.5-7.7. All results from this heart rhythm analysis are presented in 

Table 7.3.
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Figure 7.2. Box plot of ocular parameters for AF vs control groups 

A.) Diameter (µm) and B.) Axial Velocity (mm/s). Controls n= 308 and AF n= 57. Mann-Whitney U test ***p<0.001. 
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Figure 7.3. Box plot of ocular parameters for AF vs control groups 

A.) Cross-Sectional Velocity (mm/s) and B.) Blood Flow Rate (pl/s) Controls n= 308 and AF n= 57. Mann-Whitney U test 

***p<0.001. 
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Figure 7.4. Box plot of Wall Shear Rate (s-1) for AF vs control groups 

Controls n= 308 and AF n= 57. Mann-Whitney U test p=0.175. 

         

                



214 
 

 

 

Figure 7.5. Box plot of ocular parameters for paced vs control groups 

A.) Diameter (µm) *p<0.05 and B.) Axial Velocity (mm/s) p=0.555. Controls n= 308 and Paced n= 21. Mann-Whitney U test. 
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Figure 7.6. Box plot of ocular parameters for paced vs control groups 

A.) Cross-Sectional Velocity (mm/s) p=0.859 and B.) Blood Flow Rate (pl/s) p=0.86. Controls n= 308 and Paced n= 21. Mann-

Whitney U test. 

                  

                              



216 
 

 

Figure 7.7. Box plot of Wall Shear Rate (s-1) for paced vs control groups 

Controls n= 308 and Paced n= 21. Mann-Whitney U test *p<0.05. 
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Table 7.3. Ocular parameters of atrial fibrillation, paced and control groups 

Ocular 

Parameter 

Controls 

n= 308 

patients 

95% CI Atrial 

Fibrillation 

n= 57 

patients 

95% CI *p value 

Mean 

Diameter(D) 

(µm) 

23.56 ± 

3.50 

23.16-

23.95 

25.40 ± 

3.53 

24.49-

26.37 

<0.001 

Mean Axial 

Velocity(Va) 

(mm/s) 

0.53 ± 0.06 0.52-0.54 0.57 ± 0.05 0.56-0.58 <0.001 

Mean Cross 

Sectional 

Velocity(CSV) 

(mm/s) 

0.37 ± 0.04 0.37-0.38 0.40 ± 0.03 0.39-0.40 <0.001 

Mean Blood 

Flow Rate(Q) 

(pl/s) 

181 ± 57 175-188 221 ± 59 206-237 <0.001 

Mean Wall 

Shear 

Rate(WSR) 

(s-1) 

147 ± 31 144-151 141 ± 27 134-148  0.175 

Ocular 

Parameter 

Controls 95% CI Paced 95% CI *p value 
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n= 308 

patients 

n= 21 

patients 

Mean 

Diameter(D) 

(µm) 

23.56 ± 

3.50 

23.16-

23.95 

25.45 ± 

3.25 

23.97-

26.93 

0.029 

Mean Axial 

Velocity(Va) 

(mm/s) 

0.53 ± 0.06 0.52-0.54 0.54 ± 0.05 0.51-0.56 0.555 

Mean Cross 

Sectional 

Velocity(CSV) 

(mm/s) 

0.37 ± 0.04 0.37-0.38 0.37 ± 0.03 0.36-0.39 0.859 

Mean Blood 

Flow Rate(Q) 

(pl/s) 

181 ± 57 175-188 206 ± 60 179-234 0.086 

Mean Wall 

Shear 

Rate(WSR) 

(s-1) 

147 ± 31 144-151 132 ± 22 122-142 0.027 

*Mann-Whitney U test. 
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Inter-eye Study: 

 

The results of the difference in the inter-eye conjunctival vascular parameters 

between the positive pressure wire cohort and controls are recorded in Table 7.4. 

Significant inter-eye mean differences were reported between diameter (p=0.025), 

axial velocity (p=0.012), cross-sectional velocity (p=0.008), wall shear rate (p=0.005) 

and wall shear stress (p=0.005) of the positive pressure wire (indicative of coronary 

microvascular disease (MVD)) cohort (diameter= 1.61 ± 5.08 µm, axial velocity= -

0.041 ± 0.064 mm/s, cross-sectional velocity= -0.032 ± 0.048 mm/s, wall shear rate= 

-22.45 ± 51.95 s-1, wall shear stress= -1.22 ± 3.05 dynes/cm2) compared to controls 

(diameter= -0.70 ± 4.78 µm, axial velocity= -0.003 ± 0.087 mm/s, cross-sectional 

velocity= -0.001 ± 0.061 mm/s, wall shear rate= 4.42 ± 43.60 s-1, wall shear stress= 

0.24 ± 2.44 dynes/cm2). However, the inter-eye mean difference of blood flow rate 

was not statistically significant (p=0.087) between the positive pressure wire cohort 

(11.52 ± 72.33 pl/s) and controls (-11.15 ± 76.97 pl/s). The graphs for the inter-eye 

mean difference results are presented in Figures 7.8 and 7.9.
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Figure 7.8. Inter-eye mean differences for A.) Diameter(µm), B.) Axial Velocity(mm/s), C.) Cross-Sectional Velocity(mm/s) and D.) 

Blood Flow Rate(pl/s) between cohorts. MVD= microvascular disease. Controls n=68 and MVD n=43. Mann-Whitney U test 

*p<0.05, **p<0.01 and D) p=0.087. 
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Figure 7.9. Inter-eye mean differences for A.) Wall Shear Rate (s-1) and B.) Wall Shear Stress (dynes/cm2) between cohorts 

Controls n=68 and MVD n=43. Mann-Whitney U test **p<0.01.
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Table 7.4. Mean inter-eye difference (mean parameters of left eye subtracted from 

that of the right eye) 

Ocular Parameter Controls 

(n=68) 

MVD 

(n=43) 

*p value 

Diameter µm -0.70 ± 4.78 1.61 ± 5.08 0.025 

Axial Velocity 

mm/s 

-0.003 ± 0.087 -0.041 ± 0.064 0.012 

Cross-Sectional 

Velocity mm/s 

-0.001 ± 0.061 -0.032 ± 0.048 0.008 

Blood Flow Rate 

pl/s 

-11.15 ± 76.97 11.52 ± 72.33 0.087 

Wall Shear Rate  

s-1 

4.42 ± 43.60 -22.45 ± 51.95 0.005 

Wall Shear Stress 

dynes/cm2  

0.24 ± 2.44 -1.22 ± 3.05 0.005 

*Mann-Whitney U test. 

 

Table 7.5 reports the right nasal and left nasal field of view mean difference in ocular 

parameters between the two cohorts. Significant differences were again found for 

diameter (D) (controls= -0.85 ± 8.65 µm vs MVD= 3.09 ± 7.85 µm, p=0.014), axial 

velocity (Va) (controls= -0.001 ± 0.108 mm/s vs MVD= -0.065 ± 0.135 mm/s, 

p=0.023), Cross-Sectional Velocity (CSV) (controls= 0.002 ± 0.079 mm/s vs MVD= -

0.052 ± 0.096 mm/s, p=0.005), Wall Shear Rate (WSR) (controls= 10.76 ± 79.75 s-1 

vs MVD= -42.13 ± 85.62 s-1, p=0.003) and Wall Shear Stress (WSS) (controls= 0.67 

± 4.69 dynes/cm2 vs MVD= -2.26 ± 4.67 dynes/cm2, p=0.003). Blood flow rate (Q) 
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only approached statistical significance (controls= 0.002 ± 0.079 pl/s vs MVD= 28 ± 

134 pl/s, p=0.055). The results for the right and left nasal field of view mean 

differences between cohorts are shown in Figures 7.10 and 7.11. All mean ocular 

parameters for each field of view are presented in Table S7. Lastly, the results of the 

temporal field of view analysis are presented in Table S8, and the nasal vs temporal 

field of view analysis results are presented in Table S9.
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Figure 7.10. Nasal field of view mean differences for A.) Diameter(µm), B.) Axial Velocity(mm/s), C.) Cross-Sectional 

Velocity(mm/s) and D.) Blood Flow Rate(pl/s) between cohorts 

Controls n=68 and MVD n=43. Mann-Whitney U test *p<0.05, ***p<0.001 and D) p=0.055.
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Figure 7.11. Nasal field of view mean differences for A.) Wall Shear Rate(s-1) and B.) Wall Shear Stress (dynes/cm2) between 

cohorts  

Controls n=68 and MVD n=43. Mann-Whitney U test **p<0.01.
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Table 7.5. Mean inter-view difference (right nasal vs left nasal) 

Ocular Parameter Controls 

(n=68) 

MVD 

(n=43) 

*p value 

Diameter µm -0.85 ± 8.65 3.09 ± 7.85 0.014 

Axial Velocity 

mm/s 

-0.001 ± 0.108 -0.065 ± 0.135 0.023 

Cross-Sectional 

Velocity mm/s 

0.002 ± 0.079 -0.052 ± 0.096 0.005 

Blood Flow Rate 

pl/s 

-7 ± 137 28 ± 134 0.055 

Wall Shear Rate  

s-1 

10.76 ± 79.75 -42.13 ± 85.62 0.003 

Wall Shear Stress 

dynes/cm2  

0.67 ± 4.69 -2.26 ± 4.67 0.003 

*Mann-Whitney U test. 

 

Risk Scoring: 

A total assessment of the 407 participants excluding the 8 pressure wire cohort 

patients (due to inaccuracies within the pressure wire measurements) separated into 

control (n=183) and cardiovascular disease cohorts as shown in Figure 7.12 (to 

include transcatheter aortic valve implantation (TAVI), pressure wire positive (CMD), 

cyanotic congenital heart disease and myocardial infarction within the cardiovascular 

disease cohort, total n=214), resulted in the generation of a four variable patient risk 

score with a sensitivity of 88.8% and a specificity of 69.6% for classification of 
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cardiovascular disease. The baseline characteristics of the two groups are presented 

in Table 7.6. The variables within the score included axial velocity (controls= 0.55 ± 

0.06 mm/s vs cardiovascular disease= 0.53 ± 0.06 mm/s, p=0.022), heart rate 

(controls= 68.70 ± 10.94 bpm vs cardiovascular disease= 74.18 ± 12.95 bpm, 

p<0.001), NTproBNP (controls= 316.09 ± 676.394 ng/L vs cardiovascular disease= 

1715.58 ± 2965.994 ng/L, p<0.001) and fibrinogen (3.28 ± 0.756 g/L vs 3.90 ± 0.975 

g/L, p<0.001) at the cut-off point of 0.47. Table 7.7 presents the contributions of each 

individual variable. Heart rate, NTproBNP and fibrinogen were not normally 

distributed, and hence were log transformed. The resultant area under the receiver 

operator curve was 0.899, as presented in Figure 7.13. Figure 7.14 shows the 

predicted probability against this multi-biomarker patient score resulted in an R² 

value of 0.894.



228 
 

 

Figure 7.12. Flow chart of all the groups recruited 

CCHD= Cyanotic Congenital Heart Disease, MI= Myocardial Infarction, TAVI=Transcatheter Aortic Valve Implantation.
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Table 7.6. Baseline characteristics of the total cardiovascular (CVD) and control 

groups 

Baseline Characteristic Control 

n=183 

CVD 

n=214 

*p Value 

Age years 64.60 ± 

14.36 

68.81 ± 

16.16 

0.001 

Gender % male 63.4 

(116/183) 

57.0 

(122/214) 

0.196 $ 

Height cm 168.28 ± 

9.94 

167.08 ± 

10.22 

0.210 

Weight kg 83.35 ± 

21.42 

78.80 ± 

17.29 

0.076 

Mean Systolic Blood 

Pressure mmHg 

130.02 ± 

17.98 

128.13 ± 

19.54 

0.190 

Mean Diastolic Blood 

Pressure mmHg 

73.46 ± 

10.07 

70.42 ± 

11.38 

0.015 

Resting Oxygen Saturation % 97.62 ± 

1.52 

96.50 ± 

3.99 

<0.001 

*Mann-Whitney U test, $ Chi-squared test. 
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Figure 7.13. ROC of axial velocity, heart rate, N-terminal pro B-type natriuretic 

peptide and fibrinogen for cardiovascular disease classification of the entire dataset 

(n=407). 
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Figure 7.14. Scatterplot of predicted probability by patient score 

The formula for the patient score= (Va*-9.157) + (Log10(Heart rate)*7.897) + 

(Log10(BNP)*2.518) + (Log10(Fibrinogen)*4.480) + (-17.264) 

Va=Axial Velocity and BNP= N-terminal pro B-type natriuretic peptide. 

 

Table 7.7. Table of contribution 

Biomarker/ocular 

parameter 

AUROC Sensitivity 

% 

Specificity 

% 

Va 0.567 58.0 47.0 

Log10 Heart rate 0.623 60.3 52.8 

Log10 BNP 0.814 78.4 75.3 
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Log10 

Fibrinogen 

0.700 74.0 56.0 

AUROC Area Under Receiver Operator Characteristic 

Curve, Va Axial Velocity, BNP N-terminal pro brain 

natriuretic peptide. 

 

Risk Classification of Controls: 

In order to compare the ocular parameters to current risk scoring methods, the 

control subjects were classified into low, intermediate and high risk based on their 

QRISK3 scores: <10= low risk, 10-20= moderate risk and >20= high risk. There were 

53 control subjects excluded due to either exceeding the age limit (25-80 years) for 

QRISK3 calculation, being below the required height (<140cm) and weight (<40kg) 

limits or due to missing risk factors required for calculation. The baseline 

characteristics are presented in Table 7.8, and the results of the ocular parameters 

for each of these classes of risk are presented in Table 7.9 below. The post-hoc 

analysis results are provided in Table S10 and S11. 

 

Table 7.8. Baseline characteristics of the controls stratified by QRISK3 risk class 

Baseline Characteristic  Low 

(n=58) 

Moderate 

(n=37) 

High 

(n=35) 

*p 

Value 

Age years 50.95 ± 

8.39 

62.17 ± 

6.67 

66.52 ± 

8.29 

<0.001 
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Gender % male 55.2 

(32/58) 

81.1 

(30/37) 

65.7 

(23/35) 

0.035 $ 

Height cm 167.33 ± 

10.76 

171.73 ± 

8.88 

168.60 ± 

9.44 

0.11 

Weight kg 82.24 ± 

23.84 

86.68 ± 

19.99 

89.98 ± 

18.79 

0.232 

Mean Systolic Blood 

Pressure mmHg 

121.77 ± 

16.53 

128.89 ± 

12.68 

132.15 ± 

15.87 

0.005 

Mean Diastolic Blood 

Pressure mmHg 

75.21 ± 

11.02 

74.63 ± 

10.01  

73.04 ± 

9.85 

0.621 

Heart Rate bpm 67.68 ± 

10.45 

67.00 ± 

10.16 

69.15 ± 

9.53 

0.663 

Resting Oxygen Saturation % 97.68 ± 

1.34 

97.78 ± 

1.48 

97.03 ± 

1.72 

0.065 

*Mann-Whitney U test, $ Chi-squared test. 

 

Table 7.9. Ocular parameter results of the controls stratified by QRISK3 risk class 

Ocular Parameter Low 

Risk 

(n=58) 

Moderate 

Risk 

(n=37) 

High 

Risk 

(n=35) 

*p 

value 

Diameter(D) µm 21.55 ± 

3.30 

24.27 ± 

3.03 

23.96 ± 

3.13 

<0.001 

Axial Velocity(Va) 

mm/s 

0.53 ± 

0.05 

0.56 ± 

0.06 

0.54 ± 

0.05 

0.021 
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Cross-Sectional 

Velocity(CSV) mm/s 

0.38 ± 

0.04 

0.39 ± 

0.04 

0.38 ± 

0.04 

0.115 

Blood Flow Rate(Q) 

pl/s 

155 ± 

49 

199 ± 47 186 ± 

44 

<0.001 

Wall Shear 

Rate(WSR) s-1 

164 ± 

38 

150 ± 30 146 ± 

26 

0.021 

*Mann-Whitney U test. 

 

 

 

7.5 Discussion (in-depth discussion continued in Chapter 8) 

 

The results of the binary logistic regression suggest wall shear rate may be a good 

predictor of cardiac remodeling. Normal laminar wall shear rate and shear stress is a 

determinant of normal endothelial function. Disturbance of normal wall shear rate 

and stress stimulates the process of atherosclerosis, and thus myocardial 

remodeling. This result agrees with the findings of the study by Lee et al. (2016) that 

suggest dysregulation of microvascular haemodynamics may be an important 

contributor to the pathophysiology of heart failure with preserved ejection fraction. 

 

It was expected that alterations of the microcirculatory haemodynamics would be 

found for patients with atrial fibrillation, given the results of the study by Corban et al. 

(2020) suggest an absence of vascular endothelial dysfunction is associated with a 

lower risk of developing atrial fibrillation. Assessment of the atrial fibrillation group 

compared to controls show all ocular parameters except for wall shear rate were 



235 
 

increased in the atrial fibrillation group. This was not the case for the paced group, 

where the wall shear rate was significantly reduced.  

 

Inter-arm blood pressure differences are reported to be associated with 

cardiovascular disease to include both peripheral and cerebral disease (Chang et al., 

2017). Stergiou et al. (2021) recommend that an inter-arm systolic blood pressure 

difference of 20 mmHg or more should warrant further arterial investigation. 

Similarly, in this study inter-eye differences were reported to be significantly 

increased for all parameters except for blood flow rate in the CMD group compared 

to controls.  

 

Binary logistic regression analysis found resting heart rate, axial velocity, NTproBNP 

and fibrinogen to be predictors of cardiovascular disease. The resultant AUC of 

0.899, whilst not tested on a different cohort was much higher than what has been 

reported for the other risk prediction models such as the Framingham risk score at 

an AUC of 0.79 (Bitton and Gaziano, 2010). Stratifying the control group by QRISK3 

classification further supported the addition of ocular parameters to cardiovascular 

risk scores, as significant differences for all ocular parameters except for cross-

sectional velocity were reported.  

 

Conclusion 
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Assessment of indices of the conjunctival microcirculation using the conjunctiva 

imaging tool and processing application may have the potential to detect 

haemodynamic differences due to electrical or structural changes. Additionally, inter-

arm blood pressure differences should be measured and correlation with inter-eye 

differences assessed, to further evaluate the application of inter-eye differences. A 

multi-marker approach including clinical, ocular and blood biomarkers was proposed 

to successfully classify subjects into high cardiovascular risk and control groups. 

Significant differences in ocular parameters were found when the control group was 

stratified by QRISK3 score. 
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Chapter 8: Discussion  

 

 

8.1. Discussion 

 

The focal points of this research project included the development of the image 

processing application to support fully automated analysis, and the ability of the 

conjunctival microvascular imaging tool to detect differences between controls and 

macro and microvascular disease states, as well as in valvular disease with severe 

aortic stenosis patients pre- and post-transcatheter aortic valve implantation (TAVI). 

The ocular imaging results were also supported by the blood biomarkers, as well as 

various clinical measurements such as vital signs, anthropometric measurements 

and comorbidities for example. As previously shown (Awuah et al., 2022), the multi-

marker risk scoring approach was again optimal for assessing the full 407 participant 

cohort. Table 8.1. presents a summary of results for discussion. This combination of 

results indicates alterations in haemodyamics are detectable using the imaging tool 

and processing application. The trend throughout the results was that axial or cross-

sectional velocity and wall shear rate was typically reduced in high risk 

cardiovascular disease groups compared to a low risk control group. These findings 

are largely in agreement with the results of the literature review in chapter 1 and the 

included study by Karanam et al. (2014). This work builds on the literature with the 

findings reported for 2 cohorts that were not previously assessed, as well as 

evaluating the full 407 subject dataset and the development of the first known fully 
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automated smartphone based application for processing videos of the conjunctival 

microcirculation. 

 

Table 8.1. Summary of results 

Study Key Findings 

TAVI Cohort • Arteriolar Va 

increased post-

TAVI 

• Arteriolar CSV 

increased post-

TAVI 

• Arteriolar WSR 

increased post-

TAVI 

• Venular WSS 

reduced post-

TAVI 

CMD Cohort • Va was reduced in the 

CMD group 

• CSV was reduced in the 

CMD group 

Cardiac Remodeling • Significant increase in Q 

of CMD, DM and HF 
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groups compared to 

controls 

• Significant decrease in 

WSR of CMD, DM and 

HF groups compared to 

controls 

Heart Rhythm • All parameters except 

WSR significantly 

increased in AF group 

compared to controls 

• WSR significantly 

reduced in paced group 

compared to controls 

Inter-eye Study • Increased inter-eye 

differences of ocular 

parameters in the CMD 

group compared to the 

control group 

Risk Scoring • Predictors of 

cardiovascular disease= 

resting heart rate, Va, 

NTproBNP and 

fibrinogen   

• Significant differences 

for Va, Q and WSR 
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between low, moderate 

and high-risk QRISK3 

classes 

AF Atrial Fibrillation, CMD Coronary Microvascular Disease, DM Diabetes Mellitus, 

HF Heart Failure, TAVI Transcatheter Aortic Valve Implantation, Va Axial Velocity, 

CSV Cross-Sectional Velocity, Q Blood Flow Rate, WSR Wall Shear Rate, WSS 

Wall Shear Stress, NTproBNP N-terminal pro B-type natriuretic peptide. 

 

Valvular Disease, TAVI and the Conjunctival Microcirculation: 

Peripheral vascular and renal disease are commonly found in older individuals. 

However, significant difference between the controls and the TAVI cohort was 

demonstrated by Fusini et al. (2015) via the higher prevalence of coronary artery 

disease, as well as carotid and femoral artery disease seen with patients referred for 

TAVI being associated with significant stenosis, and hence atherosclerotic 

involvement of peripheral arteries. In severe aortic stenosis the left ventricle pressure 

overload may not be compensated by hypertrophy, and hence the left ventricular 

ejection fraction is reduced (Kamperidis et al., 2016). 

Several studies have previously reported that coronary flow reserve (CFR) is also 

reduced (<2.0) in severe aortic stenosis, and coronary blood flow is also typically 

improved following TAVI (Ben-Dor et al., 2019). Comella et al. (2021) suggests that 

improvement of CFR and wall shear stress do not occur until much later within the 

post-operative period, and that this improvement is likely to correlate with the 

resolving of patient symptoms. This would agree with the results described within our 

study as wall shear rate would also be expected to improve later than the 
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approximate 24 hours after TAVI. An increase in wall shear rate is dependent on an 

increase in axial and cross-sectional velocity as previously described in Formula 2.  

 

Although wall shear rate remained relatively unchanged post-TAVI in this study, it 

also found conjunctival wall shear stress (particularly venular wall shear stress) to be 

significantly reduced post-TAVI. This result is likely due to the significant reduction in 

haematocrit (HCT) post-TAVI. Although, it is possible this could also be due to the 

effects of pacing, as pacing leads may be implanted via venous access, and as 

discussed later in this chapter the wall shear rate of paced patients compared to 

controls was significantly reduced. Nevertheless, only 6 out of the 94 (6.4%) TAVI 

patients had a paced rhythm post-TAVI who did not have paced rhythm pre-TAVI. 

Wall shear stress reductions may be statistically significantly reduced for venules 

and not arterioles, as venules are the more common vessel segment within the 

conjunctiva microvasculature. A study by Nel et al. (2017) found an independent 

association of coronary microvascular blood flow with calcified aortic valve disease, 

and assessment between the pre-TAVI cohort with a matched control cohort was 

deemed necessary. Subsequently, the levels of wall shear stress may be reduced 

within the TAVI cohort when compared to that of controls. However, plasma viscosity 

was not measured for the controls within this study, limiting the wall shear stress 

calculations for that group.  

 

Our previous study compared a cohort of myocardial infarction (MI) patients with 

patients referred for pressure wire assessment who had non-obstructive coronary 

artery disease (NOCAD). Similarly, severe aortic stenosis patients may also have 
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non-obstructive coronary arteries yet experience angina. Therefore, it may be due to 

microvascular dysfunction, and it has been proposed that normal microcirculatory 

function should resume post-TAVI (Rolandi et al., 2016).   

 

It is acknowledged that cardiac remodeling experienced with severe aortic stenosis 

may influence microvascular function and haemodynamics. Left ventricular 

remodeling and hypertrophy would counterbalance the load, reducing wall stress and 

oxygen requirements, and is also associated with an inadequate capillary density 

(Zelis et al., 2020). It is possible that microvascular haemodynamic changes would 

not occur instantaneously. Proposedly, improvements may be seen with longer term 

follow-up of the microcirculation due to reverse remodeling (Minten et al., 2021).   

 

Although no studies have assessed the conjunctival microvasculature pre- and post-

TAVI, a study by Fusi-Rubiano et al. (2017) examined the retinal vessels due to the 

incidence of cerebrovascular events associated with TAVI. The study found 15% of 

patients post-TAVI experienced retinal embolic events. Whilst the current 

conjunctival imaging system does not directly assess embolic events, such events 

may significantly impact the results. It should be noted that unlike the conjunctival 

vasculature, the retinal vasculature is autoregulated and affected by an intraocular 

pressure pulse (Shi et al., 2019).  

 

TAVI vs Controls; Blood Biomarkers: 

Unsurprisingly, N-terminal pro B-type natriuretic peptide (NTproBNP) was found to 

be significantly increased in the TAVI cohort compared to the controls. Although, 
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increased NTproBNP may also be associated with aging, and the control group were 

significantly younger than the TAVI group but were all ≥60 years old. This finding is 

largely supported by the literature. Banovic (2017) proposed that NTproBNP values 

in combination with the non-invasive echocardiographic measurements of the 

microcirculation (CFR) may be used in risk stratification. The conjunctiva imaging 

risk stratification tool proposed in this thesis, whilst it is evidently not able to offer 

structural views of the heart that echocardiograms can, is more easily operated, less 

time-consuming and requires less contact with patients (of particular benefit during 

the COVID-19 pandemic). 

 

Urea, creatinine, urate, total cholesterol, high density lipoprotein (HDL), low density 

lipoprotein (LDL), non-HDL and fibrinogen were significantly increased whilst 

creatinine clearance, haematocrit and activated partial thromboplastin time (APTT) 

were all significantly reduced in the TAVI cohort compared to controls. Increased 

lipids are an associated risk factor of aortic stenosis (Kaltoft et al., 2020). Fibrinolytic 

dysregulation and oxidative stress are also frequent reports in the pathophysiology of 

aortic stenosis (Siudut et al., 2020). Interestingly, increased perceived stress levels, 

another risk factor of cardiovascular disease, was associated with a shortened APTT 

in the study by Yin et al. (2021). 

The renal physiology of older control patients would be expected to be significantly 

impaired in comparison to younger control patients. This difference is prominent 

between controls and patients with severe aortic stenosis, as these patients share 

similar risk factors such as hypertension for example. Urea is likely increased due to 

a decrease in reabsorption and decline in the number of urea channels, similarly, the 

increased creatinine levels of TAVI patients compared to controls may be due to 
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processes such as atrophy increasing the permeability of the proximal tubule (Musso 

et al., 2012). Alternatively, the increased creatinine, urea and urate levels may be a 

consequence of the significantly increased loop diuretic use of the TAVI cohort (El-

Refai et al., 2011).  

 

Pre vs Post-TAVI; Blood Biomarkers: 

The findings of the increased inflammatory marker C-Reactive Protein (CRP) post-

TAVI coincide with the results of previous studies (Ruparelia et al., 2016; 

Navaratnarajah et al., 2020). Iglesias-Álvarez et al. (2018) suggest that while there is 

an increase in CRP levels post-TAVI, it is the baseline CRP that is of greatest 

prognostic value as a marker of mortality post-TAVI. The findings of Iglesias-Álvarez 

et al. are also echoed by Stundl et al. (2018).  

 

Similarly, the findings of reduced platelet count post-TAVI are reflective of the results 

within previous studies. It has also been suggested that the severity of platelet count 

reduction is associated with an increased frequency of major adverse cardiac events 

(Gallet et al., 2013). However, reports that reduced platelet count also occur with 

other cardiac procedures may indicate this to be a non-specific finding of TAVI 

(Mitrosz et al., 2017). The haematocrit levels were significantly reduced post-TAVI, 

and these results may present bias due to haemodilution (Horna et al., 2021). The 

increased prothrombin time may also be explained by the common phenomenon of 

thrombocytopenia post-TAVI (Mitrosz et al., 2017). 

 



246 
 

White cell count was also significantly increased in the study by Abu et al. (2021). It 

is also reported in this study that an increase in white cell count is associated with 

increased mortality and adverse events, to include major bleeding and arrhythmia 

post-TAVI. A further potential indicator of adverse events and mortality is that of the 

ratio of contrast to creatinine clearance post-TAVI. Venturi et al. (2022) suggested 

this to be useful for risk stratification, with values ≥2.2 associated with acute kidney 

injury and 90-day mortality. Lastly, incremental drops in haemoglobin are associated 

with increased mortality in the study by Takagi et al. (2021), and hence haemoglobin 

may also be useful for risk stratification purposes alongside the axial velocity, cross-

sectional velocity and wall shear rate of the conjunctival arterioles. 

 

Microvascular Disease, Pressure Wire Measurements and the Conjunctival 

Microcirculation: 

This study found a significant reduction in the conjunctival axial and cross-sectional 

velocity of patients who were pressure wire positive (diagnosed with coronary 

microvascular disease (CMD)) compared to those who were pressure wire negative 

for CMD. The findings of axial and cross-sectional velocity were akin to those 

presented by Brennan et al. (2021a) in the earlier myocardial infarction vs controls 

study for this project. Consequently, this would suggest that conjunctiva 

microcirculation imaging may be capable of detecting changes due to pre-clinical 

myocardial dysfunction, from the earliest stages of the ischemic cascade to 

myocardial infarction at the later stages (Stillman et al., 2018). The axial and cross-

sectional velocities may be reduced with these conditions due to the obstruction of 

blood flow. 
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Microvascular Disease Blood Biomarkers: 

The significantly increased NTproBNP levels in pressure wire positive individuals 

agree with the literature. A study by Rahman et al. (2020) suggests that NTproBNP 

is increased with functional coronary microvascular disease (patients with increased 

nitric oxide synthase activity but normal acetylcholine dilation, and hence endothelial 

function). A more marked elevation was discerned with structural coronary 

microvascular disease due to endothelial dysfunction with reduced acetylcholine 

dilation. 

 

Fibrinogen is a biomarker identified for cardiovascular risk due to its role in 

coagulation and the formation of thrombi. Additionally, elevated levels are associated 

with myocardial injury. Pieters et al. (2021) found from their 14-year long, 4487-

person observational study an association of fibrinogen with all-cause and 

cardiovascular disease mortality. It had also been proposed that fibrinogen and 

viscoelastic testing may support cardiovascular risk stratification (Levy and Tanaka, 

2021). Adverse remodeling and injury may result from dyslipidemia impairing 

microvascular function. Cholesterol:HDL and triglyceride levels were significantly 

reduced for the positive pressure wire group compared to the pressure wire negative 

group, and this may be a protective mechanism and reason as to why these patients 

have unobstructed epicardial vessels, as there was no significant difference on the 

number of patients on statins or cholesterol absorption inhibitors between the two 

groups. However, there were 5.1% more pressure wire negative subjects on statins 

compared to the pressure wire positive subjects, but 4.1% more pressure wire 
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positive subjects were on cholesterol absorption inhibitors compared to pressure 

wire negative subjects. 

 

Ocular Haemodynamic Effects of Heart Rhythm and Cardiac Remodeling: 

The findings presented in this thesis support imaging application of the conjunctiva 

for detecting changes in haemodynamics due to cardiac remodeling (both sub-

clinical and clinical) or heart rhythm. The study by Soulat-Dufour et al. (2022) 

demonstrate the impact of arrhythmia on cardiac remodeling, as well as the effect of 

restoring sinus rhythm on reverse remodeling. This is in concurrence with the results 

of this study that shows significantly increased axial and cross-sectional velocities 

and blood flow rate with atrial fibrillation compared to controls. Furthermore, with 

paced patients the axial and cross-sectional velocities are similar to that of the 

controls. Unlike the comparison between atrial fibrillation patients and controls, 

where wall shear rate was only slightly reduced with atrial fibrillation in comparison to 

controls, wall shear rate was significantly reduced in paced patients compared to 

controls. As wall shear rate decreases so does wall shear stress, and an in vivo 

rabbit study by Jen et al. (2013) also shows a reduction of wall shear stress following 

rapid pacing. The study concludes that rapid pulse rates modulate endothelial 

responses. The modulation of the endothelium is key in cardiac contractility and 

remodeling (Segers et al., 2018).  

 

The results assessing CMD, diabetes mellitus (DM) and heart failure (HF) groups in 

comparison to controls showed a significant increase in blood flow rate that may be 

due to vasodilation (Duncker et al., 2015). The CMD, DM and HF groups also 
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showed a significant decrease in wall shear rate compared to controls. As previously 

discussed, this is characteristic of atherosclerosis. The result of the significantly 

increased blood flow rate in diabetic patients compared to controls was previously 

reported in the study by Brennan et al. (2021a). These results may be due to the 

significantly older age and increased mean ocular diameter of the CMD, DM and HF 

groups when compared to the controls. The DM group also had a significantly 

increased body mass compared to the CMD and control group. The use of the single 

ocular marker wall shear rate at a cut-off point 0.4, had an area under the curve 

(AUC) of 0.772 for distinguishing between the CMD and control group. This finding 

largely agrees with the literature that suggests assessment of wall shear rate, as 

required for wall shear stress calculations, may support identification of high-risk 

atherosclerotic plaques (Cecchi et al., 2011). 

Although the findings of this study show a significantly increased axial and cross-

sectional velocity of the DM group compared to the CMD group, Labazi and Trask 

(2017) suggest there may also be a prognostic value to findings of CMD as an early 

stage in the development of atherosclerosis in DM. Similarly, whilst CMD may be at 

the sub-clinical stages of cardiovascular disease and HF at the later clinical stages of 

cardiovascular disease, it has been addressed by Mohammed et al. (2014) that CMD 

contributes to HF like DM also contributes to HF and vice versa (Braunwald, 2019). 

 

Inter-eye Study: 

The key findings of the inter-eye study include a significantly greater mean inter-eye 

difference for CMD compared to controls for diameter, axial velocity, cross-sectional 

velocity, wall shear rate and wall shear stress. No significant difference was found for 
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blood flow rate, yet blood flow rate is estimated using the parameters of diameter 

and cross-sectional velocity. The differences were also more marked in the left 

versus right nasal view. In a meta-analysis study conducted by Singh et al. (2015), 

the results indicate inter-limb blood pressure differences in association with 

cardiovascular risk stratification. The study suggests inter-arm blood pressure 

differences may be due to subclavian stenosis, and inter-limb differences may also 

be attributed to peripheral vascular disease. Tanaka et al. (2014) also conclude that 

inter-arm differences of systolic blood pressure may be associated with 

microvascular complications within a diabetic cohort. 

 

This is the first study to assess inter-eye differences in the conjunctival 

microcirculation. Strauss et al. (2016) report that no significant differences were 

found within the retinal vasculature for inter-arm systolic blood pressure differences. 

Although, the study by Strauss et al. only considered retinal vessel caliber of 

younger individuals, and hence further study would be required.  

 

Risk Scoring: 

An earlier study within this research project indicated that NTproBNP, adiponectin 

and ocular velocities may be most valuable for distinguishing between MI and 

controls (Awuah et al., 2022). Comparably, looking at all cardiovascular risk cohorts 

recruited to this study combined as one high cardiovascular risk cohort, again found 

NTproBNP and ocular velocity to be accurate variables for distinguishing between 

the high cardiovascular risk and control groups. In this study, heart rate and 

fibrinogen were also found to be significant predictor variables via binary logistic 
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regression. The usefulness of the added biomarker fibrinogen is highlighted in the 

meta-analysis study by Kunutsor et al. (2016) that shows an independent association 

of fibrinogen with risk of sudden cardiac death. Caetano and Alves (2015) also 

suggest that heart rate is an independent risk factor for both cardiovascular and all-

cause mortality. A risk score was also generated by Gauss et al. (2018), but for 

trauma upon hospital admission that incorporates both fibrinogen and heart rate. The 

study reported in this thesis did not find a significant correlation between heart rate 

and fibrinogen, but Whelton et al. (2014) found an increased resting heart rate to be 

significantly and independently associated with markers of inflammation, to include 

fibrinogen. The significance of fibrinogen as a risk marker of cardiovascular disease 

was stressed via the Emerging Risk Factors Collaboration (2012), that indicates 

fibrinogen testing for those determined to be of intermediate cardiovascular risk may 

support prevention of an adverse cardiovascular event occurring for every 400-500 

people.  

 

8.2. Limitations 

 

The post-TAVI assessment typically occurred around 24 hours post procedure. It 

may be expected that follow-up assessment after a longer period has lapsed from 

the implanting of the new aortic valve would provide greater differences in results 

due to reverse cardiac remodelling. The conjunctival vessel analysis can also be 

limited by the video quality (particularly, for elderly and frail patients that may present 

with tremor), and the vessels analysed depends on the vessels that were both in 

view and in focus. Consequently, it can be difficult to assess the exact same vessel 
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segments in the conjunctival post assessment as were assessed in the conjunctival 

pre assessment. Furthermore, the average age of the TAVI cohort recruited in this 

study is 82 years, and thus frailty, and the incidence of ocular disease and other 

comorbidities, would also be increased within this cohort. A limitation of the pressure 

wire cohort included that vasospastic angina (that can occur alongside microvascular 

angina) was not fully investigated via vasoreactivity testing (Ford et al., 2018). In the 

inter-eye study, blood pressure measurements were not measured for each arm. It 

may have been beneficial to assess potential correlation between differences of 

inter-arm and inter-eye, comparable to the aforementioned retinal study conducted 

by Strauss et al.  

 

Every effort was made to ensure method consistency, but conjunctival blood flow 

may be affected by medications (the details of which were recorded), the room 

lighting and even how the patient presents to the clinic. Additionally, although every 

effort would be made to ensure the patient was at ease and as comfortable as 

possible, if the patient presents to clinic stressed or anxious for example in the case 

of white-coat syndrome, the sympathetic nervous system would be activated (Pioli et 

al., 2018). Consequently, ocular vessel vasoconstriction and reduced ocular blood 

flow may occur. Ultimately, to better assess cardiovascular risk, consideration for an 

ambulatory, as well as a population-based multi-generational approach, similar to the 

Framingham risk study may be required (D’Agostino et al., 2013). 

 

8.3. Conclusion  
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The findings of the matched vessel segment pre- and post-TAVI study suggests that 

imaging of the conjunctival microcirculation is capable of detecting changes in wall 

shear stress pre- to post-TAVI. Follow-up ocular imaging would be required to 

investigate changes in haemodynamics due to reverse cardiac remodeling. The 

results of the pressure wire study and haemodynamic investigations suggest that 

alterations of the microvascular haemodynamics within the conjunctiva, may reflect 

those of the coronary microcirculation. Therefore, the ocular imaging tool 

investigated within this thesis may support the diagnosis of microvascular 

dysfunction, as well as risk stratification.  

 

Contributions to Knowledge: 

The key message portrayed throughout this thesis is that the ocular microcirculation 

measurements, extracted from our conjunctival imaging tool and application, may 

provide an indication of cardiovascular health. The specific cohorts analysed offered 

a better insight into how these measurements hold potential for application in clinical 

practice. The results of the TAVI cohort demonstrate the use of the tool for serial 

measurements, and how treatment could be assessed and tailored for overall 

optimised patient care. The recruitment of older control subjects for comparison with 

the TAVI cohort also provided an insight into the effects of age on the 

microcirculation and latent reference ranges, whereas the pressure wire cohort 

notably confirms a correlation between the coronary microcirculation and the 

conjunctival microcirculation. Finally, the work within this thesis should also set the 

foundation for automation of vessel classification, and a more specific understanding 

of the structure of the conjunctival microvasculature under different conditions. 
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8.4. Future Research 

 

Future studies should focus on further performance evaluation of the conjunctival 

microcirculation imaging and processing tool. Prior to the implementation in clinics, a 

usability assessment may also need to be conducted. Streamlining the current 

applications into an IOS or Android application may permit a more user-friendly 

interface for healthcare professionals or medical practitioners. Similar to other 

wearable medical devices and related smartphone applications, this imaging tool 

may also have potential as a remote monitoring device for the general population in 

future (Ballinger et al., 2018), particularly, with the potential of portable slit lamp and 

phone camera development to offer x80 magnification, in combination with recent 

advancements such as the application automation. Prospective slit lamp 

modifications should also seek to permit imaging of patients in the supine position. A 

device similar to that of a virtual reality headset could be used that has an internal 

fixation point for the subject to focus on. Additionally, better incorporation of artificial 

intelligence programming for vessel classification within the application would 

support a more comprehensive vessel analysis, offering measurements such as the 

artery to vein ratio. Future work may also assess microvasculature branching 

patterns and angles in comparison to the echocardiographic results, to investigate 

vascular and cardiac remodeling.  

 

 Further research requires assessment of the ocular imaging tool for long-term 

investigations. Prospectively, research of this investigative tool may again focus on 

expansion to examine further cohorts such as for a method of monitoring patients 



255 
 

following cardiac surgery. Monitoring this cohort would also enable comparisons to 

be made between percutaneous coronary intervention and surgery. It may be 

beneficial to investigate the ocular parameters in the pathophysiology of other 

organs such as the brain. Examination of long-COVID patients (particularly as they 

often experience chest pain or palpitations) may also be of interest, with the 

microcirculation being a main interface between the parenchymal cells and the 

blood, as well as an important transport system for inflammatory and immune cells 

(Guven et al., 2019; Yin et al., 2021). Another interesting area for investigation may 

be pregnancy, with Moka et al. (2020) previously reporting an increase in the axial 

velocity of pregnant patients. This examination may help to provide further insight 

into the physiological changes of the microcirculation and conditions such as 

preeclampsia or gestational diabetes. Ultimately, such investigation of the 

microcirculation may help uncover novel approaches to treatments and patient care. 
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Chapter 9: The PANDEMIC (Protective/risk factors, ANtibody response, Dna, 

gEnoMICs) Study  

 

 

Statement of Inclusion: 

This chapter was included in consideration of the substantial COVID-19 research 

and mass testing studies accomplished during the brief pause in recruitment to 

cardiovascular disease risk prediction project due to the COVID-19 pandemic. 

 

 

Summary 

 

From the start of the COVID-19 pandemic (March 2020), there was a pause in 

recruitment for the cardiovascular risk prediction project outlined in this thesis. The 

focus shifted to supporting urgent COVID-19 research through study design, risk 

assessment, ethics application right through to the stages of validating COVID-19 

tests. The three main strategies for managing the COVID-19 pandemic appeared to 

be enforcing preventative measures, testing and vaccination. The aim of the  

PANDEMIC study centered on investigation of the antibody response to SARS-CoV-

2 infection. Between May 2020 and February 2021, over 500 participants were 

recruited to include members of the general public, Northern Ireland healthcare 

workers and plasma donors. Following the development and deployment of the 

SARS-CoV-2 vaccine we also assessed a cohort of vaccinated individuals. World 
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Health Organization international standards, pre-pandemic samples, microorganism 

serology samples, as well as serology from emerging SARS-CoV-2 variants of 

concern were also tested. To date, well over 1000 blood samples have been 

antibody tested on a selection of different immunoassays. Rapid antigen testing was 

also carried out to evaluate the performance of several SARS-CoV-2 rapid antigen 

tests, with postal studies being carried out across Northern Ireland to test SARS-

CoV-2 positive samples, as well as clinic days being conducted under the COVID-19 

regulations to test SARS-CoV-2 negative samples. 

 

Graphical Abstract: 
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9.2 Introduction 

 

The SARS-CoV-2 outbreak began in 2019 and sparked a global pandemic. The 

symptoms varied extensively; for some, SARS-CoV-2 infection was mild or even 

asymptomatic, whilst a large majority experienced fever, dry cough and loss of 

taste/smell. Sadly, for many the virus was life-threatening or even fatal, and hence 

research to learn how to prevent, manage and treat SARS-CoV-2 infection was 

urgent.  

 

The impact of SARS-CoV-2 infection on the cardiovascular system has also been 

vastly reported. The SARS-CoV-2 virus has been found to bind to the angiotensin-

converting enzyme 2 (ACE2) receptor, a receptor that has been previously 

suggested to have a cardioprotective role. Additionally, an inflammatory cascade and 

cytokine storm has been reported to occur with SARS-CoV-2 infection, and this may 

also lead to myocardial injury (Cenko et al., 2021). The long-term effects of the 

infection that became known as “long-COVID” still require investigation. This has 

become more apparent, with a recent large study suggesting that individuals who 

have had SARS-CoV-2 infection were more likely to develop diabetes or 

cardiovascular disease over a 12 month period than those who had not been 

infected (Rezel-Potts et al., 2022). The emergence of different variants of concern 

and the vaccine immune response also requires longitudinal study. Therefore, the 

main aim of the PANDEMIC study was to test various cohorts of participants and 

samples, and to evaluate a selection of SARS-CoV-2 antibody and antigen tests. 

 



260 
 

9.3 Methods 

 

Cohorts: 

All participants provided fully informed consent prior to enrolment in the study or had 

provided enduring consent if samples were used from other Ulster University studies. 

The study was approved by the South Birmingham Research Ethics Service (REC 

20/WM/0184, IRAS 286041), and adhered to the Declaration of Helsinki. 

SARS-CoV-2 humoral antibody testing was carried out using a selection of different 

tests as well as samples. Samples were deemed true positives if they tested positive 

for anti-SARS-CoV-2 IgG on two or more lab-based immunoassays, whilst samples 

were deemed true negatives if they tested negative on two or more lab-based 

immunoassays. Pre-pandemic samples were also considered to be true negatives. 

World Health Organization (WHO) and microorganism serology samples were also 

assessed. 

The vaccine cohort also permitted investigation of the immune response in cohorts of 

clinically extremely vulnerable (CEV), to include those with cardiovascular disease, 

compared to non-CEV. 

 

Antibody Testing: 

The antibody tests used to investigate the SARS-CoV-2 immune response to 

infection or vaccination included Roche Elecsys Anti-SARS-CoV-2 IgG/IgA/IgM 

chemiluminescence immunoassays (CLIA) as tested by the laboratories at 

Craigavon Hospital, Abbott SARS-CoV-2 IgG CLIA as tested by the laboratories at 
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Northern Ireland Blood Transfusion Service (NIBTS) and EuroImmun SARS-CoV-2 

IgG enzyme-linked immunosorbent assay (ELISA) carried out by PANDEMIC study 

researchers in accordance with manufacturer instructions. A selection of lateral flow 

devices (LFDs) to include AbC-19™ were also tested by PANDEMIC study 

researchers in accordance with the instructions for use/protocol. The ProAxsis Anti-

SARS-CoV-2 IgG ELISA was later evaluated and samples tested by PANDEMIC 

study researchers, again in adherence to the corresponding protocol.  

 

Antigen Testing: 

The antigen testing involved evaluating the sensitive SARS-CoV-2 PCR result as the 

ground truth of infection. Typically, the cycle threshold of ORF1ab and E-gene from 

the RANDOX home PCR testing kit was compared to the rapid antigen test result of 

the LFD under investigation. Symptom details as well as time of onset and duration 

of infection were also often self-reported from participants via questionnaire. For 

usability investigations, details such as age groups, education levels and ease of use 

were assessed. Videos were often recorded of the participant (not including their 

face for anonymity/confidentiality purposes) for assessment of technique, and LFD 

photos permitted confirmation of test result. 

 

Statistical Analysis: 

A 2x2 contingency table was created for the sensitivity and specificity evaluation for 

each immunoassay under evaluation. Kappa scores were used to assess agreement 

between tests. 
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9.4 Discussion 

 

Infection: 

The first PANDEMIC study report by Robertson et al. (2021) found detectable SARS-

CoV-2 full trimeric spike protein IgG antibodies 11 months post infection, in a cohort 

of participants from Northern Ireland. A longitudinal blood plasma donor study was 

also carried out. Similarly, SARS-CoV-2 antibodies were detected over 10 months 

for this study. The report described good correlation between the antibody tests 

evaluated. 

 

Vaccination (including hybrid infection): 

Following on from the PANDEMIC study and the report that focused on infection as 

discussed in the previous section, the vaccine cohort was recruited (Robertson et al., 

2022). The vaccine cohort again consisted of a sample of patients from a Northern 

Ireland general practice clinic. Blood samples were collected from patients at time 

points (TP) 1-7. The TP1 sample was collected pre vaccination, TP2- three weeks 

post first vaccination, TP3- pre second vaccination, TP4- three weeks post second 

vaccination, TP5- six months post first vaccination, TP6- nine months post first 

vaccination and lastly, TP7 was collected post booster vaccination. The study 

showed that two doses of the Astrazeneca ChAdOx1 nCov-19 vaccine induced a 

strong anti-spike protein antibody response. The antibody response was detectable 

in the majority of the cohort to TP5. High-positive SARS-CoV-2 antibody levels were 

also reported in all individuals assessed at the post-booster timepoint (TP7) (Moore 

et al., 2022). 



263 
 

Faustini et al. (2022) assessed three cohorts of individuals post SARS-CoV-2 

booster vaccination (Pfizer BioNtech 162b2) for cross-reactivity of the SARS-CoV-2 

spike glycoprotein antibodies. The study detected antibodies for all cohorts 4 weeks 

post vaccination. Antibody levels were increased in the cohort that received the 

Astrazeneca ChAdOx1 nCov-19 vaccine compared to those who received the Pfizer 

BioNtech 162b2 for the previous two doses.  

 

Cross-Reactivity; Variants of Concern and Microorganism Serology: 

From the Astrazeneca ChAdOx1 nCov-19 cohort in the study by Faustini et al. 

(2022) discussed in the previous section, the results showed antibody levels and 

reactivity against Delta and Omicron variants significantly declined prior to the 

booster vaccination. The paper submission entitled “Performance of an Enzyme-

Linked Immunosorbent Assay for the Serological Detection of Anti-SARS-CoV-2 IgG 

Across >1100 Samples” also assesses cross-reactivity, to include variants of 

concern and microorganism serology, as does the manuscript entitled “Evaluation of 

the Performance of a Lateral Flow Device for Quantitative Detection of Anti-SARS-

CoV-2 IgG” (Moore et al., 2022). 

 

Test Usability: 

The PANDEMIC study also assessed Northern Ireland cohorts in the usability of the 

self-administered AbC-19™ rapid point of care antibody LFD test during a large car-

park study of 1544 participants (Jing et al., 2021), as well as within a later postal 

study to assess use in the home environment (Jing et al., 2022b). These studies 

were conducted to help with the development and design of rapid point of care tests 



264 
 

for ease of use. The two studies were in agreement that the test was predominantly 

user-friendly. Difficulties with the collection and application of the capillary blood 

sample from the participant’s finger to the test were noted. Expectedly, the findings 

also suggest the participant’s encountered difficulties in reading faint test results. 

 

 Although the focus of the studies was on SARS-CoV-2 IgG antibody testing, the 

information obtained is transferrable for the development of other rapid point of care 

serology tests, such as for the cardiovascular blood biomarkers discussed 

previously. The PANDEMIC study also considered the use of a smartphone 

application to read the results of the rapid point of care test via the colour intensity of 

the test band. Moreover, this would be particularly beneficial as smartphone health 

applications grow more popular. Especially, for the cardiovascular risk application 

using the ocular and blood biomarkers as proposed in the earlier sections, or as 

discussed in a different study by Jing et al. (2020) that investigates CRP 

concentrations via T-line intensity changes on LFD. Such technology also gives rise 

to the potential of remote monitoring that was particularly useful during the 

pandemic. 

 

The impact of COVID and long-COVID on cardiovascular disease: 

Those with cardiovascular disease were considered clinically extremely vulnerable or 

of high-risk of COVID-19. However, it may be that those infected with COVID-19 are 

also at high-risk of cardiovascular disease. The angiotensin-converting enzyme-2 

(ACE-2) receptor is expressed throughout the cardiopulmonary system and 

facilitates entry of SARS-CoV-2 into cells (Task Force for the Management of 
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COVID-19 of the European Society of Cardiology, 2022). ACE-2 has been 

suggested to be lung-protective, and the binding of the SARS-CoV-2 spike protein 

the ACE-2 receptors downregulates ACE-2. The vascular endothelial cell damage 

seen with SARS-CoV-2 infection may occur as a result of this downregulation of 

ACE-2 (Lei et al., 2021; Maccio et al., 2021). 

 

 A 153,760-person study conducted by Xie et al. (2022) indicates that approximately 

one month post infection increased risks and twelve month burden of cardiovascular 

diseases ensues. Given long-COVID symptoms may be shared with those of 

cardiovascular disease such as the symptom of shortness of breath, the importance 

of cardiovascular investigation is heightened. Particularly from the earliest stages as 

our ocular imaging tool aims to implement. Sulli et al. (2022) also support imaging of 

the microvasculature following COVID-19 infection, describing alterations in nailfold 

videocapillaroscopy results to include capillary rarefaction due to COVID-19. Further 

reports of microvascular injury have also been described owing to microthrombi (with 

hypercoagulability and thrombosis events systematically increased), elevated 

inflammatory markers, hypoxia with pulmonary microvascular damage potentially 

leading to right heart failure (Giacca and Shah, 2022; Raman et al., 2022). 

 

Limitations: 

While a proportion of patients recruited to the cardiovascular disease risk study that 

this thesis primarily focuses on, the infection and vaccination status of those patients 

was not a focus within the data collection form for the study. Furthermore, whilst it 

was known that a small proportion of the vaccine cohort were clinically extremely 
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vulnerable due to cardiovascular disease, ocular imaging was not carried out on 

those individuals. At the commencement of the pandemic, testing was limited and 

many people who had COVID may not have had a confirmed diagnosis, or were 

even asymptomatic, and hence unaware they had COVID. The restrictions also 

made testing difficult, with the older and high-risk populations shielding. The 

PANDEMIC study attempted to adapt to this, such as with the outdoor carpark study, 

where extra logistical measures and risk assessment considerations were required.  

 

Moreover, not everyone who was infected with COVID may have elicited a 

detectable humoral response, and the cellular response was not tested. The timing 

of antibody testing was also crucial. IgM may be detected shortly following acute 

infection, but detection of IgG may be as late as 2 weeks after infection. Assessing 

true positive SARS-CoV-2 IgG samples was also difficult, as no gold-standard 

SARS-CoV-2 antibody test existed. Lastly, it was expected that a proportion of 

participants may not be available for follow-up, particularly, given the longitudinal 

nature of investigating the immune response within the vaccine cohort.  

 

Conclusion 

 

The PANDEMIC study supported both antibody and antigen test evaluation, as well 

as contributed to the understanding of SARS-CoV-2 transmission and sero-

epidemiology in Northern Ireland. The monitoring of the SARS-CoV-2 immune 

response was of particular importance in reaction to the SARS-CoV-2 vaccination 

programme, as well as emerging variants of concern. Future research should 
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investigate long-COVID, specifically, in relation to cardiovascular disease given the 

inflammatory nature of the infection. 
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Chapter 11: Supplementary Materials 

 

 

Table S1. Amended PRISMA-P (Preferred Reporting Items for Systematic review and Meta-Analysis Protocols) 2015 checklist: 
recommended items to address in a systematic review protocol*  

Section and topic  Item No Checklist item 

 INTRODUCTION ✓ pg 60-62 

Rationale  6 Describe the rationale for the review in the context of what is already known 

Objectives  7 Provide an explicit statement of the question(s) the review will address with reference 
to participants, interventions, comparators, and outcomes (PICO) 

 METHODS ✓ pg 
62-64 

 

Eligibility criteria  8 Specify the study characteristics (such as PICO, study design, setting, time frame) 
and report characteristics (such as years considered, language, publication status) to 
be used as criteria for eligibility for the review 

Information sources  9 Describe all intended information sources (such as electronic databases, contact with 
study authors, trial registers or other grey literature sources) with planned dates of 
coverage 

Search strategy  10 Present draft of search strategy to be used for at least one electronic database, 
including planned limits, such that it could be repeated 

Study records:    

 Data management  11a Describe the mechanism(s) that will be used to manage records and data throughout 
the review 
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 Selection process  11b  State the process that will be used for selecting studies (such as two independent 
reviewers) through each phase of the review (that is, screening, eligibility and 
inclusion in meta-analysis) 

 Data collection 
process 

 11c  Describe planned method of extracting data from reports (such as piloting forms, 
done independently, in duplicate), any processes for obtaining and confirming data 
from investigators 

Data items  12  List and define all variables for which data will be sought (such as PICO items, 
funding sources), any pre-planned data assumptions and simplifications 

Outcomes and 
prioritization 

 13  List and define all outcomes for which data will be sought, including prioritization of 
main and additional outcomes, with rationale 

Risk of 
bias in 
individual 
studies 

 ✓ Figure S1 
14 

Data synthesis  15a Describe criteria under which study data will be quantitatively synthesised 

Objectives  15b If data are appropriate for quantitative synthesis, describe planned summary 
measures, methods of handling data and methods of combining data from studies, 
including any planned exploration of consistency (such as I2, Kendall’s τ) 

  
15c 

Eligibility criteria  15d If quantitative synthesis is not appropriate, describe the type of summary planned 

Meta-bias(es)  16 Specify any planned assessment of meta-bias(es) (such as publication bias across 
studies, selective reporting within studies) 

Confidence in cumulative 
evidence 

 17 Describe how the strength of the body of evidence will be assessed (such as 
GRADE) 

    

* It is strongly recommended that this checklist be read in conjunction with the PRISMA-P Explanation and Elaboration 
(cite when available) for important clarification on the items. Amendments to a review protocol should be tracked and 
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dated. The copyright for PRISMA-P (including checklist) is held by the PRISMA-P Group and is distributed under a 
Creative Commons Attribution Licence 4.0.  

 
From: Shamseer L, Moher D, Clarke M, Ghersi D, Liberati A, Petticrew M, Shekelle P, Stewart L, PRISMA-P Group. Preferred 
reporting items for systematic review and meta-analysis protocols (PRISMA-P) 2015: elaboration and explanation. BMJ. 2015 Jan 
2;349(jan02 1):g7647. 

 

Table S2. Quality assessment (Amended from CASP, 2018) 
  Alam et 

al., 
2018  

Cordina 
et al., 
2015  
  

Dasht-
bozorg 
et al., 
2013  
  

Ding et 
al., 
2015  
  

Fraz et 
al., 
2014  
  

Girard et 
al., 
2019  
  

Hemel-
ings et 
al., 
2019  
  

Huang 
et al., 
2020  
  

Ishikawa 
et al., 
2019  
  

Mirsharif 
et al., 
2013  
  

Morales 
et al., 
2014  
  

Owen et 
al., 
2019  
  

Relan et 
al., 
2014  
  

Relan 
and 
Relan, 
2021  
  

Rim et 
al., 
2021  

Tapp et 
al., 
2019  
  

Vijayaku
-mar et 
al., 
2016  
  

Welikala 
et al., 
2017  
  

Yin et 
al., 
2019  
  

Zhang et 
al., 
2019  

Did the 
study 
address a 
clearly 
focused 
issue?  

+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  

Was the 
cohort 
recruited in 
an 
acceptable 
way/were 
the vessels 
grouped in 
an 
acceptable 
way?  

+  
(50 non-
proliferat
ive 
diabetic 
retinopat
hy 
fundus 
images)  

+  
(13 
cyanotic 
congenit
al heart 
disease 
retinal 
images)  

+  
(databas
es 
used)  

+  
(databas
es 
used)  

+  
(3149 
vessel 
segment
s from 
40 
fundus 
images- 
arteriole
s and 
venules 
classifie
d by an 
expert)  

+  
(databas
e used)  

+  
(databas
es 
used)  

+  
(50 
Cardiac 
Aging 
Study 
participa
nts)  

+  
(61 
healthy 
voluntee
rs and 
10 
addition
al 
voluntee
rs)  

+  
(databas
e and 13 
further 
images 
used)  

+  
(databas
e used)  

+  
(5947 
participa
nts 
(279802 
arteriole
s and 
285791 
venules)
)  
  

+  
(70 
fundus 
images 
and 
databas
e used)  

+  
(databas
es 
used)  

+  
(216 152 
retinal 
images 
used)  

+  
(The 
United 
Kingdom 
Biobank 
including 
68 550 
participa
nts)  

+  
(databas
e used)  

+  
(100 
retinal 
images 
randoml
y 
selected 
from the 
135,867 
retinal 
images 
obtained 
at the 
UK 
Biobank)
  

+  
(databas
es and 
40 
further 
images 
used)  

+  
(databas
es 
used)  

Was the 
outcome 
accurately 
measured to 
minimize 
bias?  

+  
(automat
ed)  

?  
(subjecti
ve 
clinical 
assessm
ent of 

+  
(automat
ed)  

+  
(automat
ed)  

+  
(automat
ed)  

+   
(automat
ed)  

+  
(automat
ed)  

+  
(semi-
automat
ed)  

+  
(algorith
m)  

+  
(automat
ed)  

+  
(algorith
m)  

+  
(quantita
tive)  

+  
(automat
ed)  

+  
(automat
ed)  

+  
(saliency 
maps)  

+  
(automat
ed)  

+  
(automat
ed)  

+  
(automat
ed)  

+  
(quantita
tive)  

+  
(automat
ed)  
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tortuosit
y)  

Have the 
authors 
identified all 
important 
cofounding 
factors?  

?  +  +  +  +  +  +  +  ?  +  ?  +  +  +  
  
  
  

+  +  +  +  ?  +  

Have the 
authors 
accounted 
for 
cofounding 
factors in 
design/ 
analysis?  

+  +  +  +  +  +  +  -  ?  ?  +  +  +  +  +  +  +  +  ?  +  

Was follow-
up 
complete/ 
long 
enough?  

+  +  +  +  +  +  +  ?  +  +  +  ?  +  +  ?  +  +  +  +  +  

What are the 
results of 
this study?  

97.06% 
accurac
y  
97.58, 
arteriole 
classific
ation 
(sensitivi
ty, 
specificit
y) 
=95.89 
%  
vs 
venule= 
97.81, 
96.68 
%.  

62% of 
patients 
presente
d 
increase
d vessel 
tortuosit
y.  

Vessel 
classific
ation 
accuraci
es of 
88.3%, 
87.4%, 
and 
89.8% 
reported 
from the 
correspo
nding 
databas
es.  

Accuraci
es of 
85.5% 
and 77% 
for 
healthy 
and 
disease
d 
vasculat
ure 
classific
ation.  
  

Sensitivi
ty for the 
classific
ation of 
arteriole
s is 
90.67% 
and for 
the 
veins is 
76.58%.  

Vessel 
classific
ation 
specificit
y of 
92.9% 
with a 
sensitivit
y of 
93.7%.  
  

Accuraci
es of 
94.42% 
and 
94.11% 
on 
arteries 
and 
veins, 
respecti
vely.  
  

Each 
unit 
increase 
in a set 
of 
cardiac 
structure 
indices 
was 
associat
ed with 
larger 
retinal 
arteriolar 
branchin
g angle 
(β and 
95% CI: 
for left 
ventricul
ar 
internal 
diameter 
end 
systole 
index, 
26.93°; 

The 
mean 
ODR 
values 
of 
arteriole
s and 
venules 
were 
0.77 ± 0.
060 and 
1.02 ± 0.
067, 
respecti
vely. 
ODR 
also 
significa
ntly 
increase
d with 
breath 
holding 
(p<0.05)
.  

82.65% 
of 
arteries 
within 
the 
DRIVE 
databas
e were 
correctly 
classifie
d and 
85.74% 
of 
venules 
from the 
same 
databas
e were 
correctly 
classifie
d.  

Overall, 
61.19% 
accurac
y for 
cardiova
scular 
disease 
classific
ation- 
56.41% 
sensitivit
y and 
67.86% 
specificit
y 
reported
.  

Increase
d 
venular 
tortuosit
y was 
associat
ed with 
higher b
ody 
mass 
index (B
MI; 
2.5%; 
95% 
confiden
ce 
interval 
[CI], 
1.7%–
3.3% 
per 5 
kg/m2), h
emoglob
in 
A1c (Hb
A1c) 
level 

Mean 
vessel 
classific
ation 
accurac
y of 
94%.  
  

90.14%, 
90.3% 
and 
93.8% 
classific
ation 
rates 
obtained 
for the 
respecti
ve 
databas
es.  
  

AUC of 
0·742, 
95% CI 
0·732–
0·753 
for 
predictin
g the 
presenc
e of 
coronary 
artery 
calcium.  
  

Greater 
arteriolar 
tortuosit
y was 
associat
ed with 
higher 
systolic 
BP 
(relative 
increase
, 1.2%; 
95% CI, 
0.9; 
1.4% 
per 10 
mmHg), 
higher 
mean 
arterial 
pressure
, 1.3%; 
0.9, 
1.7% 
per 10 
mmHg, 
and 

AUC of 
97.2% 
was 
obtained 
on an 
average 
of 100 
runs of 
the 
algorith
m.  
  

Arteriole
/venule c
lassificat
ion 
accurac
y of 
86.97% 
(per 
pixel 
basis) 
over the 
entire 
retinal 
image.  
  

Overall 
classific
ation 
accuraci
es of 
87.82%, 
90.45% 
and 
93.90% 
reported 
in the 
respecti
ve 
databas
es.  
  

The 
arteriove
nous 
classific
ation 
accurac
y 
evaluate
d on the 
automati
cally 
detected 
vessels 
is 
97.27%.  

https://www.sciencedirect.com/topics/medicine-and-dentistry/body-mass-index
https://www.sciencedirect.com/topics/medicine-and-dentistry/body-mass-index
https://www.sciencedirect.com/topics/medicine-and-dentistry/body-mass-index
https://www.sciencedirect.com/topics/medicine-and-dentistry/body-mass-index
https://www.sciencedirect.com/topics/medicine-and-dentistry/hemoglobin-a1c%22%20/o%20%22Learn%20more%20about%20Hemoglobin%20A1c%20from%20ScienceDirect's%20AI-generated%20Topic%20Pages
https://www.sciencedirect.com/topics/medicine-and-dentistry/hemoglobin-a1c%22%20/o%20%22Learn%20more%20about%20Hemoglobin%20A1c%20from%20ScienceDirect's%20AI-generated%20Topic%20Pages
https://www.sciencedirect.com/topics/medicine-and-dentistry/hemoglobin-a1c%22%20/o%20%22Learn%20more%20about%20Hemoglobin%20A1c%20from%20ScienceDirect's%20AI-generated%20Topic%20Pages
https://www.sciencedirect.com/topics/medicine-and-dentistry/hemoglobin-a1c%22%20/o%20%22Learn%20more%20about%20Hemoglobin%20A1c%20from%20ScienceDirect's%20AI-generated%20Topic%20Pages
https://www.sciencedirect.com/topics/computer-science/classification-accuracy
https://www.sciencedirect.com/topics/computer-science/classification-accuracy
https://www.sciencedirect.com/topics/computer-science/classification-accuracy
https://www.sciencedirect.com/topics/computer-science/classification-accuracy
https://www.sciencedirect.com/topics/computer-science/classification-accuracy
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6.00–
47.86; 
for left 
ventricul
ar 
internal 
diameter 
end 
diastole 
index, 
17.86°; 
1.61–

34.11; for 

left 
ventricul

ar mass 

index, 
0.39°; 

0.10–

0.67; for 
left atrial 

volume 

index, 
0.91°; 

0.24–

1.58).  
  

(2.2%; 
95% CI, 
1.0%–
3.5% 
per 1%), 
and 
prevalen
t type 2 
diabetes 
(6.5%; 
95% CI, 
2.8%–
10.4%). 
Arteriola
r 
tortuosit
y 
increase
d with 
age 
(5.4%; 
95% CI, 
3.8%–
7.1% 
per 
decade), 
higher s
ystolic 
blood 
pressure
 (1.2%; 
95% CI, 
0.5%–
1.9% 
per 10 
mmHg), 
in 
females 
(3.8%; 
95% CI, 
1.4%–
6.4%), 
and in 
those 
with 
prevalen
t stroke 
(8.3%; 

higher 
pulse 
pressure 
(PP, 
1.8%; 
1.4; 
2.2% 
per 10 
mmHg).  
  

https://www.sciencedirect.com/topics/medicine-and-dentistry/systolic-blood-pressure
https://www.sciencedirect.com/topics/medicine-and-dentistry/systolic-blood-pressure
https://www.sciencedirect.com/topics/medicine-and-dentistry/systolic-blood-pressure
https://www.sciencedirect.com/topics/medicine-and-dentistry/systolic-blood-pressure
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95% CI, 
–0.6% to 
18%); 
no 
associati
on was 
observe
d with 
prevalen
t 
myocard
ial 
infarctio
n.   
  

Is the 
precision of 
results 
acceptable?  

+  +   +  ?  +  +  +  +  +  ?  ?  +  ?  ?  +  +  ?  ?  ?  +  

Do you 
believe the 
results?  

+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  

Do the 
results of 
this study fit 
with other 
available 
evidence?  

+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  

Can the 
results be 
applied/ or 
is there 
implications 
for 
practice?  

?  +  ?  ?  ?  ?  ?  ?  ?  ?  +  ?  ?  ?  +  ?  ?  ?  ?  ?  
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Table S3. Risk of Bias assessment (Amended from Sterne et al., 2016)  

Study  Bias due to 
cofounding  

Bias in 
participant/vessel 
selection  

Bias in 
classification   

Bias from 
intended 
intervention 
deviation  

Bias due 
to missing 
data  

Bias in outcome 
measurement  

Bias in 
selection of 
reported 
result  

Overall 
Bias  

Alam et al., 
2021  

?  ?  +  +  +  +  +  +  

Cordina et al., 
2015  

+  +  +  +  +  ?  +  +  

Dashtbozorg et 
al., 2013  

+  +  +  +  +  +  +  +  

Ding et al., 
2015  

+  +  +  +  +  +  +  +  

Fraz et al., 
2014  

+  +  ?  +  +  +  +  +  

Girad et al., 
2019  

+  +  +  +  +  +  +  +  

Hemelings et 
al., 2019  

+  +  +  +  +  +  +  +  

Huang et al., 
2020  

?  +  +  +  +  +  +  +  

Ishikawa et al., 
2019  

?  +  +  +  +  +  +  +  

Mirsharif et al., 
2013  

?  +  +  +  +  +  +  +  

Morales et al., 
2014  

+  +  +  +  +  +  +  +  

Owen et al., 
2019  

+  +  +  +  +  +  +  +  
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Relan et al., 
2014  

+  +  +  +  +  +  +  +  

Relan and 
Relan, 2021  

+  +  +  +  +  +  +  +  

Rim et al., 
2021  

+  ?  +  +  +  ?  +  +  

Tapp et al., 
2019  

+  +  +  +  +  +  +  +  

Vijayakumar et 
al., 2015  

+  +  +  +  +  +  +  +  

Welikala et al., 
2017  

+  +  +  +  +  +  +  +  

Yin et al., 2019  ?  +  +  +  +  +  +  +  

Zhang et al., 
2019  

+  +  +  +  +  +  +  +  

Key:  
+: Low risk of bias  
-: High risk of bias  
?: Unclear risk of bias  
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Figure S1. Risk of Bias graph  

  

Table S4. TAVI cohort vessel segment analysis 

  

Overall TAVI 

Comparison 

TAVI 

Controls 

n= 1672 

vessel 

segment

s 

95% CI TAVI 

n= 1881 

vessel 

segment

s 

95% CI p Value 

Diameter µm 25.37 ± 

8.29 

24.98-

25.77 

25.44 ± 

8.49 

25.06-

25.83 

0.812 

Axial Velocity mm/s 0.55 ± 

0.14 

0.54-0.56 0.56 ± 

0.16 

0.55-0.56 0.348 

Cross-Sectional 

Velocity mm/s 

0.38 ± 

0.10 

0.38-0.39 0.39 ± 

0.11 

0.38-0.39 0.268 

Blood Flow Rate pl/s 212 ± 158 204-219 216 ± 159 209-223 0.689 
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Wall Shear Rate s-1 136 ± 69 133-140 138 ± 71 135-141 0.511 

      

Arteriole TAVI 

Comparison 

TAVI 

Controls 

n= 269 

95% CI TAVI 

n= 351 

95% CI p Value 

Diameter µm 23.09 ± 

7.10 

22.24-

23.94 

24.39 ± 

8.72 

23.48-

25.31 

0.121 

Axial Velocity mm/s 0.55 ± 

0.14 

0.54-0.57 0.55 ± 

0.17 

0.54-0.57 0.754 

Cross-Sectional 

Velocity mm/s 

0.39 ± 

0.10 

0.37-0.40 0.39 ± 

0.12 

0.38-0.40 0.851 

Blood Flow Rate pl/s 176 ± 119 162-191 195 ± 135 181-210 0.222 

Wall Shear Rate s-1 151 ± 74 142-160 149 ± 86 140-158 0.224 

      

Venule TAVI 

Comparison 

TAVI 

Controls 

n= 1191 

95% CI TAVI 

n= 1362 

95% CI p Value 

Diameter µm 26.05 ± 

8.38 

25.57-

26.52 

25.88 ± 

8.41 

25.44-

26.33 

0.697 

Axial Velocity mm/s 0.55 ± 

0.14 

0.54-0.56 0.56 ± 

0.16 

0.55-0.56 0.463 

Cross-Sectional 

Velocity mm/s 

0.38 ± 

0.10 

0.37-0.38 0.38 ± 

0.11 

0.38-0.39 0.339 

Blood Flow Rate pl/s 221 ± 163 212-230 224 ± 166 215-233 0.989 

Wall Shear Rate s-1 132 ± 68 128-136 134 ± 66 131-138 0.194 
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Undifferentiated 

TAVI Comparison 

TAVI 

Controls 

n= 212 

95% CI TAVI 

n= 168 

95% CI p Value 

Diameter µm 24.46 ± 

8.55 

23.31-

25.61 

24.08 ± 

8.36 

22.81-

25.35 

0.519 

Axial Velocity mm/s 0.55 ± 

0.14 

0.53-0.57 0.56 ± 

0.14 

0.54-0.58 0.507 

Cross-Sectional 

Velocity mm/s 

0.38 ± 

0.09 

0.37-0.40 0.39 ± 

0.10 

0.37-0.40 0.434 

Blood Flow Rate pl/s 203 ± 170 180-226 191 ± 133 170-211 0.701 

Wall Shear Rate s-1 141 ± 66 132-150 148 ± 70 137-158 0.45 

      

L Eye TAVI 

Comparison 

TAVI 

Controls 

n= 684 

95% CI TAVI 

n= 911 

95% CI p Value 

Diameter µm 25.01 ± 

8.41 

24.38-

25.64 

25.64 ± 

8.64 

25.08-

26.20 

0.181 

Axial Velocity mm/s 0.54 ± 

0.15 

0.53-0.56 0.56 ± 

0.16 

0.54-0.57 0.166 

Cross-Sectional 

Velocity mm/s 

0.38 ± 

0.11 

0.37-0.39 0.38 ± 

0.11 

0.38-0.39 0.203 

Blood Flow Rate pl/s 204 ± 148 193-215 219 ± 162 208-229 0.122 

Wall Shear Rate s-1 139 ± 73 133-144 137 ± 70 132-142 0.806 
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R Eye TAVI 

Comparison 

TAVI 

Controls 

n= 988 

95% CI TAVI 

n= 970 

95% CI p Value 

Diameter µm 25.62 ± 

8.20 

25.11-

26.13 

25.26 ± 

8.34 

24.73-

25.78 

0.398 

Axial Velocity mm/s 0.55 ± 

0.14 

0.54-0.56 0.56 ± 

0.15 

0.55-0.57 0.907 

Cross-Sectional 

Velocity mm/s 

0.38 ± 

0.10 

0.38-0.39 0.39 ± 

0.11 

0.38-0.39 0.664 

Blood Flow Rate pl/s 217 ± 165 206-227 213 ± 155 203-223 0.436 

Wall Shear Rate s-1 135 ± 67 131-139 139 ± 71 135-144 0.268 

      

LN TAVI 

Comparison 

TAVI 

Controls 

n= 322 

95% CI TAVI 

n= 414 

95% CI p Value 

Diameter µm 24.65 ± 

8.83 

23.68-

25.62 

25.04 ± 

8.89 

24.18-

25.90 

0.534 

Axial Velocity mm/s 0.55 ± 

0..15 

0.54-0.57 0.58 ± 

0.17 

0.56-0.59 0.057 

Cross-Sectional 

Velocity mm/s 

0.39 ± 

0.10 

0.38-0.40 0.40 ± 

0.11 

0.39-0.41 0.062 

Blood Flow Rate pl/s 206 ± 158 188-223 224 ± 176 207-241 0.202 

Wall Shear Rate s-1 145 ± 76 136-153 147 ± 75 140-155 0.557 
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LT TAVI 

Comparison 

TAVI 

Controls 

n= 362 

95% CI TAVI 

n= 497 

95% CI p Value 

Diameter µm 25.33 ± 

8.01 

24.50-

26.16 

26.14 ± 

8.42 

25.40-

26.88 

0.238 

Axial Velocity mm/s 0.53 ± 

0.15 

0.52-0.55 0.53 ± 

0.16 

0.52-0.55 0.789 

Cross-Sectional 

Velocity mm/s 

0.37 ± 

0.10 

0.36-0.38 0.37 ± 

0.11 

0.36-0.38 0.889 

Blood Flow Rate pl/s 203 ± 138 189-217 214 ± 150 201-228 0.375 

Wall Shear Rate s-1 133 ± 69 126-140 128 ± 65 123-134 0.387 

      

RN TAVI 

Comparison 

TAVI 

Controls 

n= 420 

95% CI TAVI 

n= 394 

95% CI p Value 

Diameter µm 24.82 ± 

8.04 

24.05-

25.59 

24.39 ± 

7.89 

23.61-

25.18 

0.54 

Axial Velocity mm/s 0.56 ± 

0.14 

0.55-0.57 0.58 ± 

0.16 

0.56-0.59 0.114 

Cross-Sectional 

Velocity mm/s 

0.39 ± 

0.10 

0.38-0.40 0.40 ± 

0.11 

0.39-0.41 0.087 

Blood Flow Rate pl/s 207 ± 154 192-222 205 ± 137 192-219 0.982 

Wall Shear Rate s-1 141 ± 69 135-148 149 ± 73 142-156 0.121 
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RT TAVI 

Comparison 

TAVI 

Controls 

n= 568 

95% CI TAVI 

n= 576 

95% CI p Value 

Diameter µm 26.21 ± 

8.27 

25.53-

26.90 

25.85 ± 

8.59 

25.15-

26.55 

0.513 

Axial Velocity mm/s 0.55 ± 

0.14 

0.54-0.56 0.54 ± 

0.15 

0.53-0.55 0.257 

Cross-Sectional 

Velocity mm/s 

0.38 ± 

0.09 

0.37-0.39 0.37 ± 

0.10 

0.37-0.38 0.411 

Blood Flow Rate pl/s 224 ± 172 210-238 219 ± 167 205-232 0.272 

Wall Shear Rate s-1 130 ± 65 124-135 133 ± 69 127-138 0.829 

Abbreviations: 

L= Left, LN= Left Nasal, LT= Left Temporal, R= Right, RN= Right Nasal, RT= Right 

Temporal, TAVI= Transcatheter Aortic Valve Implantation 

 

Table S5. TAVI pre vs post vessel segment analysis 

Overall TAVI 

Comparison 

Pre-

TAVI 

n= 

1881 

95% CI Post-

TAVI 

n= 

1945 

95% CI p Value 

Mean Diameter(D) µm 25.44 ± 

8.49 

25.06-

25.83 

26.22 ± 

8.63 

25.84-

26.61 

0.005 

Diameter SD µm 4.17 ± 

2.13 

4.08-4.27 4.25 ± 

2.04 

4.16-4.34 0.048 
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Axial Velocity mm/s 0.56 ± 

0.16 

0.55-0.56 0.56 ± 

0.15 

0.55-0.57 0.528 

Cross-Sectional Velocity 

mm/s 

0.39 ± 

0.11 

0.38-0.39 0.39 ± 

0.11 

0.38-0.39 0.872 

Blood Flow Rate pl/s 216 ± 

159 

209-223 229 ± 

165 

222-237 0.01 

Wall Shear Rate s-1 138 ± 

71 

135-141 135 ± 

74 

132-138 0.028 

Wall Shear Stress 

dynes/cm2  

7.91 ± 

4.13 

7.72-8.10 7.00 ± 

3.70 

6.84-7.16 <0.001 

      

Arteriole TAVI 

Comparison 

Pre-

TAVI 

n= 351 

95% CI Post-

TAVI 

n= 293 

95% CI p Value 

Mean Diameter(D) µm 24.39 ± 

8.72 

23.48-

25.31 

22.97 ± 

8.19 

22.03-

23.91 

0.053 

Diameter SD µm 3.98 ± 

1.84 

3.78-4.17 4.16 ± 

1.86 

3.94-4.37 0.154 

Axial Velocity mm/s 0.55 ± 

0.17 

0.54-0.57 0.60 ± 

0.15 

0.58-0.61 0.002 

Cross-Sectional Velocity 

mm/s 

0.39 ± 

0.12 

0.38-0.40 0.42 ± 

0.11 

0.41-0.43 0.001 

Blood Flow Rate pl/s 195 ± 

135 

181-210 189 ± 

132 

174-204 0.626 
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Wall Shear Rate s-1 149 ± 

86 

140-158 174 ± 

105 

162-186 0.001 

Wall Shear Stress 

dynes/cm2  

8.36 ± 

4.93 

7.83-8.88 8.72 ± 

5.16 

8.13-9.32 0.285 

      

Venule TAVI 

Comparison 

Pre-

TAVI 

n= 

1362 

95% CI Post-

TAVI 

n= 

1505 

95% CI p Value 

Mean Diameter(D) µm 25.88 ± 

8.41 

25.44-

26.33 

27.09 ± 

8.52 

26.66-

27.52 

<0.001 

Diameter SD µm 4.12 ± 

2.09 

4.01-4.23 4.20 ± 

2.01 

4.10-4.30 0.077 

Axial Velocity mm/s 0.56 ± 

0.16 

0.55-0.56 0.55 ± 

0.15 

0.54-0.56 0.802 

Cross-Sectional Velocity 

mm/s 

0.38 ± 

0.11 

0.38-0.39 0.38 ± 

0.10 

0.37-0.38 0.368 

Blood Flow Rate pl/s 224 ± 

166 

215-233 241 ± 

170 

232-249 0.003 

Wall Shear Rate s-1 134 ± 

66 

131-138 126 ± 

63 

123-129 <0.001 

Wall Shear Stress 

dynes/cm2  

7.76 ± 

3.95 

7.55-7.98 6.61 ± 

3.17 

6.45-6.77 <0.001 

      



325 
 

Undifferentiated TAVI 

Comparison 

Pre-

TAVI 

n= 168 

95% CI Post-

TAVI 

n= 147 

95% CI p Value 

Mean Diameter(D) µm 24.08 ± 

8.36 

22.81-

25.35 

23.83 ± 

8.71 

22.41-

25.25 

0.878 

Diameter SD µm 5.02 ± 

2.75 

4.60-5.44 4.96 ± 

2.53 

4.55-5.38 0.909 

Axial Velocity mm/s 0.56 ± 

0.14 

0.54-0.58 0.54 ± 

0.15 

0.52-0.57 0.347 

Cross-Sectional Velocity 

mm/s 

0.39 ± 

0.10 

0.37-0.40 0.38 ± 

0.10 

0.36-0.40 0.402 

Blood Flow Rate pl/s 191 ± 

133 

171-211 192 ± 

161 

166-218 0.392 

Wall Shear Rate s-1 148 ± 

70 

137-158 148 ± 

75 

136-160 0.936 

Wall Shear Stress 

dynes/cm2  

8.15 ± 

3.60 

7.59-8.72 7.54 ± 

4.25 

6.84-8.23 0.043 

      

L Eye TAVI 

Comparison 

Pre-

TAVI 

n= 911 

95% CI Post-

TAVI 

n= 876 

95% CI p Value 

Mean Diameter(D) µm 25.64 ± 

8.64 

25.08-

26.20 

26.58 ± 

8.79 

26.00-

27.17 

0.026 

Diameter SD µm 4.25 ± 

2.29 

4.11-4.40 4.35 ± 

1.99 

4.22-4.84 0.013 
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Axial Velocity mm/s 0.56 ± 

0.16 

0.54-0.57 0.56 ± 

0.16 

0.55-0.57 0.529 

Cross-Sectional Velocity 

mm/s 

0.38 ± 

0.11 

0.38-0.39 0.39 ± 

0.11 

0.38-0.39 0.8 

Blood Flow Rate pl/s 219 ± 

162 

208-229 235 ± 

168 

224-246 0.023 

Wall Shear Rate s-1 137 ± 

70 

132-142 133 ± 

71 

128-138 0.078 

Wall Shear Stress 

dynes/cm2  

7.83 ± 

4.37 

7.54-8.11 6.90 ± 

3.55 

6.67-7.14 <0.001 

      

R Eye TAVI 

Comparison 

Pre-

TAVI 

n= 970 

95% CI Post-

TAVI 

n= 

1069 

95% CI p Value 

Mean Diameter(D) µm 25.26 ± 

8.34 

24.73-

25.78 

25.93 ± 

8.50 

25.42-

26.44 

0.071 

Diameter SD µm 4.10 ± 

1.97 

3.97-4.22 4.16 ± 

2.08 

4.04-4.29 0.66 

Axial Velocity mm/s 0.56 ± 

0.15 

0.55-0.57 0.56 ± 

0.16 

0.55-0.57 0.788 

Cross-Sectional Velocity 

mm/s 

0.39 ± 

0.11 

0.38-0.39 0.39 ± 

0.11 

0.38-0.39 0.989 

Blood Flow Rate pl/s 213 ± 

155 

203-223 224 ± 

163 

215-234 0.148 
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Wall Shear Rate s-1 139 ± 

71 

135-144 137 ± 

75 

132-141 0.158 

Wall Shear Stress 

dynes/cm2  

7.99 ± 

3.89 

7.74-8.23 7.08 ± 

3.82 

6.85-7.31 <0.001 

      

LN TAVI Comparison Pre-

TAVI 

n= 414 

95% CI Post-

TAVI 

n= 365 

95% CI p Value 

Mean Diameter(D) µm 25.04 ± 

8.89 

24.18-

25.90 

25.79 ± 

8.73 

24.89-

26.68 

0.23 

Diameter SD µm 4.43 ± 

2.58 

4.18-4.68 4.45 ± 

1.93 

4.25-4.64 0.043 

Axial Velocity mm/s 0.58 ± 

0.17 

0.56-0.60 0.57 ± 

0.16 

0.55-0.58 0.394 

Cross-Sectional Velocity 

mm/s 

0.40 ± 

0.11 

0.39-0.41 0.39 ± 

0.11 

0.38-0.40 0.277 

Blood Flow Rate pl/s 224 ± 

176 

207-241 228 ± 

165 

211-245 0.526 

Wall Shear Rate s-1 147 ± 

75 

140-155 139 ± 

72 

132-147 0.063 

Wall Shear Stress 

dynes/cm2  

8.44 ± 

4.85 

7.96-8.91 7.25 ± 

3.42 

6.90-7.60 0.001 

      

LT TAVI Comparison Pre-

TAVI 

n= 497 

95% CI Post-

TAVI 

n= 511 

95% CI p Value 
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Mean Diameter(D) µm 26.14 ± 

8.42 

25.40-

26.88 

27.15 ± 

8.80 

26.39-

27.92 

0.072 

Diameter SD µm 4.11 ± 

2.01 

3.93-4.29 4.29 ± 

2.03 

4.11-4.46 0.133 

Axial Velocity mm/s 0.53 ± 

0.16 

0.52-0.55 0.55 ± 

0.14 

0.54-0.56 0.066 

Cross-Sectional Velocity 

mm/s 

0.37 ± 

0.11 

0.36-0.38 0.38 ± 

0.10 

0.37-0.39 0.116 

Blood Flow Rate pl/s 214 ± 

150 

201-228 240 ± 

169 

225-255 0.013 

Wall Shear Rate s-1 128 ± 

65 

123-134 129 ± 

70 

123-135 0.701 

Wall Shear Stress 

dynes/cm2  

7.31 ± 

3.85 

6.97-7.66 6.65 ± 

3.63 

6.34-6.97 0.002 

      

RN TAVI Comparison Pre-

TAVI 

n= 394 

95% CI Post-

TAVI 

n= 468 

95% CI p Value 

Mean Diameter(D) µm 24.39 ± 

7.89 

23.61-

25.18 

24.82 ± 

8.44 

24.05-

25.58 

0.44 

Diameter SD µm 4.13 ± 

1.88 

3.94-4.32 4.15 ± 

2.02 

3.96-4.33 0.803 

Axial Velocity mm/s 0.58 ± 

0.16 

0.56-0.59 0.57 ± 

0.16 

0.56-0.59 0.63 
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Cross-Sectional Velocity 

mm/s 

0.40 ± 

0.11 

0.39-0.41 0.40 ± 

0.11 

0.39-0.41 0.671 

Blood Flow Rate pl/s 205 ± 

137 

192-219 212 ± 

151 

198-226 0.838 

Wall Shear Rate s-1 149 ± 

73 

14-156 151 ± 

90 

143-159 0.406 

Wall Shear Stress 

dynes/cm2  

8.45 ± 

3.94 

8.06-8.85 7.79 ± 

4.48 

7.39-8.20 <0.001 

      

RT TAVI Comparison Pre-

TAVI 

n= 576 

95% CI Post-

TAVI 

n= 601 

95% CI p Value 

Mean Diameter(D) µm 25.85 ± 

8.59 

25.15-

26.55 

26.80 ± 

8.45 

26.12-

27.47 

0.064 

Diameter SD µm 4.08 ± 

2.02 

3.91-4.24 4.18 ± 

2.13 

4.01-4.35 0.472 

Axial Velocity mm/s 0.54 ± 

0.15 

0.53-0.55 0.55 ± 

0.15 

0.53-0.56 0.577 

Cross-Sectional Velocity 

mm/s 

0.37 ± 

0.10 

0.37-0.38 0.38 ± 

0.11 

0.37-0.38 0.9 

Blood Flow Rate pl/s 218 ± 

167 

205-232 234 ± 

172 

220-248 0.067 

Wall Shear Rate s-1 133 ± 

69 

127-138 126 ± 

59 

121-130 0.186 



330 
 

Wall Shear Stress 

dynes/cm2  

7.67 ± 

3.83 

7.35-7.99 6.52 ± 

3.11 

6.27-6.77 <0.001 

Abbreviations: 

L= Left, LN= Left Nasal, LT= Left Temporal, R= Right, RN= Right Nasal, RT= Right 

Temporal, TAVI= Transcatheter Aortic Valve Implantation 

 

Table S6. Pressure wire cohort vessel segment analysis 

Overall Controls 

vs CMD 

Controls  

n= 1320 

vessel 

segments 

95% CI CMD 

n= 975 

vessel 

segments 

95% CI p value 

Diameter µm 24.80 ± 

7.93 

24.37-

25.22 

24.89 ± 

8.36 

24.37-

25.42 

0.879 

Axial Velocity 

mm/s 

0.55 ± 

0.14 

0.55-0.56 0.53 ± 

0.15 

0.52-0.54 <0.001 

Cross-Sectional 

Velocity mm/s 

0.38 ± 

0.10 

0.38-0.39 0.37 ± 

0.19 

0.36-0.37 <0.001 

Blood Flow Rate 

pl/s 

201 ± 131 193-208 194 ± 133 185-202 0.062 

Wall Shear Rate 

s-1 

142 ± 75 138-146 136 ± 76 132-141 0.026 

Wall Shear 

Stress dynes/cm2  

9.57 ± 

5.05 

9.30-9.84 8.80 ± 

4.49 

8.51-9.08 <0.001 
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Arteriole 

Controls vs 

CMD 

Controls  

n= 219 

vessel 

segments 

95% CI CMD 

n= 135 

vessel 

segments 

95% CI p value 

Diameter µm 23.06 ± 

7.91 

22.01-

24.11 

21.35 ± 

7.14 

20.14-

22.57 

0.039 

Axial Velocity 

mm/s 

0.56 ± 

0.13 

0.54-0.58 0.50 ± 

0.14 

0.48-0.52 <0.001 

Cross-Sectional 

Velocity mm/s 

0.40 ± 

0.09 

0.38-0.41 0.36 ± 

0.10 

0.34-0.37 <0.001 

Blood Flow Rate 

pl/s 

180 ± 117 165-196 138 ± 97 121-154 0.001 

Wall Shear Rate 

s-1 

160 ± 86 149-172 155 ± 90 140-171 0.398 

Wall Shear 

Stress dynes/cm2  

10.48 ± 

5.78 

9.71-11.25 9.80 ± 

5.18 

8.91-10.68 0.3 

Venule Controls 

vs CMD 

Controls  

n= 898 

vessel 

segments 

95% CI CMD 

n= 707 

vessel 

segments 

95% CI p value 

Diameter µm 25.48 ± 

7.82 

24.97-

25.99 

25.86 ± 

8.59 

25.22-

26.49 

0.535 

Axial Velocity 

mm/s 

0.55 ± 

0.14 

0.54-0.56 0.53 ± 

0.15 

0.52-0.54 0.012 
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Cross-Sectional 

Velocity mm/s 

0.38 ± 

0.10 

0.37-0.39 0.37 ± 

0.10 

0.36-0.37 0.016 

Blood Flow Rate 

pl/s 

208 ± 134 199-216 207 ± 137 197-217 0.686 

Wall Shear Rate 

s-1 

136 ± 72 131-141 132 ± 75 127-138 0.159 

Wall Shear 

Stress dynes/cm2  

9.21 ± 

4.88 

8.89-9.53 8.60 ± 

4.40 

8.28-8.93 0.01 

Undifferentiated 

Controls vs 

CMD 

Controls  

n= 203 

vessel 

segments 

95% CI CMD 

n= 133 

vessel 

segments 

95% CI p value 

Diameter µm 23.66 ± 

8.08 

22.54-

24.78 

23.36 ± 

7.01 

22.16-

24.56 

0.76 

Axial Velocity 

mm/s 

0.56 ± 

0.12 

0.54-0.58 0.53 ± 

0.15 

0.51-0.56 0.071 

Cross-Sectional 

Velocity mm/s 

0.39 ± 

0.08 

0.38-0.40 0.37 ± 

0.10 

0.35-0.39 0.065 

Blood Flow Rate 

pl/s 

191 ± 133 173-210 179 ± 128 157-201 0.283 

Wall Shear Rate 

s-1 

151 ± 71 141-161 139 ± 62 128-149 0.216 

Wall Shear 

Stress dynes/cm2  

10.17 ± 

4.78 

9.51-10.83 8.82 ± 

4.09 

8.12-9.52 0.01 
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L Eye Controls 

vs CMD 

Controls  

n= 583 

vessel 

segments 

95% CI CMD 

n= 427 

vessel 

segments 

95% CI p value 

Diameter µm 24.75 ± 

7.89 

24.10-

25.39 

23.78 ± 

8.05 

23.01-

24.54 

0.058 

Axial Velocity 

mm/s 

4.23 ± 

1.96 

4.07-4.39 3.85 ± 

1.96 

3.67-4.03 0.001 

Cross-Sectional 

Velocity mm/s 

0.56 ± 

0.15 

0.55-0.57 0.54 ± 

0.15 

0.53-0.56 0.134 

Blood Flow Rate 

pl/s 

0.39 ± 

0.10 

0.38-0.40 0.38 ± 

0.10 

0.37-0.39 0.287 

Wall Shear Rate 

s-1 

201 ± 139 190-212 184 ± 126 172-196 0.022 

Wall Shear 

Stress dynes/cm2  

143 ± 73 137-149 150 ± 86 142-158 0.437 

Mean Wall Shear 

Stress 

9.60 ± 

4.86 

9.20-9.99 9.46 ± 

4.94 

8.99-9.93 0.555 

      

R Eye Controls 

vs CMD 

Controls  

n= 737 

vessel 

segments 

95% CI CMD 

n= 548 

vessel 

segments 

95% CI p value 

Diameter µm 24.84 ± 

7.98 

24.26-

25.41 

25.76 ± 

8.51 

25.04-

26.47 

0.156 
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Axial Velocity 

mm/s 

4.02 ± 

1.94 

3.88-4.16 3.99 ± 

2.09 

3.81-4.16 0.637 

Cross-Sectional 

Velocity mm/s 

0.55 ± 

0.13 

0.54-0.56 0.51 ± 

0.14 

0.50-0.52 <0.001 

Blood Flow Rate 

pl/s 

0.38 ± 

0.09 

0.38-0.39 0.35 ± 

0.10 

0.35-0.36 <0.001 

Wall Shear Rate 

s-1 

200 ± 126 191-209 200 ± 138 189-212 0.598 

Wall Shear 

Stress dynes/cm2  

142 ± 76 136-147 126 ± 65 121-132 <0.001 

Mean Wall Shear 

Stress 

9.55 ± 

5.19 

9.18-9.93 8.28 ± 

4.03 

7.94-8.62 <0.001 

      

LN Controls vs 

CMD 

Controls  

n= 239 

vessel 

segments 

95% CI CMD 

n= 191 

vessel 

segments 

95% CI p value 

Diameter µm 23.88 ± 

8.05 

22.86-

24.91 

21.80 ± 

7.62 

20.71-

22.88 

0.01 

Axial Velocity 

mm/s 

4.16 ± 

1.91 

3.92-4.41 3.83 ± 

1.76 

3.58-4.08 0.054 

Cross-Sectional 

Velocity mm/s 

0.57 ± 

0.15 

0.55-0.59 0.56 ± 

0.16 

0.54-0.59 0.625 

Blood Flow Rate 

pl/s 

0.40 ± 

0.11 

0.38-0.41 0.40 ± 

0.11 

0.38-0.41 0.923 
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Wall Shear Rate 

s-1 

193 ± 135 176-210 168 ± 130 149-186 0.008 

Wall Shear 

Stress dynes/cm2  

152 ± 75 142-161 169 ± 89 156-182 0.049 

Mean Wall Shear 

Stress 

10.00 ± 

4.67 

9.41-10.60 10.37 ± 

5.18 

9.63-11.11 0.662 

      

LT Controls vs 

CMD 

Controls  

n= 344 

vessel 

segments 

95% CI CMD 

n= 236 

vessel 

segments 

95% CI p value 

Diameter µm 25.34 ± 

7.73 

24.52-

26.16 

25.38 ± 

8.04 

24.35-

26.41 

0.975 

Axial Velocity 

mm/s 

0.55 ± 

0.15 

0.54-0.57 0.53 ± 

0.14 

0.51-0.55 0.101 

Cross-Sectional 

Velocity mm/s 

0.38 ± 

0.10 

0.37-0.39 0.37 ± 

0.10 

0.35-0.38 0.107 

Blood Flow Rate 

pl/s 

207 ± 141 192-222 198 ± 121 182-213 0.577 

Wall Shear Rate 

s-1 

137 ± 71 130-145 134 ± 79 124-145 0.364 

Wall Shear 

Stress dynes/cm2  

9.32 ± 

4.98 

8.79-9.84 8.72 ± 

4.62 

8.13-9.31 0.156 

      

RN Controls vs 

CMD 

Controls  

n= 372 

95% CI CMD 

n= 237 

95% CI p value 
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vessel 

segments 

vessel 

segments 

Diameter µm 24.28 ± 

8.31 

23.43-

25.13 

24.52 ± 

8.40 

23.44-

25.60 

0.948 

Axial Velocity 

mm/s 

0.55 ± 

0.13 

0.54-0.56 0.52 ± 

0.15 

0.51-0.54 0.022 

Cross-Sectional 

Velocity mm/s 

0.39 ± 

0.09 

0.38-0.39 0.37 ± 

0.10 

0.35-0.38 0.016 

Blood Flow Rate 

pl/s 

196 ± 133 182-209 191 ± 148 172-210 0.369 

Wall Shear Rate 

s-1 

149 ± 82 141-157 136 ± 69 127-145 0.226 

Wall Shear 

Stress dynes/cm2  

9.83 ± 

5.44 

9.27-10.38 8.75 ± 

4.20 

8.22-9.29 0.06 

      

RT Controls vs 

CMD 

Controls  

n= 365 

vessel 

segments 

95% CI CMD 

n= 311 

vessel 

segments 

95% CI p value 

Diameter µm 25.41 ± 

7.59 

24.62-

24.19 

26.70 ± 

8.48 

25.76-

27.65 

0.096 

Axial Velocity 

mm/s 

0.55 ± 

0.13 

0.53-0.56 0.5 ± 0.14 0.49-0.52 <0.001 

Cross-Sectional 

Velocity mm/s 

0.38 ± 

0.09 

0.37-0.39 0.35 ± 

0.09 

0.34-0.36 <0.001 



337 
 

Blood Flow Rate 

pl/s 

205 ± 118 192-217 208 ± 130 194-223 0.944 

Wall Shear Rate 

s-1 

135 ± 69 128-142 119 ± 61 112-125 <0.001 

Wall Shear 

Stress dynes/cm2  

9.27 ± 

4.91 

8.77-9.78 7.92 ± 

3.86 

7.49-8.35 <0.001 

Abbreviations: 

CMD= Coronary Microvascular Disease, L= Left, LN= Left Nasal, LT= Left 

Temporal, R= Right, RN= Right Nasal, RT= Right Temporal. 

 

Table S7. Mean inter-eye and field of view ocular parameters of controls vs 

microvascular disease (MVD) groups 

Ocular Parameter 

(Right Eye) 

Controls 

(n=68) 

MVD 

(n=43) 

p value 

Diameter µm 24.06 ± 3.73 24.80 ± 3.69 0.326 

Axial Velocity mm/s 0.55 ± 0.07 0.51 ± 0.05 0.002 

Cross-Sectional 

Velocity mm/s 

0.38 ± 0.05 0.35 ± 0.03 0.002 

Blood Flow Rate 

pl/s 

188 ± 57 187 ± 50 0.998 

Wall Shear Rate s-1 146 ± 35 132 ± 30 0.030 

Wall Shear Stress 

dynes/cm2  

9.52 ± 2.84 8.53 ± 2.37 0.063 

Left Eye 
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Diameter µm 24.77 ± 4.18 23.18 ± 4.04 0.037 

Axial Velocity mm/s 0.55 ± 0.08 0.55 ± 0.06 0.923 

Cross-Sectional 

Velocity mm/s 

0.38 ± 0.06 0.39 ± 0.05 0.781 

Blood Flow Rate 

pl/s 

199 ± 65 176 ± 61 0.026 

Wall Shear Rate s-1 142 ± 38 154 ± 40 0.153 

Wall Shear Stress 

dynes/cm2  

9.28 ± 3.02 9.75 ± 2.61 0.321 

Nasal Field of View 

Diameter µm 23.9 ± 6.25  22.76 ± 5.56 0.231 

Axial Velocity mm/s 0.55 ± 0.09 0.56 ± 0.11 0.912 

Cross-Sectional 

Velocity mm/s 

0.39 ± 0.06 0.39 ± 0.08 0.916 

Blood Flow Rate 

pl/s 

189 ± 99 176 ± 93 0.292 

Wall Shear Rate s-1 150 ± 56 159 ± 61 0.318 

Wall Shear Stress 

dynes/cm2  

9.78 ± 3.98 10.07 ± 3.77 0.562 

Temporal Field of View 

Diameter µm 24.86 ± 5.55 25.12 ± 5.08 0.749 

Axial Velocity mm/s 0.55 ± 0.10 0.52 ± 0.08 0.142 

Cross-Sectional 

Velocity mm/s 

0.38 ± 0.07 0.36 ± 0.06 0.110 
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Blood Flow Rate 

pl/s 

200 ± 93 193 ± 73 0.831 

Wall Shear Rate s-1 139 ± 49 131 ± 42 0.248 

Wall Shear Stress 

dynes/cm2  

9.18 ± 3.52 8.50 ± 2.83 0.218 

Left Nasal 

Diameter µm 24.34 ± 6.25 21.21 ± 5.45 0.012 

Axial Velocity mm/s 0.55 ± 0.10 0.59 ± 0.12 0.156 

Cross-Sectional 

Velocity mm/s 

0.39 ± 0.07 0.42 ± 0.09 0.095 

Blood Flow Rate 

pl/s 

193 ± 98 162 ± 96 0.041 

Wall Shear Rate s-1 145 ± 52 180 ± 71 0.010 

Wall Shear Stress 

dynes/cm2  

9.45 ± 3.55 11.20 ± 4.12 0.041 

Left Temporal 

Diameter µm 24.69 ± 5.97 25.03 ± 5.25 0.785 

Axial Velocity mm/s 0.55 ± 0.10 0.53 ± 0.08 0.464 

Cross-Sectional 

Velocity mm/s 

0.38 ± 0.07 0.37 ± 0.06 0.303 

Blood Flow Rate 

pl/s 

200 ± 105 193 ± 78 0.995 

Wall Shear Rate s-1 143 ± 55 134 ± 46 0.387 
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Wall Shear Stress 

dynes/cm2  

9.37 ± 3.69 8.62 ± 2.85 0.276 

Right Nasal 

Diameter µm 23.49 ± 6.27 24.30 ± 5.28 0.421 

Axial Velocity mm/s 0.55 ± 0.08 0.52 ± 0.08 0.096 

Cross-Sectional 

Velocity mm/s 

0.39 ± 0.06 0.37 ± 0.05 0.050 

Blood Flow Rate 

pl/s 

186 ± 99 190 ± 88 0.554 

Wall Shear Rate s-1 156 ± 60 138 ± 41 0.246 

Wall Shear Stress 

dynes/cm2  

10.10 ± 4.38  8.94 ± 3.04 0.219 

Right Temporal 

Diameter µm 25.05 ± 5.12 25.22 ± 4.97 0.785 

Axial Velocity mm/s 0.55 ± 0.10 0.52 ± 0.08 0.193 

Cross-Sectional 

Velocity mm/s 

0.38 ± 0.07 0.36 ± 0.06 0.225 

Blood Flow Rate 

pl/s 

200 ± 79 192 ± 69 0.756 

Wall Shear Rate s-1 135 ± 41 129 ± 39 0.449 

Wall Shear Stress 

dynes/cm2  

8.97 ± 3.35 8.38 ± 2.84 0.475 

 

Table S8. Mean inter-view difference (right temporal vs left temporal) of controls vs 

microvascular disease (MVD) groups 
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Ocular Parameter Controls 

(n=68) 

MVD 

(n=43) 

p value 

Diameter µm 0.30 ± 7.64 0.19 ± 7.20 0.853 

Axial Velocity mm/s -0.003 ± 0.122 -0.011 ± 0.103 0.667 

Cross-Sectional 

Velocity mm/s 

-0.004 ± 0.084 -0.008 ± 0.073 0.780 

Blood Flow Rate 

pl/s 

-2.54 ± 128.37 -1.01 ± 102.31 0.967 

Wall Shear Rate s-1 -8.25 ± 63.72 -5.00 ± 60.44 0.770 

Wall Shear Stress 

dynes/cm2  

-0.44 ± 3.61 -0.24 ± 3.62 0.672 

 

Table S9. Mean inter-view difference (nasal vs temporal) of controls vs 

microvascular disease (MVD) groups 

Ocular Parameter Controls 

(n=68) 

MVD 

(n=43) 

p value 

Diameter µm 1.08 ± 4.97 2.31 ± 5.02 0.127 

Axial Velocity mm/s -0.008 ± 0.097 -0.027 ± 0.100 0.361 

Cross-Sectional 

Velocity mm/s 

-0.009 ± 0.066 -0.024 ± 0.068 0.298 

Blood Flow Rate 

pl/s 

10.05 ± 82.74 16.40 ± 79.00 0.397 

Wall Shear Rate s-1 -13.72 ± 43.97 -26.04 ± 45.11 0.089 
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Wall Shear Stress 

dynes/cm2  

-0.80 ± 2.86 -1.50 ± 2.71 0.09 

 

Table S10. Post-hoc analysis of the baseline characteristics for the QRISK3 

classification of controls 

Multiple Comparisons 
     

Games-Howell  
      

Dependent 
Variable 

(I) Risk 
Class 

(J) Risk 
Class 

Mean Difference 
(I-J) 

Std. 
Error 

Sig. 95% Confidence 
Interval       
Lower 
Bound 

Upper 
Bound 

Age 
(years) 

Low Modera
te 

-
11.219924293684
330* 

1.5541
17 

0 -
14.924
6 

-7.5152 

  
High -

15.565508468857
537* 

1.7824
94 

0 -
19.830
7 

-
11.300
4  

Moderat
e 

Low 11.219924293684
330* 

1.5541
17 

0 7.5152
04 

14.924
64   

High -
4.3455841751732
08* 

1.7795
62 

0.04
5 

-
8.6135
4 

-
0.0776
2  

High Low 15.565508468857
537* 

1.7824
94 

0 11.300
36 

19.830
66   

Modera
te 

4.3455841751732
08* 

1.7795
62 

0.04
5 

0.0776
24 

8.6135
44 

Height 
(cm) 

Low Modera
te 

-4.39772 2.0313
8 

0.08
3 

-9.2416 0.4461 

  
High -1.27069 2.1317

3 
0.82
3 

-6.3625 3.8211 

 
Moderat
e 

Low 4.39772 2.0313
8 

0.08
3 

-0.4461 9.2416 

  
High 3.12703 2.1622

1 
0.32
3 

-2.0521 8.3061 

 
High Low 1.27069 2.1317

3 
0.82
3 

-3.8211 6.3625 

  
Modera
te 

-3.12703 2.1622
1 

0.32
3 

-8.3061 2.0521 

Weight 
(kg) 

Low Modera
te 

-4.4397 4.5386
2 

0.59
3 

-
15.263
8 

6.3844 

  
High -7.73748 4.4587

2 
0.19
8 

-
18.374
5 

2.8996 

 
Moderat
e 

Low 4.4397 4.5386
2 

0.59
3 

-6.3844 15.263
8 
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High -3.29778 4.5697

9 
0.75
2 

-
14.240
4 

7.6449 

 
High Low 7.73748 4.4587

2 
0.19
8 

-2.8996 18.374
5   

Modera
te 

3.29778 4.5697
9 

0.75
2 

-7.6449 14.240
4 

Mean 
Systolic 
Blood 
Pressure 
(mmHg) 

Low Modera
te 

-7.12178 3.0086
45 

0.05
2 

-14.292 0.0484
68 

  
High -

10.382266009852
260* 

3.4501
64 

0.01 -18.634 -
2.1305
7  

Moderat
e 

Low 7.121777 3.0086
45 

0.05
2 

-
0.0484
7 

14.292
02 

  
High -3.26049 3.3968

7 
0.60
5 

-
11.407
9 

4.8869
24 

 
High Low 10.382266009852

260* 
3.4501
64 

0.01 2.1305
65 

18.633
97   

Modera
te 

3.260489 3.3968
7 

0.60
5 

-
4.8869
2 

11.407
9 

Mean 
Diastolic 
Blood 
Pressure 
(mmHg) 

Low Modera
te 

0.576266 2.1917
58 

0.96
3 

-
4.6552
8 

5.8078
07 

  
High 2.168801 2.2058

63 
0.59 -

3.1013
4 

7.4389
47 

 
Moderat
e 

Low -0.57627 2.1917
58 

0.96
3 

-
5.8078
1 

4.6552
75 

  
High 1.592535 2.3410

19 
0.77
6 

-
4.0133
7 

7.1984
43 

 
High Low -2.1688 2.2058

63 
0.59 -

7.4389
5 

3.1013
44 

  
Modera
te 

-1.59254 2.3410
19 

0.77
6 

-
7.1984
4 

4.0133
72 

Heart Rate 
(bpm) 

Low Modera
te 

0.679 2.195 0.94
9 

-4.57 5.93 

  
High -1.468 2.149 0.77

4 
-6.61 3.67 

 
Moderat
e 

Low -0.679 2.195 0.94
9 

-5.93 4.57 

  
High -2.147 2.353 0.63

4 
-7.79 3.49 
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High Low 1.468 2.149 0.77

4 
-3.67 6.61 

  
Modera
te 

2.147 2.353 0.63
4 

-3.49 7.79 

Resting 
Oxygen 
Satura-tion 
(%) 

Low Modera
te 

-0.105 0.301 0.93
5 

-0.83 0.62 

  
High 0.65 0.342 0.14

7 
-0.17 1.47 

 
Moderat
e 

Low 0.105 0.301 0.93
5 

-0.62 0.83 

  
High 0.755 0.379 0.12

2 
-0.15 1.66 

 
High Low -0.65 0.342 0.14

7 
-1.47 0.17 

  
Modera
te 

-0.755 0.379 0.12
2 

-1.66 0.15 

* The mean difference is significant at the 0.05 level. 
  

 

Table S11. Post-hoc analysis of the ocular parameters for the QRISK3 classification 

of controls 

Multiple Comparisons 
     

Games-Howell  
      

Dependent 
Variable 

(I) Risk 
Class 

(J) Risk 
Class 

Mean Difference 
(I-J) 

Std. 
Error 

Sig. 95% Confidence 
Interval       
Lower 
Bound 

Upper 
Bound 

Diameter 
(D) µm 

Low Modera
te 

-2.724737080* 0.6644
62 

0 -
4.3109 

-
1.1385
7   

High -2.412423904* 0.6886
17 

0.00
2 

-
4.0589
1 

-
0.7659
4  

Modera
te 

Low 2.724737080* 0.6644
62 

0 1.1385
74 

4.3109 

  
High 0.312313 0.7261

04 
0.90
3 

-
1.4267 

2.0513
22  

High Low 2.412423904* 0.6886
17 

0.00
2 

0.7659
41 

4.0589
07   

Modera
te 

-0.31231 0.7261
04 

0.90
3 

-
2.0513
2 

1.4266
96 

Axial 
Velocity 
(Va) mm/s 

Low Modera
te 

-.03369337185* 0.0123
57 

0.02
2 

-
0.0632
9 

-
0.0041 

  
High -0.01387 0.0116

92 
0.46
5 

-
0.0418
6 

0.0141
26 
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Modera
te 

Low .03369337185* 0.0123
57 

0.02
2 

0.0041
01 

0.0632
86   

High 0.019828 0.0137
01 

0.32
3 

-
0.0129
8 

0.0526
38 

 
High Low 0.013866 0.0116

92 
0.46
5 

-
0.0141
3 

0.0418
57 

  
Modera
te 

-0.01983 0.0137
01 

0.32
3 

-
0.0526
4 

0.0129
82 

Cross 
Sectional 
Velocity 
(CSV) mm/s 

Low Modera
te 

-0.0175 0.0088
18 

0.12
3 

-
0.0386
1 

0.0036 

  
High -0.00406 0.0082

67 
0.87
6 

-
0.0238
3 

0.0157
06 

 
Modera
te 

Low 0.017503 0.0088
18 

0.12
3 

-
0.0036 

0.0386
05   

High 0.013439 0.0095
47 

0.34
3 

-
0.0094
3 

0.0363
03 

 
High Low 0.004064 0.0082

67 
0.87
6 

-
0.0157
1 

0.0238
34 

  
Modera
te 

-0.01344 0.0095
47 

0.34
3 

-
0.0363 

0.0094
26 

Blood Flow 
Rate(Q) pl/s 

Low Modera
te 

-
44.651934730090
430* 

10.192
27 

0 -
68.996
9 

-
20.306
9   

High -
31.113998689605
040* 

9.9338 0.00
7 

-
54.847
3 

-
7.3806
6  

Modera
te 

Low 44.651934730090
430* 

10.192
27 

0 20.306
92 

68.996
94   

High 13.53794 10.782
36 

0.42
5 

-
12.281
2 

39.357
1 

 
High Low 31.113998689605

040* 
9.9338 0.00

7 
7.3806
6 

54.847
34   

Modera
te 

-13.5379 10.782
36 

0.42
5 

-
39.357
1 

12.281
23 

Wall Shear 
Rate 
(WSR) s-1 

Low Modera
te 

14.28113 7.1143
9 

0.11
6 

-
2.6783
1 

31.240
57 

  
High 18.395263846239

830* 
6.7311
42 

0.02
1 

2.3497
21 

34.440
81  

Modera
te 

Low -14.2811 7.1143
9 

0.11
6 

-
31.240
6 

2.6783
13 
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High 4.114133 6.5743

21 
0.80
6 

-
11.631
5 

19.859
77 

 
High Low -

18.395263846239
830* 

6.7311
42 

0.02
1 

-
34.440
8 

-
2.3497
2   

Modera
te 

-4.11413 6.5743
21 

0.80
6 

-
19.859
8 

11.631
5 

* The mean difference is significant at the 0.05 level. 
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